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Author's Abstract:

The basic problem is to determine whether or not a satisfactory
method can be developed for the continuous measurement of blood pressure
by indirect technigues. Upon the establishment of some overall criteria,
and with a survey into the field, various possible approaches to the
problem are considered. Each of the possible approaches is preliminarily
analyzed, and the most realistic possibility is analyzed in-detail.

The technique which is studied in detail is based on a pressure
variatle parameter of the cardiovascular system. This parameter is ar-
terial volume. It is shown that the arterial volume is quasi-~linearly
related to intra-arterial pressure for a theoretical model, and that ex-
perimental data substantiates this analysis. The logic behind the
pressure variable parameter system is simply; since volume can be meas-
ured externally with greater ease that pressure, then with a relatively
simple system blood pressure can be monitored.

A theoretical analysis and experimental documentation is made for
each assumption in the proposed theory. Based on the proposed theory, a
developmental transducer system is proposed and built. With various
analyses, the transducer is modified and ultimately, a lineﬂr"zed trans-
ducer is presented.

With a linearized capacitance transducer, the system is subjected
to clinical conditions, and various effects are measured and analyzed.
The results of a preliminary program of analysis indicate that under
econtrolled conditions, the proposed system hes some significant poten-
tialities. Over short periods of time, the system is able to record
human blood pressure continuously to an accuracy of a few percent.

It should be noted that under certain clinical conditions, the
proposed theory appears to be completely invalid. These conditions
1imit the effectiveness of the proposed device.

With further development, the author feels that some of.the pres-
ent limitations can be overcome.. A program for further development work
is suggested, along with a new transducer the design of which is based
on the 1nformat10n gained by the present analysis.
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I. INTRODUGTION

A basic concern of this thesis is to analyze methodologies for the
measurement of human blood pressure by indirect means. The background
out of which this concern arises is conceptually rich in potentialities.
An aporoach to a medio-technological problem can obviously take many
forms. In recent years there has been a trend toward the integration of
disciplines, particularly medio-technological, in order that medically
based concerns may use the knowledge and guidance of specialized fields
of technology. This aporoach is not new, for in the era of Newtonian
Physics, considerable work was done between men in "specialized" fields
for the advancement of medical science. Poiseuille is a good example of
this type of discipline integration. What appears to be new. in practice,
is the application of specialized technological knowledge to medical prob-
lems, part of which are engineering in nature. This "cross pollination",
as 1t were, appears to be somewhat different, in degree, from the his-
torical aprroach, particularly in the sciences. In Technology, the. ob~
Jective is a particular solution to a particular problem which meets the
particular needs of society at this point in history. As we know, pure
scientific investigation is that approach which seeks to understand and to
broaden man's knowledge of the universe in which he lives. In Latin, Scire
means to know, hence the word Sclence. However, Ingeniare in Latin means
to plan, to contrive, to build, and hence the origin of the concept of
engineering,

There has been, within this program for a thesorial dissertation, a
sincere attempt to study objectively a medio-technological problem, giving
as full consideration as possible to both disciplines. Under the guidance

of preceptors in both Medicine and Engineering, this thesis has been
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undertaken.
.1 The Bagic Concern from g Medical Point of View

The basic concern out of which this particular study arises, is a
medical concern for adequate knowledge of the clinical status of patients
under various conditions of duress. Clinlical medicine is that branch of
the medical profession which is concerned with the on-going treatment of
patients. It can be research oriented but is directed toward the actual
treatment of individuals.

It is obvious that clinical medicine is broader in scope than the
field of clinical surgery, however, the later was the primary impetus for
this project.

It 1s essential for the clinical surgeon to have adequate knowledge
of the condition of his patient if optimum mediecal results are to be ob-
tained. The advent of electronics has provided another avenue of approach
to enable the surgeon to assay somewhat more objectively, the condition of
his patient. Instrumentative methods can only extend the clinician's
awareness into the basic problems of homeostasis. It is from this general
background that a new approach to the continuous monitoring of blood pres-
sure was deemed desirable énd necessary.

The continuous measurement of human blood pressure by indirect means
has been a concern for which a number of generations of medical clinicians,
research scientists, physiologists, and others, have sought realization.
Continuous, accurate recording of blood pressure by indirect means would
be an.important addition to the field of medicine. It is the intent of
this dissertation to discuss conceptually a new method which appears to

have some promise and potentualities.

2 T a blems a I tions
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From a technological point of view, the recording of blood pressure
by a pitot tube cannula is a most desirable method, since one measures
pressure directly. This technique, however. is attended by such problems
as coagulation and damping. The conventional method of indirect recording
of blood pressure by the sphygmomanometer is, again speaking from a tech-
nological point of view, quite insufficient because of its inaccuracies,
and also because of the dependence upon interpretation by the practicing
physician. Technological difficulties arise from the fact that many fea-
tures which are constant in a physical sense. definitely are not constant
when combined within the body. One can sight numerous examples to indicate
that uniformity in isolation does not necessarily remain as uniformity in
combination. However, when one draws an experimental or theoretical model
about the body, one can clarify thought processes and come to a reasonable
approach to this concern.

1.3 Mggigal Problems and Implications

The problems of recording human blood pressure by indirect means are
not simple in nature. The human body is extremely complex in a medical
sense as well as in a technological sense. and specifically in reference
to the recording of blood éressure by indirect means. For example, it is
known that the sphygmomanometer is an instrument which will yield blood
pressure by indirect means to an accuracy of between 10% and 15%. This is
a convenient way of recording blood pressure but it does not record it on
a continuous basis. The implications in the direct method, using intra-
arterial cannulas, are easily followed. The introduction of any foreign
body into an artery is traumatic and may cause ischemia. thrombosis, or
even more serious complications. If equally valid information could be

obtained painlessly, accurately, and without risk, exmanded application
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and usefulness could be anticipated. As attested by extensive literature
which has been scanned in the course of this investigation, there have been
literally hundreds of attempts at a solution to this problem from the in-
cention of the sphygmomanometer (1) to the present day. intra-arterial
catheter transducer system. The current staste of the art is highly devel-
oped, but the measurement of blood vressure by a convenient, indirect and
accurate means has awaited a method for fulfillment. Personal communica-
tions from Dr. Julius Comroe, of the University of California Medical
School, and from Dr. Gerald Meade of the Harvard University School of Pub-
lic Health, have indicated their opinion that a completely satisfactory
solution to the problem of indirect recording of blood pressure is as yet
unannounced.

Further survey of the literature (2-21), with regard to types of in-
vestigations and developments which have been made, shows that all of the
numerous systems which have evolved may be reduced to only two basic
ideas. The first is the direct measurement of blood pressure by insertion
of 2 cannula or needle, and a recording of the dynamic response by the
various techniques. The second is the sound syétem which was discovered
by Korotkow (22) in 1907, and which is better known to the medical pro-
fession as sphygmomanometer. The system involves the analysis of the
sound characteristics. As reported by others (23-32), we have also found
conslderable deviation between intra-arterial pressure readings and
sphygmomanometer readings. There has been a great deal of work done to
"educate" the clinician to these facts, and also to the fact that indi-
viduals will read the same blood pressure differently by cuff technique
in accordance with their ability to analyze the sound characteristic. The

American Heart Association has published a booklet (33) to this effect,



5.

and has attempted to make it available.to practicing physicians throughout
the country. The accurate recording of human blood pressure has achieved
new imvortance with developments in modern surgery, the advent of space
medicine, and the recognition of close inter-relationships between blood
pressure, medication. and psychosomatic or nsychiatric mental status. A4n
accuracy is needed which is better than that obtainable with a stethoscope

and cuff technique and on a continuous time basis.

Review of Indirect Blood Pressure Recording System

Historieally it appears that the first measurements of blood pressure
were made by Stephen Hales (34). He connected a flexible trachea to the
blood vessels of a goose and measured the rise of blood in a vertical ma-
nometer. Poiseuille (35) in 1828 made significant improvements on Hales!
concept by using a plezometer tube to record blood pressure continuously.
This was the beginning of blood pressure measurement. The direct method
by definition, requires some type of cannulation procedure.

Quite often, it is undesirable to cannulate;an artery for the evalu-
ation of blood pressure. To eliminate cannulation procedures, instru-
ments, which have become known as sphygmomanometers, were developed around
the beginning of the twentieth century. In their simpliest form., they
consist of an inflatable annular torus which completely surrounds the bra-
chial artery. To this torus is attached a U-tube, or well manometer, an
inflating pump or bulb, and a variable control exhaust valve. One of the
first applications of this device was by Riva Rocei (1) which became known
as the "Palpation Method". The technique (over simplified for descriptive
reasons) used by many clinicians today, was first introduced by Korotkow
in 1907 and is known as the "Auscultatory Méthod". After the cuff is

applied, the bell of a stethoscope is placed over the brachial artery.
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Then as the pressure in the cuff is increased, audible sounds (as heard
in the stethoscope) appeér with each pulsatile variation in blood pres-
sure. The pressure is then increased until these sounds become inaudible.
Thereupon, the system is slowly exhausted until an audible sound reap-
pears. The reappearance of a sound is believed to be due to the forma-
tion of an orifice.and a pulsating high veloeity jét stream. The cuff
pressure, concurrent with the sound is taken to be the systolic or maxi-
um pressure within the arterial system. Upon further reduction of the
cuff pressure, the audible sounds Qill diminish and ultimately disappear.
Thé cuff pressure 2zt the diminishing or disappearance of sound is re-
corded as the diastolic or minimum pressure level. Various techniques
for the improvement of this "Auscultatory Method" technigue have been
tried over the years. As previously indicated, a great deal of work has '
been done to improve the practice of this useful technique.

The sphygmomanometric technique for blood pressure measurement is
almost universally accepted as a satisfactory method of making single
observations of the maximal and minimal pressure levels. This technique
is not readily adapted to continuous recording because of its very nature.
There ﬁave been numerous ideas and developments for the adaptation of the
sphygmomanometer to automatic registrétion. The literature describes
many instruments for automatic recording sphygmomanometers of two general
types. One t&;é records the arterizl monifestation (such as sound, ra-
dial pulsations, or volumetric change) simultaneously with a record of
the occluding cuff pressure. This type of device leave the interpreta-
tion to the physician. The second type is>similar except that‘the instru-~
ment does the interpretation mechanically or electronically and indicates

the correspondihg pressures directly.



Instruments of the first type have the advantege in that errors and
artifacts can be readily noticed and pressure levels can be more intelli-
gently obtained. OCn the other hand, the data is not immediately availa-
ble and is subject to the personal bias and interpretation of the phy-
siclan. .

- Instruments of the second kind have the‘advéntage of being relative-
ly consistent, but are complex, and subject to mechanical disarrangement
and maladjustment. '

Yet there are many occasions in medicine when a recording sphygmoma—
nometer would be extremely valuable. This is borne out by the extensive
literature over many years deseribing various methods and equipment de-
signed for this purpose. The problem of continuous monitoring of blood
pressure is a very difficult one st best. The fact that none of these
devices thus far develéped have ever been widely accepted by the medical
profession is proof of a need for further research and development.

One could discuss numerous aspects of some of these devices, but it
should suffice to mention a few.

Various instruments have been developed over the years, but these are
regarded to have disadvantages of one sort or another which has usually
been recognized (36) by the inventor. The Taylor Instrument Company (37)
no longer manufactures commercially the instrument which it had developed
earlier, becsuse of impracticality. The Ferrand Optical Company (38) re-
cently brought out a version of a sound system instrumeﬂt which uses a
sensitive microphone snd recbrds blood pressure changes end sqund varia-
tions on a recording chart. This mechanism is similar to the Gilson
Accoustical Pneumatic System (39). An ingenious device was originated by

Lanze (40) which was similar in principle. Ornberg (41), Stokis (42),
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and Doupe (43) and others(44-47) have employed other methods for attempted
solution to the problem of recording blood pressure indirectly. A major
objection to almost all of these systems is that a cuff is recquired. and
the interpretation of the arterial manifestation is not acéurate enough.

Furthermore, a cuff which is recuired for the occlusion of an artery,
constantly or intermittently, over a long pericd of time, is uncomfortable
and may be injurious to the extremity. While a system can be electronic-
ally programmed to overcome some of the inherent difficulties, a system of
this type gives only an intermittent recording of blood pressure which is
not always medically desirable. The National Bureau of Standards (38)
dissatisfaction Qith the state of the arf was revealed in 1954. with the
development of a unit which records intermittently by an electronically
programmed unit, using a cuff and a pickup microphone, which is fairly
well engineered.

‘ An interesting veriation on the indirect method of blood pressure
measurement was recently described by Wood, et al (48) in which a pressure
capsule is used to oceclude the small vessels in the pinna of the ear. A
photocell incorporated in the capsule registers the dynamic variations in
the optical density of the pinna as the blood flows through the small ar-
teries. It is possible to interpret these variations in order to derive
the two pressure levels. This system has been used successfully in place
of the sphygmomanometer by the anesthesia staff of one well known hospital
(49).

1.5 Summary of the Results of a Literature Search
After intensive investigation of the subject, it was found that all
previously developed systems for recording human blood pressure involved

two basic ideas. First, all indirect methods are based on arterial con-
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striction and the creation of a jet stream: and in the final snalysis are
nothing more or less than what the cliniciéﬁ has been doing by using his
cuff and stethoscope for many years. Second, the cannulation methods in-
volve the -introduction of cannulas into the arterial section and then the
recording of the associated pressure change on variocus kinds of recording
systems - the most recent of which is electromechaniéal in nature. Years
of research have been spent to develep new systems which have all, in the
final analysis, been reduced to one of these two basic areas.

All of this work, including investigations by the author, suggested

that a new method should be sought and investigated.
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II. PRELIMINARY INVESTIGATICN AND ANALYSIS

2.1 Definition of the Problem and Criteria for Solution.
The Prop}em: The problem is to determine whether or not a satisfactery
method can be developed for the continuous measurement of blood pressure
by indirect techniques. -
- The Criteria: This project is of a medio-technological nature and as such
there are certain criteria which must be understood before any analysis can
be undertaken. The proposed criteria will be to develop a monitoring
system:
1.) To record blood pressures on a continuous basis. This
neans to fegister blood pressures graphically as a
function of time.
2.) To obtain blood pressure by non-traumatic techniques.
This is the underlying assumption of the indirect method.
Non-traumatic techniques will be understood as methods
which do not involve injury to, or the penetration of,
skin tissues.
3.) To record blood pressures that will compare in accuracy
to the selected standard for comparison.
4+) To record blood pressure regardless of the patients status
or condition.
5.) To monitor blood pressure so that characteristic cardiac
functions are observable. It is hoped that any new device
will be sensitive tg changes in cardiac function, such as
extra-systole, ventriculér fibrillation, and the closure
of the aortic velve. (As indicafed in the Physiological Analy-

sis of the Pressure Wave diagram on the following page.)
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6.) To Monitor blood vressure under the same conditions that
are imposed on the intra-arterial blood pressure method.

7.) To be simple in application and practice.
2:2 Method of Investigation

The method of investigation to be used in the dissertation is out-
lined graphieally on the following page. Upon the establishment of
some overall criteria, and with a survey into the field and its' litera-
ture, one would then be in a position to consider some possible methods
for solving the defined problem. Once the vsrious methods have been
isolated, a preliminary snalysis of each method is necessary in order to
evaluate its potentialities. Based on that preliminary analysis, one
method is to be singled out as being the most realistic possibility for
potential solution to the problem. |

Once a method of approach has been chosen it is obviously'necessary
to develop the basic theory and anzlyze the nature of the technique.
From the knowledge gained by a theoretical analysis, and in 1light of the
assumptions of the theoretical model, an operational model is to be de-
signed and a program of preliminary development is to be undertaken.
Once an operational model is a practicality, a program of evaluation is
undertaken to analyze the potentialities and limitations.
2.3 R ts of Literature Review and Survey of the Field

To enable the author to become better versed in the field of blood
pressure measurement, a program of study was undertaken. During this
study, the reéources of the medical libraries in the Boston area were con-
sulted. These libraries included Harvard.Uhiversity Medical 1ibrary, Bos-
ton Me&ical Library, Boston University Medical Library, Boston Public

Library, MIT Science Library, Huggins Hospital Library, the Library of
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Congress, and some translations from the United States Joint Public Re-
search Service as well as mahy other governmental and commercial sources.
In addition to the preceding sources, personal conversations were held
with some of the leaders in physiological research such as Dr. Gerald Mead
of Harvard University School of Putlic Health and Dr. Kurt Lion of the
Biophysics Department at MIT. Furthermore, I had the privilege of per-
sonal correspondence with some lesders in the field, such as Dr. C. J.
Wiggers of Western Reserve Univefsity and Dr. Julius Comroe of the Uni-
versity of California.

The benefits gained from this type of search are extremely import-
ant, but can never be fully communicated.in a dissertation. One can
only see some of the minor results in terms of a bibliography, whereas
the major results lead one to very important conclusions concerning the
state of the art.

Searches through the literature along with the numerous studies in
our laboratories, led to the following four conclusions: First, all of
the presently available indirect methods for recording of blood pressure
are based on arterial constriction in the crestion of a jet stream; and
they are, at end-point, identical to the clinically applied method of
sphygmomanometry. Second, cannulation methods are capable of yielding
highly accurate readings, but are‘subject to the hazards of arterial in-
jury or thrombosis. They require skillful management, often meening the
full time attention of a trained individual. Third, somé of the finest,
most eloquent applicatlons of scientific knowledge known to me have
combed these two basic methods for improvément, until there aré no cur-
rentlyvvisible areas for further development. Fourth. some new approach

to the problem must be found.
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Serious consideration of the problem, leads one to look realis-
tically into six major areas of possibility. A preliminary evaluation
program was undertaken in each of these six areas to ascertain which one
or more might yield é realistic solution.,

These six areas are:

1.) Photoelectric techniques.

2.) Ultra-sonic measurements.

3f) Partial cuff techniques, based on low frequency pressure waves.

4.) Chemical or physical pressure variable parameters.

5.) Plethysmographic techniques.

6.) Re-evaluation of some of the other previously developed

approaches. similar to some of the devices mentioned in
the historicel review.

Each of these areas will be discussed individually.

2.4 Photoelectric Technigue

Another research progr:m with which the author has been associated,
is a program tc assay the clinical condition of patients, particularly
the effects of arterial oxygen content. One method of analysis in the

'problem of oxygen sufficiency is the use of photoelectric oximetric pro-
cedures which yield very prompt and highly reliable information about'
arterial oxygen saturation. dximetry (50), the name given to photo-
electric techniques. is a reliable means for detecting immediate arter-
ial desaturation. The response characteristics of the photoelectric.

- trensmission oximeter (51), are remarkably sensitive to minute changes

-in oxyhemoglobin.

The basic photoelectric oximeter, (photograph P.2) - after Milliken

and Wood (52), consists of a constant intensity light source and two
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receiving photoelectfic cells. Une of these cells iz sensitive to changes
in light transmission above 600 millimicrons (red light and up), whereas
the other is sensitive to changes in opiical density due to transmission
in the region of 800 millimicrons (infra-red). The characteristics of
these two cells are quite different. In the brozd sense, the infra-red
cell "sees" only volumetric chanées in the ear, vhereas the red cell
"sees" a change in the volume as well as change in "eolor' of the oxyhemo-
globin; and thus, the electricsl %otential difference between these two
outputs is a measure of the oxyhemoglobin content.

The actual fundamental characteristics of the photoelectric cell are
well known, but the physiologic function portrayed by the photoelectric
cells are not yet fully understood. It is clearly evident from our stud-
ies, as well as those of Schotz and Birkmire (49), that the photoelectric
cell output is much more indicative of physiologic status than just the
recording of blood oxygen saturation.

The output of the infra-red photoelectric cell alone. is frequently
referred to as the IR pulse. It has a strange similarity to the tracing
registered by an intra-srterial cannula.

The infra-red pulse, by virtue of its physical similarity to an
intra~arterial tracing, suggests a method for recording of blood pressure.
Its output signal originates in the infra-red cell of the Millikan-Wood
earpiece of the éximeter.

During our oxygen saturation studies, it was noted that not only did
we obtain a ieasure of the oxygen content, but also we noted a minute va-
riation of the oxyéen saturation output éignal. k%ﬁis variation was found -
to be'in phase with the intra-arterial blood pressure. This effect can be

seen in Figure No. 2.2. From Figure No. 2.2 it would appear that there
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exists some direct relationship to blood pressure as measured within the
human aorta. This fact led to the program of study to find the nature

of this relationship (See Apvendix C - Part 1). The infra-red cell
measures the opticel opacity of the pinna of the ear. The cuestion as

to what affects the optical opacity is not clear. The opacity could be
affected by both chemical and physical pheononména. Since the physiolo-
gical nature of the cardiovascular system is extremely complex, it was
decided that an experimental approach would yield more realistic answers.
It was believed that the major effect upon optical opacity was due to in-
ternsl blood pressure. The cuestion that remained to be answered was,
what is the relationship between blood pressure and the I.ft. Pulse. From
the initial observation, it appeared that a direct relationship existed
between I.R. Pulse and blood pressure. The possibility was so provocative
“that a program of statistical comparison between the infra-red pulse and
the actual intra-srterial pressure was undertaken. Recordings from many
operative cases were subjected to detailed analysis. Some of the data
from these analyses are included in Appendix C. The first series of an-
alyses yilelded very provocative information. In these cases. the patients
were under operative conditions which were not too serious. Preliminary
data suggested a very interesting correlation between the signals, the
I.R. Pulse and blood pressure.

Upon more extended investigation, however, it was noted that there
were marked discrepancies under variable clinical conditions; this required
collateral study into the nature of the infra-red pulse. One noted that
the infra-red pulse was always in phase with the blood pressure, however,
the amplitude of oscillations varied from case to case. It sometimes

varied for an individusl to such an extent that the direct correlation
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was proved to be invalid, and not reasonatle as a method for recording
of blood pressure.

Purther study (A synopsis of a preliminary study is contained in
Appendix C, Part 2) of the I.R. Pulse as a monitor yielded information

which suggests that the infra-red pulse is =2 method by which one can

evaluate circulatory function in terms of peripheral diffusion, and pos-
sibly in terms of cardiac output. The I.R. Pulse has proved to be an

informstive prognosticator, as well as an astonishingly accurate phvsio-
logical monitor of cardiac and respiratofy function. The potentialities

of any instrument which indicates the effectiveness of cardiac function

" is obviously great. Others (49) have drawn sirilar conclusions about

the nature of the I.R. Pulse, and strong evidence has accumulated to show
the direct correlation between the I.R. Pulse and the effectiveness of
the cardiac function. Even though the I.R. Pulse proved to be invalid as
a method for recording of blood pressure in {tself, the output signal has
provided a new avenue for study of the fundamental problem of monitoring
circulatory function with high sensitivity, considerable accuracy. and a
promise of being eventually more revealing in its methods than any moni-
toring signal yet known.
2.5 Ultra-Sonic Messurements for Blood Pressure Indication

The "speed of sound" within a fluid is directly related to the bulk

modulus of compression for that particular fluid. The bulk modulus of

P+ PRESSURE

compression is defined by: A‘P
6 = f —_— f'-' DBNSITY
and in turn, the speed of dg

/3= Bk MODULYS
sound or the veloeity of pressure wave propagation is defined by:
c= Jﬁaff Since the propegation speed is related

to the [iif;}”t (for a rigid system), one wonders if this fact might
Ldg .
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provide an avenue of approsch
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for the indirect measurement Sounp

of blood pressure. Figure 2.3

schematically shows the basic
concept behind this idea. An Y

ultra-sonic sound source would

emit small pressure perturba-
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analyzer would be a direct ﬁGURE 23

measure of the speed of sound

(c)s The time lapse would be obtained by the signal comparator. Based
on this type of configuration, one might very well be atle to correlate
the speed of sound to the blood pressure.

Considering blood to be similar to water. one is led to a false con-
clusion about the potentialities of this idea. Water has a bulk modulus
of approximately 300,000 psi. and the density varies by one part in a
million under a change in pressure of 100 mm of Hg. and at a temperature
of 100° F (98.6). Obviously one is led to believe that the associated
variation in (¢) is almost immeasureable. This type of order of magnitude
enalysis is not complete since in the cases of blood, [%]&'
is not a measure of the speed of sound. In water, the speed of wave prop-
agation is of the order of 5000 ftsec. For blood, in a non-elastic sys-

tem, (53), the propsgation velocity is aporoximately 1000 ft/sec. The 20
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ft/sec velocity of propagation within the vasculsr system is a complex
fuﬁgtion of numerous variables. First the blood is a heterogeneous mix-
ture of fluid, solids and gases. This complexity of phase, greatly ef-
feéts the nature of the fluid. Furthermore, the velocity of the arterial
pulse is largely effected by the elastomeric nature of the arterial
walls. (54) .

The follpwing considerations are based on data for the velocity of
wave propagation for the arteriai blood pressure, particularly with ref-
erence to aortic studies. Xing (55) found from a theorectical analysis
of the arterial system that the velocity of wave propagation increases
with the mean blcod pressure within the artery. His theory is based on
the assumption of thin-walled elastomeric tube containing a non-viscous
homogeneous fluid. His theory leads to conclusions that are consistent
with the aualitative results from experiments.

Experimental results by Hallock and Benson (56) not only indicate
that the propagation velocity varies with pressure, but that it does so
in a nearly linear manner. The slope of the wave velocity-pressure curves
is of the order of 3 meters/sec/50 mm of Hg. For the pulse-wave velocity
in an elastic system, this is a variation of 25%; however, for the case
of the non-elastic system it is much different. Based on the studies of
Pérneli (53), the non-elastic system would be of the order of 0.3%.

Furthermore, the effects of chemistry can appreciatively alter the
velocity of propagation. No resl data is available as to the effects on
blood, but from the effects of water one can draw scme conclusions. Water
€ 100° F and 14.7 psi, and air-free has a speed of propagation of 4938
ft/secs By just exposing the water to the open atmos;:here'. the speed of

sound is altered by 1.5% (57). Furthermore, a salt solution at constant
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temperature and pressure has a speed of sound variation of 4% for an
increase in concentration from 10% to 15%. (57) During most operative
procedurgs patients receive saline solutions that may contain from frac-
tions of 1% to 3% NaCl. Thus a very significant alteration in salt con-
tent can result.

The "sound" source must have a frequency that is high enough to "fol=-
low" pressure variations as high as 100 cps. It would appear that the
source frequency would have to be at or just beyond the threshold of human
hearing, thus of the order of 20,000 cps. Gregg (59) states that due to
ultra-sonic energy sources, biologic effects can be major. In fact, ultra-
sonic energy sources are used for cell manipulation for the treatment of
some diseases. This treatment utilizes the heat generated by the hysteri-
sis.

For some of the reasons contalned herein. it was felt that though
this system might very well be a possible method for indirect measurement
of blood pressure, its complexities would appear to limit the potentiali-
ties. The most limiting factor seemed to be the need for arterial expo-
sure, and that by our criteria this would not be acceptable. Though we
did not explore this technique to any great extent for this reason, it
still might very well have resl possibilities for future development and
exploration.

Still another application of the same basic concept, would involve
the direct messurement of vressure wave velocity by employing differen-
tial tambors-to a pulsative artery. Studies by Klip (60) indicate that.
this is a reasonable method for_measuring wave velocity. Unfortunately
the sysﬁem would only yield data regarding mean blood pressures. For

this reason, no further consideration was given to this idea.
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2.6 Partisl Cuff Technigue
. Like investigators who preceded us, we felt that the Xorotkow method
still had some reasonabie possibilities. The logic that is basic to this
- particular application ofrihe Korotkow method, is the elimination of the
total cuff and the application of a partial cuff. |
The concept of the system is simple in theory; The partial cuff is
a cireculsr donut surrounding a pressure cell. The cuff is placed over an

artery of a pestient and a force is applied to the cuff to increase the
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interface pressure between the cuff and the arm. During this time, the
artery is slowly constricted until the flow of blood ceases. It is theo-
rized that the interface pressure will be just equal to the internal
blood pressure when the flow is just constiicted. The interface pres.sure

will very somewhat over the surface of the partial cuff, however, the
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variation will be minimal at the center of the cuff. Tﬁis is the reason
behind the incdfporation of a pressure cell at the center of the cuff.
The interface pressure variations will become significant toward the out-
ward edges of ihe cuff. These variations are not important since the sys-
tem is insensitive to-these magnitudes and directions. The importarnt fac-
tor-is that the interface pressure over the surface ‘of the pressure cell
must ke constant and normal to the cell face. If this is trué; then the
pressure recorded will be thé pressure to which the artery is subjected.
The characteristics sre monitored by a highly sensitive condenser micro-
phone. As the occluding interface pressure drops just below the tlood
pressure, a high velocity jet stream is created; associated with it is a
low frequency audible sound. This sound cén be heard by a stethoscope
but is more clearly d;fined by a sensitive microphone. Similarly at the
low pressure point in the artery, the jet stresm is ultimately eliminated
and the characteristic sound is altered. These two "sound" points can be
easily detected by the output of the microohone. The corresponding inter-
face pressure will be the meximum and minimum pressures in the &rtgry.
Experimentally the pressures were recorded by the polygraph system
using a strain gage type transducer for the pressure géli.?r(See P, 3)
The characteristic sounds were monitored by an Altec ﬁicf&phone, amplified
by a Stromberg-Carlson AV-70 Power Amplifier and recorded on tape for
further analysis. The sounds created by the jet stream .were visually
analyzed on an oscilloscope while the audio effects were followed on a
low frequency speaker.. |
As depicted in Figure 2.4, a system of this nature coﬁld be elec-~
trically pfogrammed to maintain an interfzce pressure in accordance to

a characteristic sound. A system of this nature would be able tc maintain
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a recording of just one level of pressure, either systolic or diastolic.
By using two such devices, the maximum and minimum pressures could be re-
corded.

The total cuff can not be used continuously for the same reason that
a tournicuet must be periodically released. The partial cuff gppears not
to be restricted under certain conditions by this type of problem. The
human body maintains cross flow systems such that the tissues sre supplied
with blood even though a varticuler artery is partially or totally restrice-
ted.

As a preliminary study, it was decided that a prototype unit would be
built and tested. The results of a few of the trials are shown in Figures
2.5 and 2.6. This data shows the results of the application of the unit
to six different individuals, ranging in age from 3 years to 55 years of

" age. The pressures attained by this method were compared to total cuff
pressures obteined by an individual who had worked his technique against
the intrs-arterisl system. His standard deviation of error on systolic
pressures was approximately ¥ 3.6% and on the dlastolic pressures was
+ 8.1%, or a total standard deviation of X 5.8%. Using this basis of
comparison, the partial cuff technioue is equally as accurate as the to-
tal cuff technique. The partial cuff system appeared to have possibili-
ties; even though the data shown is fairly reasonable, the system is
attended by some problems. First it would require two monitoring cuffs,
one on each arm. Secondly, it is extremely sensitive to externsl noises.
Thirdly, the necessary ecuipment for automatic programing would be ex-
tremely elaborate znd fairly delicate to operate effectively. Fourthly,
it apnears to be only as accurate as the total cuff. Finally, it might

well be more traumatic than our preliminery studies would indicate.



m...N mdaa.u.w

3svg IWlL

~&

8561 omzo‘\ -
I a

v ER a IR

e oN

. S8S

- ! ol
€ oy T — $ Amm [ v SEl = IOISAS #

ViVQ FOINHII) 440 WiLdvy



oY 3309 -

ELEEELIE

3 ; " —1 00}
oy J/fo|n\ —T od
-1 00| 4 0Q) - TRLSAS
T RN [T E0l ssroasiS haag g — oo¥

w:

— @l = dMOLSAG

VIV INDINHIF| 4407 TVIL¥v4



2T T

30.

For these reasons, this system was not deemed sufficiently accept-
able for further develonment, and consequently it was dropped as s pos-
sibility. Upon further refinement and development, cne might very well
find that it has potentialities.

The partial cuff tecnnique was alsc applied to the temperal artery.
A picture of the transducer used is seen in the photograph (P.4). This
unit was based on the same theory as the unit above, however, it was
applied to the temperzl artery instead of the brachial or radial artery
on the arm. In practice, the idea was less fruitful than the above, and
was more difficult to operate successfully. Further development was con-
sidered unnecessary and therefore dropped without full analysis.

2.7 Plethysmography

Plethysmography has been a field in which the medical sciences have
worked for some time. (81). Fasically a plethysmograph is a rigid cham-
ber surrounding an organ or extremity of the body. This chamber is con-
nected to 2 volumetric recording device which senses the changes in vol-
ume of the extremity due to physiological changes. The system has been
used for various reasons. In one case it is used to diagnose certain
physiologicsl disorders, such as poor peripheral defusion, organ swelling
rate, etc. It was thought by the investigator that since this plethysmo-
graphic technique was slways oscillatory in nature and closely in phase
with the blood pressure, it might be related to arterial blood pressure.

A plethysmograph was built and tried under various conditions. Un-
fortunatelj it has many disadvantages. The most troubling is the fact
that the chamber is sensitive to 21l volume changes z2nd not just those
chahges due to distention of the arteries. This causes the output signal

to very according to all the volume changes and one can not completely
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sort out the changes due only io artery distention. Under controlled sit-
vations, one can obtain tracings like that shown in Fipure 2.7. In this
tracing one notes the reversazl of the wave form. This particulsr tracing
is the result of plethsymographic recording on a finger and it is theor-
ized that there exists an integral effect due to the small capillary flow
in the extremity. This is merely a theory, but in a conversation with

Dr. Lion of MIT, he tended to agree with this logic. The result remains
that the form of the signal is significantly different th)n the intra-

arterial pressure form.
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For reasons that are obvious, this plethyvsmographic technique was
not studied any further.
2.8 Re-Evgluation of Other Possible Approaches

Since the Korotkow method had been used so extensively, we felt that
we must re-evaluate its full potentislities. First, we studied the cor-
relation between the intra-arterial pressures and the sphygmomanometer
and found that under controlled coﬁditions and after perfection of

individual technique, a doctor can obtain reasonable accuracy with
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the cuff and stethoscope. As indicated in éarlier parts of the thesis,
meny attempts have been madé at utilizing this basic concept for indirect
recording. 3ince most of thé attempﬁs“.ave only limited apnlication, and
since a good deal of engineering know-how was iﬁcorporated in those at-
tempts, it was decided to look elsewhere for ideas.

Still another method which might provide an aporoach to the measure-
ment of bloed pressure is the critic:zl analysis of the sound character-
istics of the cardiovascular systém. Tt wes thought that the sound chara-
cteristies might be related to the pressure level within the system.
Ihese sound characteristics are a function of the natural frecuencies of
the body system, and these frequencies might be altered by the pressure
level of the system. The freguency analysis of the cardiovascular sounds
provides still another possible approach to this nroblem of biood pres-
sure measurement. Preliminary studies in which we énalyzed the frequency
characteristics of the vascular sounds on an oscillescopes strongly indi-
cated that a correlation would be most difficult if not impossible. The
db level of the sound and the frecuency varied from indiQidual to individ-
ual, and within a particular individual, no direct correlation could be
notéd.

Therefore, dnly a limited progrem of study wes undertaken, the re-
sults of which strongly suggested that this would not provide a fruitful
avenue of approach to the problem.

2.9 Pressure Variatle Parameters

Since tﬂe numerous methods which were investigated proved to be non-
productive, it was thought that possibly {here was some paraméter within
the véscular system that varied in accordance with the blood pressure.

If one could measure a parameter of this nature, then a correlation might
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be drawn between the pressure level and this parameter.

To answer the -uestion as to whether or not such a parameter exists,
the author studied numerous sources of nhysiological information. The
main body of this dissertation is based on the results of this search.
2.10 Summary of Preliminary Investigstion and Analysis

In the course of attempting to find a satisfactory method for the
continuous mezsurement of blood pressure by indirect technigues. the au-
thor studied various possibilities. Studies proved that most of these
systems would not provide an szdecuate solution to the problem k= sed on
the knowledge obtainable at the present time. Photoelectric techniques
provided one of the most provocative avenues of approach. It has proved
not to be a blood pressure technique, but it may provide physiological
information which may be of greater importance than blood pressure it-
self. Other techniques such as the partial cuff, ultra-sonics and ple-
thysmography were deemed unsatisf:ctory in lifht of the studies. A sys-
tem based on a pressure variable parameter was most promising and thus

will be analyzed and developed in the remainder of the thesis.
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III. ESTABLISHMENT OF A BASIC STANDARD FOR COMPARISON

Before any new method for the registration of blood pressure can he
fully understood and evaluated, there must be a standard against which
that system can be compared. CUver the past fifty years there have been
significant improvements in the methodology for direct measurement and re-
cording of pulsatile pressures in the living body. Among the first of the
continuous recording devices' was the Hiirthle (61) reccrding membrane mano-
meter. Hurthle utilized mechanical leverage to amplify the pressure re-
sponses of a dilative membrane. Since that first attempt in 1888, there
have been numerous improvements and developnments; ranging from the adap-
tétion of optical principles to recording techniques, through the multi-
plicity of electricel devices up to the electronic devices of the present.

The direct method of recording pulsatile pressures implies the use
of some type of cannula which is introduced subcutaneously. This intra-
vascular cannula is often s small lumen polyethylene tubing or a hypoder-
mic needle. The cannula forms a small pressure probe which can sense
pressure variations within the cardiovascular system of a patient. The
cannula, which forms s quasi-pitot tube, is connected directly to a dyna-
mic pressure sensing device. For the purposes of this study, the dynamic
sensing device used was a strain-gage-type pressure transducer manufzctured
by Statham Instruments, Inc. (Model P23G).

3.1 Test Set-up for Standard Measurements

The physical set-up for the continuous registration of blood pressure
is schematicaliy shown in Figure No. 3-A. There are some important consid-
eraticns-in the design of this particular test configuration. There are g
number of surgical procedures for the cannulation of arterial sections.

The procedure used throughout this investigation involved the direct
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'exposure of the artery to be cannulated. The investigators found that

for most accurate results, the artery must be exposed by what is commonly .
referred to as a surgical "cut-down". With the artery exposed, the can-
nula then can be placed so that its sensing abilities are not adversely
affected by improﬁer locstion in the artery. Without arterial exposure,
the clinicisn can only randomly position the cannula. Experience has prov-
en that random positioning of the cannula can significantly effect the
dynamic characteristics of the pressure sensing probe.

The cannule was secured by surgical procedures to hold it in place
and to guard against loss of blood during the recording of the pulsatile
vpressures. he cannuls was connected to a polyethylene tubing which was
in turn connected to the input of the pressure transducer through a three-
way stopcock. The function of the stopecock was to permit the injection of
an anti-cosgulant solution like heparinized saline. The function of the
anti-coagulant solution was to reduce the clot formation in the cannula
system as well as to aid in the preventation of thrombosis and embolism.
The solution was introduced into the system periodically to "flush out the
system". This is necessary to reduce thg viscous clotting which alters the
dsmping characteristics. Intermediary to the anti-coagulant reservoir
(20ce Syringe) was another stopcock so that the system can be vented to
atmosphere for.calibration purposes.

The excitation source for the transducer was a D.C. power supnly.
Since the transducer was basically an unbonded strain-gage-type unit. this
power supply excites a Wheatstone bridge composed of the four strain-gage
components. Obviously, the transducer relies upon the medulus of elés_
ticity of the force-summing diaphragm to transfer the diaphragmatic

dilatation into a change in electrical resistance of the strain-gage
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elements.

The potential unbslance of thie Wheatstone bridge, caused by the re-
sistance changes due to pressure varigtions, vas fed into a direct-
coupled pre-amplifier for power pre-amplification. The output signal of
the pre-amplifier was_fgd directly into a Type 530—$eries Oscilloscope
manufactured by Tektronix, Inc. (For charucteriétic see Anrendix A).
Furthermore, the output of the pre-gmplifier was powe? amplified by a
Fodel 5 D.C. Driver Amplifier manufactured by the Grass Instrument Com-
pany. The output of the Driver Amplifier controlled » Model 5 Polygrsvh
oscillograph, for pen and ink registration of the signa}. (For character-
isties see Apnendix A).

The test configuration allows for oscilloscopic or.oscillcgraph reg-
istration of the pulsatile pressures. The oscilloscopic output was used
becsuse of possitle frecuency limitations of the oscillograph, since the
investigators are of the opini:zn that there are frecuencies within the
blocd nressure wave form that c-n exceed an estimated outnut of 100 cy-
cles per second. The oscillograch may not aderustely follow these fre-
cuency variations, so it was deemed necessary to study the wavs form
characteristics on'the oscilloscope.

3.2 Velidation Under Static Conditions

A transdﬁcer—electronic system is a secondary standard; however. it
can be c:librated against a primary standard, such as a mercurisl mano-
meter or an oil dead-weight tester. It should be noted_that a calibra-
tion procedure of this nature is purely statistieal. It has been the
experience of the mgnufacturer (62) that the repeatability of the instru-

ment is of the order of + .1% and the non-linearity and hysteresis error

is ¥ 1%. The calibration curve taken from our instrument is shown in
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Figure 3.3.

This calibfation is a tot&i inpu?—output calibration of the record-
ing system as depicted in Figure Ho. (3.33, All readings were within the
readability of the output signal of the Pol&graph. The accuracy =nd pre-
cision of the transducer is better than the readgbility of the wolygraph
output. The readability of the polygraph is of the order of ¥ 1.0 mm of
Hg and this is within the desired accuracy of the tesb.

3.3 Dynamic Charscteristics of the Recording 3Jystem -

In the continuous registratibn of the pulsatile pressure of the car-
diovascular system, it is necessary to evzluate the standard system under
‘dynamic conditions. It is commonly sccepted that the st;ain—gage—type
pressure transducer is an acceptable device for recording pressure varia-
tions. The cuestion that must be answered is whether it is an acceptable
device under the conditions of this investigation.

The system which 1s under =analysis is schematically rerresented in
Figure No. 3.2a. (Simpls analogs can be seen in 3.2b and 3.2¢) It con-
sists of an artery through which a fluid is flowing under variasble pres=~
sures.. The operating pressure rznge is of the order of 35mm of Hg to 250
ma of Hg.

For the purposes of analysis, a simplified model wac chosen as indi-
cated in Figure FHo. 3.2d. This simplified system can be thought to behave
somewhat like the mechsnical analog in Figure No. 3420 which consists of a
spring, domper, and mass system. Under sinesoidal forced vibration with
viscous damping, the differential enuation of motion is of the form

mi + Bi + Kx="hsmwt) (3.1)
where . TPo sim(wi) is the fo.rcing function. (M) is the total effec

tive mass of the portion of ihe system in motion. (B) is the effective
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damping coefficient of the viscous forces, and (K) is the effective

spring constant of moving system. The undamped natural frequency is:
g e l_K_
n RUAN wm (3.2)

whereas the damped natural frequency is of the form:

Sod = o | K - (_3_)9‘ (3.3)
RU Y m ~ \Zm

It is obvious that if the dsmping coefficient (B) is relatively small,

the natural is approximately the same for damped and undamped motion.

An analysis of this sort is very limited and over simplified since the

variables of the system are difficult to measure and often the differ-

ential eruation is non-linear due to variations in the coeffiéients.

This makes the theoretical analysis most difficult, even though in the-

ory the physic-l analysis is ruite simple, a mathematic solution is be-

yond the scope of this dissertation (65-67).

The natural frequency and the damping ratio are the factors that
completely define the dynamic characteristics of a mass subjected to a
linear restoring force, viscous damping and constraint to a single de-
gree of freedom (63-64). The response characteristics of an instrument
as supplied by a manufacturer can be completely meaningless for a'part—
icular application since the instrument characteristics are generally
taken indepeqdently_of the system to which it might be épplied. The na-
tural freguency of a transducer alone in air can be calculated to a féirly
good aporoximation by equation (3.2). This same transducer when connected
to a system consisting of tubing snd fluid of greater density than air,

will have a natural frequency significantly lower than equation (3.2}
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would yield. In fact, the mass of the transducer may become insignificant
in the determination of the natursl frecuency of the new system.

The calculation of the natural freguency and the damping ratio of a
liquid-filled elastic line plus a transducer system is ususlly very diffi-
calt. Even in a simplified analysis (45) it is necessary to know precise-
ly the parameters of the pressure tronsducer and the fluid connections.
Some parameters of the liruid connections (i.e., density, temperature,
diameter, tube length, etc.) are usuelly known. However. in the case of
blood, other pasrameters are most difficult to evzluate, for example. the
viscosity and isotropy of the blood, in fact. blood is an isotropic in
behavior. The transducer is also hard to evaluate completely on physical
grounds; the spring constant, the effective area of the diaphragm, the
mass of the effective diaphragm, ete. are difficult to obtain or may even
te unknown. Even though there are difficulties in an anzlysis, there have
been some very good theoretical analyses of pressure systems. Iberall
(66) developed a theory which yiclds design parameters for system design.
His theory accounts for compressibility. finite pressure variation, fluid
acceleration, and finite tube length. He also considered heat transfer
effects. Barton (67) developed a simplified theory which yielded natural
frequencies and damping ratios as a function of statistically determinable
parameters. Parnell, Beckman and Peterson (53) studied various transducer
systems and -the response characteristics of each. They found transducers
which when studied alone in air, had freguency responses of the order of
1000 cyeles per second. While under the influence of a ligquid filled sys-
tem, the response varied by a factor of 100; namely down to 10 cycles per
second.

In the data provided by Stratham laboratories (See Figure No. 3.4) on
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a transducer similar to the one used in this study, the natursl frenuency
is approximately 180 cycles per second, using a systenm consisting of é

#20 hypodermic needle 2 inches long with the system filled with distilled
water. It can be noted that the response is flat up to 25 cycles per
second. The same transducer connected to a #5 CHrdiaé catheter 100 em
long reduces the ratural freauency to 47 cycles ﬁer second whila reducing
the flat response to stout 10 cycles per second. It is olvious from this
data, as well as from the theoreticsl znalysis by Iberall (66), that the
tubing length should be as short as possible and the diameter as large as
nossitle in order to retain the best response characteristics. The reason
for the use of distilled water instead of blood is obvious. It has been
our experience that anti~coagulants in connecting the tubing increases

the fresuency response alove that for blood alone. The major .reasson for
this. other than the elimination of blood from the transfer tube., is the
reduction of clot formation in the area of the cannula. By filling the
connecting polyethylene tube with heparinized saline. the comparison be-
tween the above data and the test becom:s realistic, since the heparinized
saline is approximately 99% distilled water. the remasinder being the hep-
arin and sodium chloride. With short connection tubing, the. natural fre-
quency will be of the order of 125 cycles per second, and the demping co-

efficient will be of the order of .16.

-

ics of the Cardiovascular 3

There are some considerations in regard to the cardiovascular system
tﬁat must be understood before thiz direct method of recording the pulsa-
tile pressure is acceptable as a standerd for comparison.

The first consideration is the velocity effect 25 related to the

messurement of rressuze by conventional pitot tube techniques. sStudies
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by Broemser (68) show that the maximum velocity of the blood occurs in
the aortae (just outside the heart in the main supply line of the cardio-
vascular system), where it is approximately .65 ft/sec (20 em/sec). This
velocity is not affected greatly until the sharp reduction of velocity in
the arteriolar and canillary districts. Since this analysis is dealing
with the flow in the larger arterizl sections, let it be assumed that the
velocity of flow is 20 cm/sec. With a mesn pressure of 100 mm of Hg. the
total error due to disregarding the velocity pressure is of the order of
0.15%. This is a negligitle engineering error.

v

The next consideration is that of thie frequency response nezcessary
to sdecuately follow the pulsztile vressure variations. Studies by
diggers (69) suggest that a recording device must reswoend to the tenth
harmonic of the furdamental frequency in order that the continuous reg-
istration be vzlid. To accomplish this, it is necessary to have the na-
tur~1l frequency of the recording device at lea:t threc to five times the
freguency of the tenth harmonic. This mesans thst the damiing ratio must
be of *the order of(.j})to(.Z). If the pulse rate 1s 120 beats per minute
(a libersl approximation) then the natural frequency should be of the
order of 60 or 50 Cycles per second. It has been the experience of the
investigator, thst even better registration can be obtnined if the na-
tur:l frequency is 100 cycles per second or better. This is obviously an
empiriecal rasult, tut it is the firm belief of the author thot with a com—

\

nlete wavz anslysis, characteristic frequencies inexcess of 100 ens may
Finally, the wave propagstion speed shouldl be con:idered. Parnell
and associ tes (53) have found that wave propagation speed is of the

order of 1000 meter: per second. Therefore, the wave lenrth at a
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frequency of 1CO cycles per secoﬁd is about 10 meters. Purely from a
wave pfopagation point of view, it is sug: ested that the catheter lenpth
. be sherter than 1 meter for minimsl phase lag. The length must ke smzll
for reasons of freouency response, thus propagation speed effect will

be negligible.

3.5 Sumnery of Basic Standard Analysis

On a statics1 basis the recordiﬁg system was repeatable to within

+ .1% with = total nonlinesrity iand hysteresis error of £ 1%Z. From a
‘hemodynamic point of view, the recording system must have a natural fre-
nuency of 7C cycles per second as a minimum. The transducer and finid
System used in the analysis has a natural frequency of the order of 125
cycles per second vrovided the cannul: diameter is of the order of a

No. 12 hypodermic needle and the length of coanecting tubing is less than
50 cme Furthermore, tne hemodynamics suggest that there are charzcter-
istie frequencies up to the tenth harmonic of the fundamentzl frequency,
which for a 120 pulse rate, means.frequencies of the order of 22 cycles
per second. The recording system used in the analysis is linea? within
2% up to spproximately 40 cycles per second. This is the system to be
utilized as the stzndard for comparison in all future anslysis in this

dissertation.
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IV. ZTHECRETICAL ANALYSIS CF A PiiiisiTip VARIABLE PARAMETER
4.1 Backeround

A study program was undertsken, aimed at a fundamental appraisal

of physiological inter-relationships. Two brond suestions arise with
reference to physiologicsl anl technologicel effects. What are the
effects? What are the variables? If one finds a pressure variable .
parameter, one must then analyze the effects and all possible variables.
The logic behind the ﬁressﬁre veriatle parameter system is simply
this; if a parameter like ph, volume, or density.Were to vary in a
known manner with prescure, then one could possibly messure that para-
meter with greater easse than one cen measure blood pressure. Once
knowing the variations of the parameter with time, then a correlation
can be drawn regsrding pressure.

Es

4.2 The Relationship Between Pressure snd Arterial Volume

It has long been known that. the majority of the tissues within the
body are long chain polymers. The high polymers of body cells are for
the most part long protein mecromolecules whose structure may vary
according to the numerous possible arrangements of their structural units,
amino acids. These long molecules occur in a variety of forms, progress-
ing from randomly twisted threads to crystalline networks. In genersl,
the properties of the various tissues are attributed directly to their
molecular structure; and it is expected that varistions in orientation
and crystallinity go hand in hend with vsriaticns in function (70).

Proteins‘form éne of the largest groups of naturally existing elastic-
polymers, called elastomers. Oince body tissues behsve as elastomers, it
becomeé necessary to understand elastic behavior of body tissue. Elas-

tomers are rubber-like in behavior, therefore one can learn of ihe



behavior of tissues by studying rubber-like materials in genersl.

The kinetic elasticity of rubber can be shown by a simple thermc-
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dynamic anslysis. The thermodynamics of rubber behavior is anslogous to

a thermodynemic ana2lysis of a nerfect gas. Let us consider s kinetic

theory of rubber elasticity by first looking at a perfect gas onl then

drawing an analogy.
Tne equation of state for a nerfect ggs is given by:

- Pressure
- Total Volume

PV=RT

- Heat

Internal Energy
- Entropy

- Work

- Force

~ Extension Length

(S SRR =R eVl R ]
1

The first law of thermodynomics csn be written as:
SQ =dU+ -PdV or rewritten in a

pertial derivztive form it is:

SQ = (%)VdT 4 [ (%%)T + 1:] v

But through the second law for 2 reversible process. the ecuation

csn be rewritten in the following form:

ds=—.‘r(—3—¥—)vd'1‘ + —"If[(%%)-r + ~p] dV

Wowever: de = (%)%)Vd'r + (%—%")Tdv

and by Maxwell Relationsiips where these ecualities exist:

VY -
%) - 33 (), (3¥).

-~ Universal Gas Constant
- Absolute Temperature
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yields upon substitution
), 70
oV /1 IT|, ~ P 4l

Where ( U = ing th
—_— = meaning the p is v is s
oV )+ ] ning the ?otent 1 energy is zero
which is a definition of a perfect gas.
Now consider the idesl elestomer, wher. the PdV work 1is

expressed by dW= — Fdl

Eouation 4.1 can be written by an analogy as

W) g - p(3E)
C)L T JT [
Le2s nNOW
o U
if :ST:’ ¥ where zero, then rubber would be elastic in a

kinetic sense as z perfect gas. Experiments (71) have shown that such is
the case over a good portion of the extention curves. Thus a conclusion
con be drawn thot elsstomers for the most »art. are kinetically elastic.
This type of elastic behavior now c=n be explained in terms of statistical
mechanics. KXing (72) avplied statistical mechanics to elasomeric polymers,
from his work one can draw some conclusion about the elastic behavior of
body tissue. Applying statistical mechanics to the behavior of cylindri-
cal tubes under conditions where the radius and the length ave changed by
the s=me factor, King obtains the following relationship for the effect

of pressure on the volumetric distention of elastomeric cylindricsl tubes:
Yoyl € \tfar 1 3:9.]
P-f=B[F)H{ES)/CW@E -(F)F

u.)‘hu-e.:

B =€, "‘Po /Z,\"., , ﬁ:- %eeo , \_:1'; La\‘\%&V\\‘\-FU”CT'OR
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P= mternal prewssure | Pi= Atm. pressure | Vo= Inikial vadivs

r: Vodius Laviable cbe: woleculaw eons-\:nn.t. &, = Wall Lhiekness

Even though the properties of the humen arterisl tissue are aniso-
tropic, it is convénient to studj a toeorgtical model vwhere the struct-
ure is isotropic, the wall thickness is ugiform, and the material is
homogeneous. Under these conditions, one can apply King's formula to
arterisl sections. King (54) found th2t using appropriate values in
the formula for the age dependent contants, thet he wes able tec obtain
some charscteristic curves. (See Figure 40)

Upon further investigation., King found that the ﬁheoretical chara-
cteristic curves agreed with experimental results to a remarkable degree
of accuracy. He superimposed his theoreticzl curves on ﬁhe results of
experimental work by ilallock and Benson (See Figure 4.1} and found agree-
ment within approximately 4%.

The following curves are theoretical in natural, btut they agree with
experimental results. A great deal of experimental work (56, 73-77) has
been done on the pressure-volume relationships for human orgsns, partic-
ularly with reference to the cardiovascular system. Included in Appendix
D are some of these exnerimentsl curves. This includes some work in this
area by the author. (See P.5)

The fact that supgests an approach to blood pressure mezsurement is
the surprising linearity of the relationship over a fairly wide range.
This range of.linearity is well ﬁithin the range of "normality" for
pressure measurements. Furthermore, the only apparent variable is the
effect of aging, namely, a changé in the slope of the P-V relationship.

Theoreticzlly, these facts present a possibility for utilization
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in a system for measuring blood pressure. They suggest that, i1f the
change of volume of an arterial section can be measured, the pressure
changes within the artery can likewise be correlated in a linear manner.
4e3 Calibretion Techniques

A question immediately arises. One may have some knowledge about
the general charsacteristics of the pressure-volume reletionshins. but
what is the precise relationship of a given individual? Put another way,
one must have some method of knowing the precise slope of the pressure-—
volume curve for each individual.

Since 2 nesr-linear relationship does exist, then all thst is rneeded
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is one noint on the curve and the slope to be fully defined for each
patient. There are two relevant facts vhich bear directly on this
srovlem.

1. The hum#n blood nressure in an arterial section can be
reduced to atmospheric pressure ( O mm of hg. ) by pro-
per applicetion of medic2l techniques.

2. An induced pressure change can be crested in the body by
basic consideration of hydrostztics; i.e., an elevation
change of the arm by 13.2 inches induces an associsted
pressure change within the artery of 25 mm cf mercury.

The above two facts are theoretically sound and hrve been exveri-

mentally verified. First, it is known (78) that the veinous side of

the vasculsr system returns to the hesrt where the pressureslare below
atmospheric by a 3-5 mm of hg. In the process of flowing from the cap-
illary network, the pressure drop is of the order of = few millimeters

of mercury. This fact that the cspillary pressure level is rear atmos-
pheric is essily demonstrated. If the cutaneous surfsce is cut near a
capillary network, bleeding is very slow and without significant velocity,
therefore the pressures must be approximately atmospheric.

If one were to occlude an artery. then the downstresm pressure would
assume the level of nressure in the capillary beds, namely atmospheric.
This fact has been experimentally demonstrated using an intra-arterial
transducer, and every time, withou! fail, the downstream pressure would
be within one or twé millimeters of atmospheric pressure during an
occlusion.

Secondly, the induced pressure by level variations czn be calculated

by simple application of hy&rostatics.
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Fic. 4.1 Mzan VoLuME-ELASTICITY CURVES OF THORACIC

AorTAS AT VARIOUS AGE GROUPS
These curves show the relation of percentage increase
in volume to Incrcase in pressure for five different age

groups and were constructed from the mean values ob-
tained from a number of aortas excised at autopsy.

597,1937

J.C. Benson. Journal of Clinlcal Investigation

*obtained from article by P. Hallock and
16
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DYNAMIC C?ARACTERISTICS
- _or
PRESSURE-VOLUME RELATIONSHIPS
FOR »
HUMAN ARTERIES

Nove Paase Swet

Pressure

“Flow

Fig. 4.2

Curves showing inter-relationshlp between
aortic volume distension and the associated
intra-aortic pressure,

#0btalined from article by R.F. Shipley, D.E. Gregg,
and E.F. Schroeder. American Journal of Physlology.
138: 723, 1943
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Pressure Change (P) = Weight density (S ) x Level change (h)
with Blood having a specific weight of 1.057 vie obtain the following
relation:

AP = 9 moor Hg/em of level change, thus & level change of

33.8 cm induces a pressure change of 25 mm of Hg. This is shown experi-

mentally in Figure 4.3 and in the table that follows.

ﬁkm‘nﬂ”w/q E/MJﬁVSSNPt.
w 4- cﬁeﬁ;«. 17y Qrm Lewe)

Figure 4.3
An zctual tracing showing -the hydrostatic level varistion inducing a

pressure variation. using a strain gage transducer for blood pressure

?

measurenent.
Some Other Data Collected Shows:
Trial Theoretical Actual
1 23.5 mm of Hg 22 mm of Hg
2 28.8 mm of Hg 29 mm of Hg
3 23.8 mm of Hg . ~25 mm of Hg
4 . - 2449 mm of Hg 23 mm of Hg

Figure L./ schematically shows the effects of the above two nrin-
ciples on an intra-arterinl pressure. In the down positlon. the arm is

lower in a hydrostatic sense and therefore assumes the ! igher pressure.
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Figure 4.4

In the up position, the artery is higher in respect to the heart, and
therefore, the vressure is reduced. The point to note here is that the
amplitude of oscillation is not reduced; only the base line is effected.
It is & knoun fact that the body resists any changes in pressure
by compensating the change with vasomotor constriction, which acts as
an in-line pump. In our studies, the effects of arterial vasomotor con-
trol did not appesr to effect the above crlibration procedure. We believe
the effect to be minimal becsuse of the megnitude of the change in pres-
sure. This vaso-action is more effectual in the veinous return than in
the arterial system.
These two factors give us a method for calibrating a oressure device.
One merely occludes an artery that gives a base line of zero gage pressure.
By level changes, a given pressure can be induced and the assoclated vol-

umetric change measured; the rstio of these two give the slope of the




linearized pressure-volume curves.

In summary, with a known cslibration setting for an individual,
one can postulate that s volumetric recording device can indeed be
correlated directly to intra-arterial nressure. This of course is only
possible within the limitation of a lineszrized theofy.

Leli A Theoretic:l Model of a sSystem

With these pressure-volume relationships as background. one then
seeks a system to measure the volumetric distention of an artery. In
developing & theoretical model, it is noted that a volumetric disten-

tion of the artery causrs a volumetric deformation of the skin surface.

Is there a relationship between the volumetric distention of the srtery
and this movement of the skin surface? Pigure 4.5 (a) denicts sn
idenlized cross-section of the human arm. If (d) is the diameter of
the artery snd (D) is the dismeter of the arm section. then the d/D
forms a dimensicnless ratio of diameters. —
If the surfzce of the skin is msde flat as plctured in Figure 4.5
{(b), by suitatle means, then the relationshin of the artery to the skin
surfice becomes theoretically an=lyzable by two dimensional stress
analysis. Jince the 4/D ratio is about 0.05 for most individuals and
since the skin surfoce is flat, the model that is to be considered is
deoicted in Figure 4.5 (c). The model we will use is 2 semi-infinite
elastic medium with a flat surface open to the atmosphere under which is
a cylindricl tube. It can be shown (See Appendix B} that deformations
within thiz cylindriczl tube are linearly transmitted to the surface.
With this model, we assume s cuasi-elastic medium snd a small 4/D ratio.
Furthermors, we are assuming an isotroplc. homegeneous elastic medium.

These assumptions are broad in scone and may prove to be invalid, but
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they do suggest o method of approach. The asmumption of & fuasi-
elastic medium can be given some validity by tlhe analysis in Section
4.2, Wwhere we show that body tissue is elastomeric in behavior. One
must realize that the organic material between the srterial wrlls and
the skin surface is complex in molecular structure. and surely is not
homogeneous. In this model, it is postulated that the tissue chara-
cteristics will be relatively consts#nt even though theyr ars not com-
nletels homogeneous.

Ni@h this backpround, one seeks s sensing unit which will measure
the "deflection" of the surface of the skin in a linezr fashion. The
functional anoroach is to develon azn instrument which can sense these
volumetric deformations of the skin under veoriable pressures in the
artery.

The taeoreticsl model, which makes some broad assumptions awvout

the :uasi-elastic nature of muscle and .skin tissue. in actuslity may
cause -serious »roblems., Yot only does it assume a guasi-elas t ic medi-

um, but it assumes a lack of vasomotor control over the =rtery. It
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was our belief, however, that the volumetriec distention of lzrger lumen
arteries is affected by vasomotor control to oniv = neflipible effect,

if at all; conversely., in the éenillary bed, vasomotor control has a msjor
effect. Another assumntion is that muscul:sr reactior con be minimized =t
the point of anplication of = transducer. However, tﬁis czn vrove to be
a troublesome »roblem in the a-nlication of the svstem. The as:zumotion
which eliminates the effect of mu;cular movement is that the iaterface
prezsure between ihe senéing transducer and the surface of the skin must
be at s5ll times constant. If Lhié interface presure is constant, then
the transducer will aluays be in the snme relationship to the artery as
it w-s at the initisl introduction of the transducer. This assumntion

of constant interface pressure i1s basic to the whole wrocedure. for with-
out it, gross movements due to muscular sctivity become larger  in magni-~
tude than is the deflection caused by the arterisl volumetric distention.

+

Theoreticzl Svystem

Since theoretically there exists a direct linesr relatlonship between
internsl nressure and volumetric -ilstention of humsn arteries and since
there is theoretical grounds for assuming a relationship between subcut-
sneous volume change and surfsce deformation, we can postulate a system to
monitor tlood pressurs by indirect meens.

In tlock disgram forwm, Figure 4.5 shows the basic concent hehind the
line=zrized sysiem under study. The intra-arterinl rressure is linearly
relsted to the volumetric -iistention of the artery, which is in turn
linearly related to the surface deformation. If the deformstion can be
line~rly recorded, then the output signal will be linearly related to the
intra-arterial blood pressure. The next guestion, is of course, can such

a linear recording device be developed.
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- Figure 4.6
L6 Summary
A theoreticzal system for monitorins blood nressure bv.indirect
means 1s to be based on the following:
1.) A nearly linear relationshio between blood pressure and
arterial distention.

.) & theoretical relationshin between subcutsneous deformation

o

and the deformation of 2 semi-infinite surface plate of
elastomeric composition.

3.) A calibration ~rocedure for evaluating the slope and base
line charascteristics of each petient's dV/dp curve.

4e) A constant interfzce pressure to eliminats extraneous

gross movements.



V. INITIAT DEVELOEM

_AND 1TRANSODUCER DESIGH

5.1 Basic Concepts

There are five basic concests that must be considered before
any transducer configuration can be built. Zach of these concepts
are related to the instrumentation as applied to blood pressure
measurement.

1.) The first -~uestion that arises is: where do we find

an arterial section that meets the recuirements. It
appears that vasomotor control has its mzjor effect in

the smaller lumen vessels of the vascular system. Wig-
gers (79) states that vasoconstrictive nerves activate
muscular elements of the arterioles, metaterioles and
possibly the Houget cells of ‘he canillaries. It has

teen felt by the mediczl profession that vasomotor

control iz limited in effect in the large lumen arteries.
There does not ancesr to be any real common agreement

on this fact. A basic function of vasomotor control is

to maintain nrover oxygen supnly for the brain. If

there is some duress which causes reduced blocd supnly,
then vasomotor control reduces the flow in the extremities,
thus tending to divert the flow toward ihe train. One
theory is as follows: If the flow is reduced by constriction
of ihe capillary network, then restiriction of the larger
lumen vessels will not occur because the flow is already
reduced by valvular action further downstream. This is
only a hyvothesis, however, ‘he fact of vasomotor control

is known. but its entire sction iz not fully understood.

O~
W



2.)

If we postulate that vasomotor control is limited in
effect in the larger lumen arteries, then we will be
justified in using the brachial srtery for study. (The
brachisl artery is the main artery of the arm.) The
action of vasomector control strengly Suggests‘usinp the
temporal artery because it is the artery least affected
by vasomotor control. For two reasons we will not
study the system at the témperal artery. First, experi-
mentally it was found that apnlication of a transducer
to the temper=l artery was most difficult. Secondly,
the cslibration procedures would not be possible at the
~emporal artery., Thus. for the study contained herein,
we will restrict the investigations to the brachial
artery, »t both: the elbow snd the wrist.

It will be necessary to evaluate the deformation
characteristics of the skin over an artery. (4npendix F)
If the deformations can be measured with reasonable
accurscy, the assumptions of the system can be evaluated.
The next question which arises is: how to measure these
deformations. There are undoubtedly many possiﬁle
methods for measuring the deformation. However, it is
necessary to measure the deformation of the skin surface.
If one were to use a membrane-type material that assumed

he "same" characteristics es the skin surfsce, then this

diaphragm could form & dilative element of another systenm,

. a system that would be sensitive to these dilative changes.

This disphregm must be different in theory then conventional

6l
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transducer diaphragms. Most pressure transducer diaphrzgms
rely on tHe modulus of elasticity of a force summing dia-
phragm. Here we do not wish to have the dianhragm resist
the movements of the skin surface. In fact. the surface
of the skin woul! be an ide: 1 diarhr-gm. This. by defini-
tlon, reguires a diachragm material that.is more flexible
than the skin. This is important forAtwo reasons. First,
a resistance to movzment may introduce some non-linearity.
This effect can be seen in Apsendix D, as applied to a
stainless steel diavhragm. Secondly, any resistance to
movement of the skin will reduce the sengitivity of any
transducer. The skin movements are of the order of mag-
nitude of 0.0003 in., so obviocusly it iz not wise to re-
duce the sensitivity.

3.) With a concept for diavhragm construction. the next prob-
lem to arise is the nature of the geometry of a diaphrsgm.
For reasons of practicality and ease of construction, we
will look only at two geometries, namely; circular and
rectangular,

a.) Circular Membrane Diaphragm:
Assuming small deflections and =
constant tension in the membrane, we can, by >
symmetry cut out a concentric circle and

analyze the conditions of ecuilibrium.



InTeenan Pegssue

Horizontal eruilibrium is satisfied by symmetry.
Verticsl e uilibrium:

prvi=="T §Z 2vr

oR,

-

~d= _ P
dv 2T

Integrating and nutting in tle boundary conditions [ at Y=R , 2=0
yields

P 22
Z-= N (R Y ) at center, Z ’%Rz

the volume under the membreine is

v=R
- - = P4
_v—- 1"[1'2,\“&\‘ g TR‘

or the volume is 2 direct function of PF.

"V‘= KP where K = YR where » (T  constant)

3

Similarly the deflections are s direct function of Pressurs.

(p) T=Tension

66.
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b.) Rectangular Membrane Diaphragm

Again assuming small

o
deflections and
constant tension
and a <L b
b
a /
: Ny

A similar analysis will vield a vertical force

balanced such that

di 'P
= _ . and integratin
| = - g 3

end putting in bound-ry conditions (1= Si @ t-o)

yvield the deflection to be lineasr with pressure.

or at the center of diaphr.gm. ('xr-o)

= (%)

The volume under the diaphragm will be founi by integration.

Padb

Volume = and agrin the volume iz directl:
2T ‘ : d
pronortional to the internal npressure.
: ' . odb
Volume = X P where K."" TE_"F"f

In conclusion, the volumes and center point deflections are

proportional to the internal pressure for both diaphragm configurations.



L«) Another point to consider is the effect of interface
pressure on the diarhr=agm charzcteristics. The sur-

face of the skin czn be disturted kv muscular zctivity

2s well as by blood pressure. It is obvious that the

sducer must rovszin in the same rol-tionsnis to the

artery -t all times. ges, thenr

the constants in the ruasi-linzar relations will be

a2ltered.

The relestionshin between the transducer wnd the skin

will e unaltersd 1f the interfrce preus

constant. OSince it is essent to the linenr theory
thst thie interface be flat anld since the interface
pressure is to be held constznt, tle following config-
wrstion will be used.

DiarnRaGM

PRrE8SURE
AATTEN

Sk & ARTERY

SurcuTaNeaLs
TissoE

If the surface ares of the prassure pleatten is about
four times the ares of the dizphragm, it has been found
experimentally that the muscular mo voments will cause the
whole transducer to ride us and down. while the diaphragm
remzins in the same relative position to the arte?y.> The
holding fixture must nermit this 1ranaducer movoment

nile still retaining the constsnt interface pressure.
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There 2re three wsys of do‘ng this, and esch will be dis-
cussed later in the naner.

The finsl concept to be anulyzed, is the effect of the
eartih's gravitationsl field on the trancducer. If the
transducer were to remain stationary at all times, then
the gravitastionsl effects would not be » factor. How-
ever, tie eslibration technigues Involve moving the arm
through s specified distsnce to induce vressure changes.
During this movement, thé transducer interface changes its
relationship to the esrth. JSince the iransducer has
"weight", it contributes to the interface pressure. The
contribution of the weight will be & function of the re-
lationship of the center of gravity to the interface. If
the interface is horizontal, then the full effect of the
weight will be felt at the interface, however. if the
interface is at some angle. tihen *the component of the -
weight will go as the cosine of the angle, or the weight
as felt on the interface will be reduced. There are two
ways of circumventing this »rovlem. First the celibra-
tion can be carried out such that in the two extreme cal-
lbration positions, the weight effects sre the same. This
is shown schematieally in Figure 5.1. The second method
is to design the transducer so that there sre no gravi-

tational effects.  The aufhor has proceeded under both

. techniques. As will be seen in subsequent discussicn,

this leter technique involves designing the transducer

holding device such that ihe pivot point is also the center

69.
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of gravity.

5.2 Pneumatic Transfer System

The znalysis rel=ted to the memb;ane theory in Section 5.1 sug-
gested a system in which the membrsne diaphru:gm is = dilative element
of z closed pneumatic system which is sensitive to volumetric changes.
Going under this assumption, a2 number of experimental transducers were
built, each incorporating improvements, toth technical and medical.
Some of these can be seen on the Photograph P.6. The resulting trans-
ducer of this development can be seen as (&) in that photograph. This
transducer yielded very valuable results, as will be seen in the evalu-
ation section of this paper. The system consisted of the tragsducer wiﬁh
a thin rubber membrane connected to s closed system which terminated at
a highly sensitive differentisl pressure meter. The meter used was manu-
factured by the Decker Aviation Corporation anl the snecifications and

characteristics are listed in Anvendix A. As one cnn note. the
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gsensitivity 1s very high, thus very small volume changes can be recorded

very essily.

/
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Figure 5.2

A schematic diagram of the system is depicted in Figure 5.2. A
surface deformation results in a deflection of the diaphragm, and re-
sults in a pressure change (P1) in the closed system. This pressure
change is "sensed" by the differentisl pressure meter, and vields an
electrical potentizl output, which can be graphically recorded. As will

be seen in the evaluation section. this device is temperature sensitive,

thus it was necessary to develop still another transducer system, which
eliminated this temperature rroblem.
5.3 _Air Gap Capacitance System

The primary problem with the pneumatic system was its temperature
sensitivity. The obvious thing to Jdo was to either compensate for the
temperature effects or to eliminate the pneumatic transfer system. The

most practical solution was to eliminele the pneumatic aspects
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of the system by placing the entire sensing element upon the arm, in
effect, bring the entire nressure meter down on the erm. 3ince there
were no commercially avallable transducer designs with the assumptions
of this system, it wes necessarv to develon 8 transducer for this appli-
cation.

Theré are many methods for sensing volumetric changes, ranging from
optical methods to strain gages, and from mechanlcal leverage systems to
inductance variations. Each has its advantages snd disedvantages. A
transducer waes designed bazsed on a variable air gap capacitor. This ty-e
of variable parameter wss chosen because of the high ocutput sensitivity
obtainable, and because of the similarity of design.

The method of sensing the capacitance varlation is extremely impor-
tant. A dynamic capac;tance nieasuring device, first suggosﬁed by Iion
(80), has been commercialized by the Decker Aviation Corporaticn. The
monitoring unit, for sensing small variations in capacitance, consists
of a small ionization chamber containing a rarefied noble gas. A 250K0
oscillator aomlies a signal scross this chamber by means of internal
electrodes. This notential ionizes the gas within the chamber. A small
portion of this high frequency excitation appears across two other elec-
trodes to which external messuring capacitors are attached. The induced
4.C. voltage on these measuring cavacitors varies as the capacitance is
varied. When an A.C. voltage exists between the two electrodes, a
difference in migration of the electrons in the gas occurs, thus giving
rise to a D.C. potential difference between the electrodes. This D.C.
signal will vary in accordance with the varistion of external messuring
capacitance, thus giving rise to a sensing system for externsl variable

csnacitors..
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This Delta Unit, as it is called, can be used with differential
capacitors, and thereby yielding a linear relation between air gap vari-
ation and output potential signal. A gingle parallel-plate variable air-

gap capacitor varies in a non~-linear fashion.
Either of these config- _

urations is possible, howaver, Qe

are always limited by the fact that

one surface of a plate of a capaci-

tor must be free to be placed on

Arg Bar

the surface of the patient's skin.

This limits the various possible

combinations, and for reasons of

simplicity, it is therefore nec- _ CM“"’MQ
essary to use a single parallel

Single Paraliel Plate
plate cepacitive system. The pro- Capacitor Characteristics
blem on non-linearity is still to be considered.

The first transducer to be constructed wezs a non-linear device, but
it was felt that an experimental study program could prove or disprove the
validity of the basic concept even though there were electronic non-lin-
earities. The first transducer consisted of a rubber diaphragm with a
floating electrode imbedded in the diaphrazgm. As thé diaphragm deflected,
the electrode's position with respeet to 2 fixed electrode would vary, nnd
thus tihe capacitance would vary. This system yielded iﬁstructive informa-
tion.

An important development would be a linearized system. In discussions

with various individuslsy-it became arnarent, that quasi-linesrized trans-

ducers might be realistic. A single wsarzllel plate capacitor 1is
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essentially linear (2%) if the air gap varistion is of the order of ¥ 10%
of the total air gap. Fu;thermore, by application of the Brook-Smith prin-
ciple (82) single parallel:'ﬁlate capacitors can be linearized over a

limited range. This. is accomplishad by placing a materlal of hlgh dialec-

tric streugth in parallel with the air gap.

A new trgnsducer was built so that variouslaigéhfa :s_cculd be tested
for linearity. Numerous maieriais and configurationéayg;egtested. A lin-
enrity device was also constructed to test these tranédﬁ&é;;a The test
fixture is shown in photograph P.é. It consisted of a mlcrometer serew
which deflected the diaphragm through known increments. The micrometer
screw hesd had a flat surface which was placed in direct contact with the
diaphragm. This is somewhat different than is the actual case, however. it
was note’ in the membrane theory, that the center point deflection was a
direet function of pressure; thus the linearity is ewaluated en thot ac-
sumption. Using this assumption for linearity evaluation, numerous dla-
phragms (examples rictured in photcgfa;m F.9) were tested and data was ob-
tained. This data was plotted for each, and curves like the following one
wer. obtzined. The various diarhragm meterials tested included. Beryllium
Copper (thicknesses ranging from .00015 to .00l), various thicknesses of
surgical rubber, and mylar. The non-conductlve matarials were made con-
ductive by various techniques. The most productive technicue was made
possible by the Jational Research Corporation. Tt invqlveﬂ vacuum coating
aluminum on 25 gauge mylar sheet. This mylar sheet provided the necessary
characteristics; firsi it vas flexible like rubber. but it uas conduetive.
Secondlyy by placing the aluminun surface outside and with the mylsr side
adjacent to the fixed elz¢trode, the Brook-Smith prinecivle was annlied.

It was found thnt significasnt differences in linearity existed between
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having the aluminized side inside or outside. The most linezr respon-
ses were obtained with the mylar between the aluminum and the fixed elec~
trode, this 1s in principle the concept proposed by Smith and Colls (82).
The characteristics of this configuration are shown in Figure 5.3. The
linearity is measured by the variation of the slope of the characteris- °
tic curve. With the final configuration, the slope varied by < 3% which
induces an error of ¥ 2 mm of Hg over the entire range of préssures.
Thus, in theory, one has an electronic system which is linear to within
X o m oof Hg, and therefore we are ready fo apply the system to blood
pressure measurement.
5.4 Transducer Positioning

As indicated previously, it is extremely important to maintain at a
constant level the interface pressure between the transducef and the va-
tient. The transducer is positioned on the arm of a patient by means of a
pivot cantilever arm. The holding assembly is nictured in photograph P.7.
The cantilever arm is nivoted about needle point bearings for reasons of
anti-friction. The rod and mass exteading to the left is a means of
setting the center of gravity on the axis of the pivot rotation. The pa-
tient's arm is placed between the transducer and the arm support. The
interface pressure can be maintained effectively constant by three methods.
The first method considered was a pneumatic cylinder placed between the
transducer arm and the base. The ;ressure-to be mgintained constant with-
in the cylinder. It bécame obvious that such a system would be attended
by many proolems of friction and control. For ressons of précticalitv,
it was discarded as a possible method for maintaining constant iﬂuerfnce
pressure. The next ides considered and applied, was the placing of a

low force coefficient spring between the transducer arm and the bhase.
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It was thought that since the arm movements were of the order of a few
hundredths of sn inch, that the variation in the force due to the spring
would be small. This ildea provided valuable information concerning the
value of the interface pressure. The pressure level for ideal signal
transmission proved to be about 5 psi, however, after repeated applica-
tions of the transducer at thast pressure, we found thaet it was medically
not desirable because it caused some trauma. UWith further experimentation,
the pressure level whiich gave the test signal transmission while not ad-
versely affecting the patient, proﬁed tc he abtout 2.5 psi.

The spring principle for interpressure maintenance, proved to be un-
deéirable because the pressure did vary significantly. The next idea that
was tried was the application of a weight suspended in order to maintain
constant interface pressure. This too was an improvement, thever, it
was clumsy and impractical in application.

The most practical solution to the constant interface pressure prob-
lem was the apnlication of "constant force" springs manufactured by the
Hunter Spring Corporation. They ar= known as "Neg'ator" Springs. They
consist of a pre-stressed coiled spring which is allowed to rotate freely
about the coil axis. The work done on ihe spring during uncoiling. is 8
function of the reverse bending of this nre-stressed material. The re-
verse behding occurs over 90O of the coil and is in the sazme relative
position at all times. thus the force created is essentially constant
during the uncoiling action. There is a thickness effect, but it is mini—
mal for small deflections.

Using.this type of spring, a constant force of 8.6 lbs. Tt .2 1bs.
was obtained for the entire range of operation. During a particular

application; thé force varies by approximately 0.05 1bs. or 0.6%.
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The Neg'ator Spring as applied is shown in P.7 and the calibration
curves appear on the following page. The axis of coil is free to rotate
on miniature precision ball bearings.

5.5 _Summary

The concepts for transducer design are discussed. These concepts.
when applied to a prototype model, yields electronic input-output non-
linearities of the order of ¥ 2 mm of mei‘cury pressure, or expressed
in terms of characteristic curve sippe veriation ¥ 3%. This transducer is
based on the variation of the capacitance of a simple air gap parallel
plate capacitor.

The total unit as applied to a patient 1s depicted in P.1l. The
transducer and holding assembly are seen applied to the patienfc and the
Decker Delta Unit is in the foreground. The oscillograph is in the back-

ground .






VI, PRELIMINARY EVALUATION

The objective of this whole investigation is to consider a new. tech- |
nique for recording humen blood pressures. We wish first to consider the
evaluation from a microscopic viewpoint before a complete and detailed
analysis can realistically be undertaken. The objective is to evaluate
the logie and feasibility of a concept. For this réason, and for reasons
of practicality, much of the evaluation is directed toward the concept.
It is obvious that a more detailed program of study will be necessary
before the practicality of the system can be predicted.

Frbm this background, the evaluation will be chronological in char-
acter. This will permit an analysis, pointing out some of the problems
encountered. and how they were overcome.

. lustion of the Prneumatic Transfer System

The pneumatic transfer system was described in detail earlier in
this paper. Briefly, it consisted of a highly dilative rubber diaphragm
which created a pressure change in a closed volume system. An electronic
differential pressure manometer was use& to r ecord the associated pres-
sure changes due to the change in volunme. .

This system is essentlally linear in behavior provided the tempera-
ture remains constant. Since the surgical rubber is essentially a mem-
brane, the volumetric dilatations of the diaphragm are linearly related
to the skin surface deformations, see section 5.3. The closed pneumatic.
system consists of two dilative elements, namely, the measuring dia-
phragm.of the manometer and the membrane disphragm. The deflection of
both diaphragms affects the character of the relationship between pres-
sure‘aﬁd volume. The measuring diaphragm of the manometer is of the

conventional tyve, namely, a force summing unit relying on the '
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elasticity of the material of which the diaphragm is constructed. The
deformation of the measuring diaphragm is lineer with pressure accor-
ding to the manufacturer. The deformation of the measuring diaphragm

is of the order of micro inches; whereas the deflection of the rubber
diaphragm is of the order of 0.0003, which means that there is about

two orders of magnitude difference between the two deflections. Even
though the deflection of both diaphragms is linesr with pressure, it is
possible that in combination there would exist a non-linear coupling.

If such coupling did occur, it would be a secord order effect due to the
difference in the deflection characteristics of the two diaphragms. Es-
sentially, the system consists of one dilative element with "large" vol-
umetric changes and another dilative element consisting of "small" volu-
metric changes. Theoretically, one should know precisely the character
of these effects, Lut since the system proved to have other serious af-
fects, such an evaluation was not obtained. Then, the salient point,
assuming a nerfect gas and constant temperature, is seen by the e uation

of state. Changes in volume are directly related to pressure changes.

—dv _ 4P
vV P

Using this system under highly controlled conditions of an snesthe-
sized pstient. no disturbances, and temperature stability, tracings like
the one shown in Figure 6.1 (a) were obtained. One c¢«n see the character
of the form is very much like the intra-—arterial pressure. This stable
recording was possible only on 2 few cases. There always tended to be
some modulstion, in arandom manner, as seen in Figure 6.1 (b). This was
not totally understood at first. Preliminary analysis suggested that
these movements were due to muscular instability. However. this was not

the entire answer.
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(a)
B o l;
(v)

The effeect of moving another person
closer tod the pneumatlc transfer

T \

()

FIGURE 6.1
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It was assumed that for all practieal purposes the temperature re-
mained constant. This seemed like a fair assumption in light of con-
trolled hospital temperatures, however, this proved to be a great source

of error.

Lodking at the equation of state again, it becomes clear.

Equation of State: .
PV= RT (s«e PAGe BO o simsos)

Take logarithmic derivatives yields:

de _dT _dv
T TF Y

The entire volume (v) of the system was approximately 6000 cubic milli-
.meters. The change in volume (dV) was approximately 1.5 cubic milli-
meters. Thus dV/V was approximately 1.5 parts in 6000. If the tempera-
ture was constsnt, then the pressure change would te'of the sazme order,
however, since room temperature is approximately 540° R, temperature
variations.of 0.1° F would be of the same order of magnitude as dV/V, and
thus the system is extremely sensitive to temperature changes. This ef-
fect can be seen in Figure 6.1 (¢) where an individusl came close to the
transfer system; the effect was to change the base line by a significant
amount.

It was thought that insulating the system would help, however, the
effect still remained while the insulation complicsted the system.

The pneumatic transfer system was positioned on a patient during a
major operation. Simultaneously, the intra-arterial catheter was posi-
tioned in the lower end:of the aorta. After precautions to permit stable
recordings, the output signals from boih recordings were éuper—imposed

on an oscilloscope. The two signals, when super-imposed, were identical
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within the limits of the electron beam. Unfortunately, the photographic
ecuipment was not set-up to photograph this for a permanent record. How-
ever, this comparison was noted by the entire surgical staff and provided
a real impetus for continued work on this system.

The near-identical nature of these two tréﬁings strongly indicates
that there is no significant phase shift with this system. Furthermore.,
if there were gignificant non-linearities, superposition would undoubtedly
indicate their presence. This supefposition technique has provided valua-
ble information about the characteristics of the system.

Even though, the pneumatic transfer system provided valuable infor-
mations, it was not the answer to the problem because of its high degree
of temperature sensitivity. For this reasson, other techniques were
studied.

6.2 _Non-Linear Capacitive Transducer

A non-linear transducer was analyzed and developed because it would
yield the desired result, yet would not be too prohibitive from a de-
velopment point of view. This is important, for if the basic theory
were invalid, it would be clarified by a relativelyAsimple techniqﬁe
without an extensive transducer development program. Cnce the theory has
been evaluated, then a more detailed program of development should be
undertaken.

This non-linear transducer had a diaphragm of surgical rubber within
which was embedded a floating ground electrode. The non-linearities of
this probe were dwe to a number of factors.

1. It was a single parallel plate capacitor, and the

chsracteristics are iﬁherently non-lineer.

2. The relative size of the two parallel plates was such
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that stray capacitive effects were major.

3. The air gap variance was greater than ten percent, and

thus the inherent non-linesrities were large.

L« The positive electrode shape was such that stray fields

could adversely affect the characterisiics.

5, Unknown to us at the time, the matching impedence

between the polygraph and the delta unit was such as

to create electronic non-linearities. However, upon sub-
sequent experimentation, these non-linearities did not
amount to a significant factor.

Even though the transducer was attended by such inherent design pro-
blems, for a given situation, the characteristic res:onse should be in-
variant. Thus. for a given natient, we could analyze the potentislities
of the syslem.

The first conceot to be checked was the calibration vrocedure to
establish a base line of atmospheric pressure. The tracings showing this
effect are given in Figure 6.2. In the top tracing of that figure, the
initial chart shows *ne setting of the czlibration by adjustment of the
frid voltages of the power amplifier. This procedure positions the po-~
tential output of the electronic system co that it reads -t a wre-deter-
mined level, namely atmosvheric pressure. Once thst is set. we checked
the repeatability of the calibration procedure. In this narticulsr
trizl, over a twelve minute period, the base line returned to the pre-set
position within 2 or 3 mm of Hg. This procedure was carried out cn numer-
ous nstients, and in every cuse. this nrocedurs was repeatable within
the limite giv=n.

Due to the non-linearities, this procedure can lesd to a misguiding
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result, fo? as the pressure is reduced, the output sensitivity of the
capacitive transducer is also reduced. This would vermit relstively
large errors to be undetectable because of this loss in output sensitiv-
ity .. However, with a number of different patients under study, and with
the output sensitivity varied, we werc still able to obtain good reneat-
abllity. This evaluation of the base line calibration procedure provided
encouraging dats. The next efféct studied was the effect of hydrostetic
level variation.

This effect wss extremely difficult to evaluste, for ihe transducer
was extremely sensitive to positionzl effects. During the hydrostatic
level changes, there are significant movements that can alter the initial
positional relationship. Thus only under highly conirolled condition

were we able to check this procedure.
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Figure 6.3a
The above tracing, taken over a two minute period, shows 211 the cali-
bration effects. With the arm down, the pressures are higher. With the
arm up, the pressurss are lower, and during occlusion the output re-
duces to approximately atmospheric pressure. Similar tracings were ob-
tained from numerous other patients, and for the most part ﬂhey are

identical to the above. The degree of non-linearity varies from patient
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to patient because the transducer is operating over a different portion
of characteristic curve. This presented a resl problem since one wishes
to know whether or not the device can e calibrated. Continued study on
this calibration technique, analyzing tracings like the one below, con-
vinced the author that the hydrostatic level variation was repeatable
over short periods of time (15 minutes) and that with perfection of the
instrumentation, this repeatability time 1imit might very well be extend-
ed. The reason that one can not obtain repeatability for longer pericds
of time is that the transducer is so sensitive to position and orienta~

tion, that the slightest movements completely slter the initial cali-

bration.

A |3.b-:-..

— iR

i

1858 |

i
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Figure 6.3b

The evelustion of the cnlibration technlques involved plotting the
output characteristic error on a time basis end from this information.
determining the cut-off point for repeatabllity of Fs50. 4 comparison
with the theoreticzl is not possille since the degree of non-linearity
is an unknown fsctor. If the =ctunl instrumentation non-linearities
were known, then ithe non-linear effects could be anslyzed. Unfortunate-
ly, there is 2 counling of the non-linearity due to ‘he partiéular

patient under study. The stray capacitive effects for
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highly vagiable and unanalyzable by conventional methods. For this
reason, we were only able to show that the calibration techniques were
good in theory, but still can not use them for calibrating esn instru-
ment. Since the calibration procedures appeared to have some basic
validity in theory, and éince.significant information had been obtained
with the pneumstic transfer syétem, it beceme apparent that a new trans-
ducer should be constructed to eliminate the problems encountered with
the two earlier systems. The basic probléms to overcome were:

1.) Make the transducer and electronic system linear

to within a few percent.

2.) Eliminate the effects of stray capacitance fields.

3.) Make certain that the dielectric constant of air is

not spprecisbly affected by temperature or pressure.

4.) Improve the effects of gross movements and positionél

effects if possible.
6.3 Linearized Capacitance Pressure Transducer

Any new transducer must overcome the problems indicated above. The
stray capacitive fields can be eliminsted by making the entire outside
surface of the transducer a common ground. By this method gll stray
fields are immediately grounded, and consequently cen not effect the
internal operation of the system. The transducer was constructed to '
accomplish this end.

The transducer as developed is seen in Figure 6.3c. The difference
between the new unit and the old unit, lies in the relationships of the
elements of the transducer. From practical consideration, it is a
known faet that in this type of single element capacitor, the measuring

electrode (Positive Electrode) must be small in cross sectlon as compared
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to the dilative diaphragm. To assure this,‘the diaphragm was made
so that its area was 250% of the positive electrode area. The Aluminum
coating of the diaphragm was used for two important purposes. First, it
provided a continuous external ground for the system. Second, it formed
a dilative diaphragm which could serve as a reference for the positive
measurins electrode.

" The pressure platten was made of phenolic plastic to minimize the
capacitive fields in the region near the measuring electrode. The lin-
earity of this transducer was discussed earlier. and it was found to be
of the order of 3-5%, within the limitations of the linearity assump-
tions. This transducer is shown in an exploded view in Figure No. O.

The dielectric strength (e) of dry air is a function of pressure and
wheve P &

P\ ave pressows
ite hmfudun
w deqrees (2).

temperature. It is given by

- - P V
_ (e‘i) = (E;. 1) (14 0003 »n(t—zo) :

where, E°= 1.000537 for standard conditions, it is obvious that for

ordinary temperzture and pressure varistions this is constant.
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Varlous methods of evaluation were used to indicate the effective-
ness of tﬁe linearized theory. One of the problems thst creates diffi-
culties is that we are dealing with life and with the human body. We
have felt that it is essential to study the overall problems under the
conditions that will be met in practice. When we wish to evaluate a par-
ticular effect, we must first wait until there exist a clinical operation
which by its nasture demands accurate intra-arterial blood pressure data.
These conditions are infrequent, and therefore, it is a lengthy process
to obtain the conditions for evaluation. Once hzving the justification
for obteining intra-arteriel data, we may not obtain the data that is
necessary. For example, if we wish to study the new system under vari-
able pressure conditions, we must continually record data by the two
measuring systems until that particular case arises whereby variable
pressure data is obtained. Many operations proceed without significent
variation in blood pressure level. Only a few cases does there exist
the variations of the order of 25 or 50 mm of Hg. This obviously pre-
sents an evaluation process of some duration.

When those few cases do arise, of course valuable .ata is obtuined.
Y¥umerous types of evaluations when used, only two are given here as an
example of the errors encountered: First, the errors in pulse pressure
are plotted against pressure devels. This provided no real answers as
to the source of error. (See Figure 6.4 (a)). In general these errors
were totally random. Next, this seme data when plotted as a function of
time (Figure 6.4 (a)), the real source of error is seen. The errorsare
in generzl time dependent. Similar curves were plotted for the mean
pressure levels, this gives us information about the nature of ithe base

1ine shift. For these anslyses, the graphical tracings were
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photograph;cally enlarged to permit better resolution of the data. Follow
this proceduré, along with other types of data analyses, there.always
appeared a time depend source of error. These errors, though time depend-
ent, were nét repeatable. In one case, as in Figure 6.4 (a) the errors
were negative and of the order of 8% within 3% minutes. In another case,
the pulse pressure errors were only 6% negative after 20 minutes. While
still another case, had a pulse pressure error of plus 8% over a period

of four minutes. One of the most interesting cases, was one where an
analysis of the data was taken at intervals over a one and one-half hour
period. At the beginning the data as analyzed, and the pulse pressure
errors were of the order of 4% high, during the analysis of the data,

this drifted from a positive error to a negative error and back to posi-
tive again. The errors at the end point, were only about 3% high. The
base line shift during this time was of the order of 5%. The interesting
aspect of this psrticular data, (See Figure 6.4 (b)) is that during this
time the patient was given medication which limits the effectiveness of
the device. In particular, certain vaso-active drugs activate the vgso-
motor system such that our assumption of e purely elastic system of tissue
is invalid. In this patient, the capacitance recording system did not
follow the éctual blood pressure during medication, however. after the
drug effects wore off, the recording came back to within 4% on the pulse
pressure readings while the base line shift was of the order of 5%. The
effects of vaso-active drugs can bé seen Figures 6.5 and 6.6. The vaso-
relaxant drugs tend to decrease the central pressure by relaxing the
arterial wall. This has the opposite effect on the capacitance recording
device, since the "elastic" constants are decreased by this "relaxation",

the surface deformations are increased in magnitude. The converse effects
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are seen er vaso-pressor drugs. In this later case, the vaso-motor
system is constricted so as to increase the central pressure and this
a?tion tends to increase the "elastic" constants so that reduced surface
deformations are realized.

The time dependent errors are still not completely understoocd. The
reasons for these time dependent errors are complex.. There appezr to be
two major sources for this type of error. The first is what we are
calling "musculsr relaxation”. In terms of the system, it means that
the transfer coefficients of the:elastic network are varying with time.
Their variance is a complex function of the status of the physiology of
the body. These effects can be seen in Figure 6.7. In this tracing we
ﬁave two conscious patients under the same physical conditions, yet the
responses are entirely different. In the upper tracing the recording
varied in relation to the self-induced straining of the patient, and in
the lower tracing. the veriance is greetly reduced during straining.

The net effect is to alter the output characteristics of the capacitance
recording. The precise way in which these characteristics are altered,
is of course very difficult to evaluate without further and more exten-
sive investigations. Two other clinicsl conditions are shown in Figure
6.8, Here the natients are both under an anesthesia, and even though
there are significant operative procedures in process., there appears to
be little if any muscular relaxation effects. With further work, this
effect will undoubtedly be more fully understood. It should be noted
here that significant straining does alter the blood pfessures in the
extremities. In some cases, the muscula? streining will completely
invalidéte any data obtained from an intres-arterial pressuré transducer.

This effect is shown.here in Figure 6.9.
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The second source of an
error which can be time depend~- |
ent, is a problem in trans-
ducer positional changes.
These effects are major, and
are very sig;ificant in the
over-all performance of the
device. Since we are relying
on some transfer character-

istics to give a blood pres-

sure reading which is pro-

portional to surface defor- - )

+ . Capacitance System

mation, the recording trans- el
ducer must be in the proper Figure 6.9

relationship to the pulsatile deformations in order that the transfer
characteristic be linesrly related‘to blood pressure. The physical ori-
entation of the transducer to the artery appears to be very critical.

It has been found that a trial-and-error method of positioning the
transducer is the only method which can yield positive results. It is
obvious that the transducer must be "right" over the artery, but there .
is more to it than that. Figure 6.9 * shows this effect very well.

In tracing set I, the device is recording the pressures guite well, then
the transducer was mearly 1ift and returned to what seemed to be the

same position as tracing I. The result of this change is seen in tracing

set II. The transducer was then reset, with the result shown in tracing

* The EKG tracings are given to show the actual correlation with heart
response characteristics. The intra-arterisl blood pressure was not
obtained in this case, but the cuff pressures are given.
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III. The transfer characteristics are altered completely by this posi-
tion orientation. After a trial-and-error method, the tracing was re-
stored to a likeness of tracing set I as shown in set IV. These posi-
tional effects are not easily controllable, in fact we have not been sgble
to position the transducer by any other method except by this trial-and
error technique. Cne of the reasons for this problem is that there are
mechanisms within the body which operate to protect the vascular system
from trauma. When a foreign pressure is exerted over an artery, the
muscle tissue tends to "move" the artery in such a manner so as to reduce
the foreign pressure. In effect, what you have is a greased pig which
you are trying to hold down. One method to reduce this movement is to
apply the corregated pressure platten as shown previously for the par-
tial cuff. This method has not been applied to the present transducer,
however, it is felt that it would aid in the reduction of this effect.
The capacitance transducer system was compsratively studied with
the aid of an oscilloscope. Figure 6.10 shows some of these tracings.
This type analysis permitted us to evaluate the order of magnitude of
the phase shift in the transfer characteristics. This shift appears to
be of the same order of magnitude as the isometric contraction of the
heart, nameiy 0.05 seconds, or 340. For research purposes this would
be significant, however, for clinical purpose this shift is undetectable
at the tracing speeds of the recordings. Superposition, gives some
strong evidence about the demping characteristics of the system. To
give any quantitative information about this damping, if will recuire a
frequency analysis of both recordings. Since the actusl blood pressure
wave form contains numerous freqﬁencies, it would be necessary, to pin

point those fresuencles at which the response is damped. Lualitatively,
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the frequencies, at which damping effects are significant, can be seen.

In the‘form of the diacrotic knotch where three inflection points

exist, and relatively high frequencies exist (as compared to the 1.6
cycles/second for a complete pulse). Since a wave analysis is not pre-
sently possible, the only thing that can be said is that the damping of
the system is such that the capacitance system is not able to follow all
the frequency changes within the system. The diaéotic knotch appears

in a reduced manner. but differing with each particular patient studies.
The types of variastions in wave forms are shown in Figures 6.11 and
6.12.

One of the lmportant tests of a system is to evaluate its response
to variable clinic=l conditions. We have discussed some of the errors
involved, but still we are faced with the problem of being unable to
test the characteristic over a complete pressure range under clinical
conditions. The only thing that we felt we can do for this pilot study,
is to continue to take clinical data, and enalyze the errors for each
case, and from a great many cases deduce the kind of accuracy we csn
expect. There are analyses which will have to be pursued ultimately but
they are beyond the scope of this microscopic investigastion. Figures
6413, 6.14 and 65.15 are included to indicate the kind of potentialities
that may exist within this concept for blood pressures. Each of these
recordings, when photographically enlerged, yleld data to determine some
of the inaccuracies.

6.4 Gravitational Effects.

One of the major problems with the linearized transducer is that the

calibration techniques have nct been evaluated. Every attempt at quan-

titative evaluation has been attended by errors of an erratic nature.
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The transducer which weighs .47/, pounds in total, contributes signifi-
cantly to thé instability of the system. At the outset, the transducer
was attached to the holding assembly by a cantilever arm. The center
of gravity of the system was located at 3.7 inches from the pivotal
point.‘ This meant that during an elevation change, the gravitation ef-
fects on the interface pressure were altered by the cosine of the angle
of elevation. Various techniques were tried to overcome this gravita-
tion field problem. First, the arm was positioned so that during ele-
vation changes, the elevation effect was a plus and minus term about a
horizontal axis. (See Fig. 5.1) This procedure did not work well. A
free body diagram of the system yielded information which permitted us
tc make up spscisl correction weights (P.12) to add just enough weight
to offset the loss in interface pressure. This procedure likewise did
not prove fruitful. Finally, the counter-balance was added so as to
move the c.g. to the pivotal point. This procedure makes considerable
improvements in the worksbility of the system.. Unfortunately, it did
not permit a quantitative evaluation of the calibration procedures.
Qualitatively, the calibration procedure did cause the system to respond
in the directions predicted by the theory, but other errors caused the
system to operative ineffectively.

The source of error during calibration appears to be, of positional
origin. The mass of the present system is such that it requires con-
siderable holding fixtures to maintain stability. This stability is
obtained by mounting the transducef on an arm holding board, (see P.11)
and this board 1s in turn fastened to the operating table. So, in
effect, the transducer is held stable by the operating table. This

presents another aspect of the problem, during calibration procedures,
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the arterial_section under consideration must be moved so that its ele~
vation is altered by a predetermined distance. In doing this, however.
the patient's arm and the transducer must be moved to accommodate this
level change. In moving, the relationship between the transducer and
the patient 1s inevitably altered, and consequently the positional effects
mentioned earlier are major. The present transducer mass will not permit
a change in the holding method to eliminate this efféct. The suthor has
tried many methodis for effecting the lével change, and none have proved
completely effective. We have tried everything from new holding fixtures,
to numerous techniques of level changes, like hydraulically controlled
arm boards for closely controlled level changes. It appears that the
calibration orocedure will have to be evaluated with a transducer system
of entirely different design. With an extremely light transducer system,
the holding device can be arm bound instead of table bound. thus: the
transducer will follow the arm and it is believed that the characteris-
tic will not be affected by any relative movements between the patient
and that upon which he is resting.
6.5 General Limitati Problems of the System
It would appear that there are four basic limitations of the system
as it exists.
1.) Positionel Adjustments: It is subject to unpredictable
response characteristics due to the masnner in which the
system is positioned to the subject. This is a veryserious
problem which must be more thoroughly understood.  In one
position it will function in a most acceptable manner, in
another position, will not_function} There have béen cases

where a great desl of time hes been spent just attempting to
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find that position for effective operation. For the most
part, given enough time and patience, the system can be
properly adjusted, but unfortunately the parameters for this
"proper" adjustment are still not fully understood.
Vaso-active effects: The;e have been enough'cases where
induced vaso—activit& has significantly altered the char-
acteristic responses, that one must raise serious guestions
about the possibility of self-activated vasomotor activity.
At this point, this fact is still under study. but no con-
clusive data has been obtained. The time dependent drift
could easily be affected by this type of activity. Since
vaso-motor affects may be wesent, only with a much more
extensive evaluation program will this cuestion be answered.
There have been enough cases where stability was obtainable.
thst this limitation should not be considered in a completely
negative manner. PFurther research will yield the answers to
these most difficult cuesticns.

Gross Movements: There have been considerable limitations
imposed by extraneous movements. With apolication of the
same baslc engineering design analysis, this protlem can
undoubfedly be eliminated. These gross movements, due to
muscular activity, were the most limiting oroblem early in
the program, however, they are very minimal at present.

With such improvements as the constant force spring, proper
interface pfessure, and stable holding assemblies. this
problem has virtually been eliminated. It must be always

regurded as a possible source of error. however.

117.
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4s) Non-linearities: The system has some inherent non-linear
behavior. These non-linesrities must all be completely
identified. We have identified these errors to some extent,
but a more thorough program is necessary. Like most research
programs, there is a long bridge between the concept and
the total evaluation 5f that concept. This auestion of
non-linear behavior may not be completely settled until

scme of the more limiting problems are solved.
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VII. CONCLUSIONS
2.1 The.Egturg

One of the next steps should be the construction of a new transducer,
Some of the technical problems encountered, can most likely be overcome
by proper desigrm.- One of the most  serious problems is the effect of the
mass on the system. Earlier we discussed the significant improvements
that were realized when a counter-balance was added. This improvement in
the response characteristics is felt to be directly related to the re-
duction of gravitationasl effects. The analysis given did not indicate
all the effects attributable to the mass of the transducer. The changes
in the angle of elevation contribute errors in two dimensions. The
Vcenter of gravity lies 3.7 inches from the pivot point. and 1.25 inches
above the arm interface. This geometry can adversely influence the
stability of the system. The elevation changes cause a réduction of the
interface pressure by 5% or 10% depending upon patient's arm length.
Secondly, a moment 1s created which 1s prorortional to the sine of the
elevation angle. The moment is of the order of O.1 in-lb which can have
an adverse affect on the initial calibration position.

Another influence, is the‘TLal term in fhe dynamics analysis of the
muscular ﬁovement absortion system. Recalling that the purpose of the
pressure platten is to maintaln constant interface pressure by causing
the entire transducer to oscillate in accordance with the muscular dis-
turbances. Obviously, there are accelerations in this process, and the
response to an acceleration is a d'alembert force proportionsl to mR.

Still another source of difficulty arises due to the necessity of a
table-bound holding assembly. -This is necessitated by the magnitude of

the mass of the transducer.
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All of these problems would appear to be reduced in magnitude if the
mass of the transducer were reduced. Furthermore, the ceg. of the system
should be as close to the interface as possible. This suggests a philoso-
phy for design.

Incorpor-
ating the de~
sign philoso=-
phy suggested
by the prob-
lems of mass
interactions,
and by consid-
ering some of
the electronic
variables, a
new transducer

was designed.

It is shown in
Figure 7.1. ' Figure 7.2
With this design, it is felt that significant progress can be msde to
permit a more complete evaluation of the theory. The transducer and
holding assembly are sketched in Figure 7.2. The application is to be
totally arm-tound resembling a wrist watch.

With ihis transducer, the following evaluations would be essential
before any broad conclusion can be made atout ihe potentialitieé of the

system.

1.) Calibration: The calibration procedure must te fully checked.
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The theoretical calibration procedure is still in question.
Another calibration procedure is available provided absolute
accuracies are not necessary. For relative pressure changes.
the transducer can be calitrated againgt the Sphygmomanometer.
This will yield a calibration which is in error, however, the
relative changes in blood pressure can readily be seen. This
later procedure has been used with considerable success.

2.) Dynamics: The dynamic response of the system must be analyzed
more thoroughly. This will involve a wave analysis to determine
the actual damping ratio and phase shift for the total system,
including the arm. Furthermore, the natural frequency, damping
ratio and other dynamic characteristics of the transducer
must be known.

3.) Linearities: The non-linearities of the physiology should be
analyzed. Once the precise characteristics of the instrumenta-
tions are known, then an input-output study can yield some of
these physiologlcal unknowns.

be) Stress Function: 1In the analysis of the transfer character-
istics between the artery and the arm surface, we only proved
that the relationship was linear. Future work on this project
should include a more detailed analysis of this consideration.
If possible, the stress function Q should be found and the
full deflection characteristics identified.

5.) Clinical'AggLiggtionz The system should be continually anplied
to clinical conditions such that some of the unknowns can be
studied and possibly identified. It is felt that much i; to

be gained by this kind of study.
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6.) Vaso-gotivity: The effects of vasomotor control must be total-
ly identified. If these effects are major, obviously the
system is ineffective. If vasomotor effects are significent
in the extremities, then the transducer should be applied to
the temporal artery where vasomotor effects are known to
be very minimal. Recording from the temporszl artery will
create calitration problems, but they will have to be faced.

7.) Re-Analysis: Should the majority of the previous analysis
yleld positive results, then the system should be subjected
to a complete re-analysis of a very extenslve nature. This
is necessary_to prove the absolute practicality of the system
for clinical use beyond & research oriented program.

«2 Potentiaslitie

This pitot study has indicated potentialities under controlled con-
ditions. At present, the system is nuite inadequate in application and
design. Some of the data is encouraging and remeins as evidence that
there is a significant potential to this concept. At the moment, it is
completely impractical, however, with continued study, these impracti-
calities may be only due to poor arplication of the'theory and not in-
adequate theory. Others should analyze the theory and consider different
methods of applying the theory to ultimately realize e workable instru-
ment for recording human blood pressures.

If the instrumentstion is- ultimately developed and proved adequate,

then it is conceivable that other potentialities exist in a research
and clinicel sense. Present results encourage one to believe that new
information about the volumetric distention of human arteries in living

persons, as opposed to studies of sections taken at postmortem, may now
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be possible. A plet of pressure changes versus volumetric distention
in the human body can conceivably be made, using the proposed theory.
Furthermore, information about the elastic nature of an artery and of
the skin that lies between the artery and the surface may be extracted
from the matrix,of uncertainty which hes engulfed previous efforts to
separate these components from those of muscle. Although I am not pro-
posing to indicate precisely how these studies.should be done at the
moment, they are in need of answer in the future and the fundamentals
and techniques collateral to the apnroach here described makes such
analyses theoretically and practically possible. The investigators
are sure, that i1f there is valldity to the basic approach in this sys-
iem, then there are still other avenues of application, as yet unex-~
plered, for solving medical-technological problems in the instrumenta-

tion and recording of physiological phencmena in the human body.
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APPENDIX A
nt Characteristies
STRATHUM PRESSUKE TRANSDUCER (Model P23G, Serial No. 1736)
Pressure Range:- O to 75 em of Hg.
Sensitivity: 46.5 microvolts per cm of Hg.~ -
Natural Frequency: With distilled Water € 75°F and #20 x
5 cm needle, approximately 185 cps.
Critical Demping Ratio: 0.07 under same conditions as e
GRASS 5P] PRE-AMPLIFIER = (Supplied by Manufacturer)
Frequency Response: Linear from D.C. to 40 cycles per second.
Drift: Less than 3 microvolts per hour-random.
Sensitivity: Accurate to within 1%.
Noise Level: referred to the input at 200,000 ohms is
not more than 3 microvolts. ‘
Calibration Reference: by 2 millivolt D.C. manually
generated signal.
Balance Voltages: Accurate to within 1%.

SS_MODEL % AMPLIFIER AND WRITE: COMBINATION

Frequency Response: Linesr with 5% from 0 to 45 cycles per
| second.
Peak to Peak deflection:. 60 Millimeters.
Linesrity of deflection: Linear with 2% over range of 50
Millimeters peak to peak.
Chart Speeds: 100, 50, 10y 5, 245, 1.0, 0.5, and 0.25 mm/sec.

Chart: Curvilinear

TEKTRONICS TYPE-530 OSCILLOSGOPE

Frequency Response: D.C. to 10me (Rise time 0.03 usec.)
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(With dual signel input)
Inciremental Accuracy with 2% full scale
Sweep Rate: Variable from .1 usec/cm to 12sec/em
Accuracy of Sweep Time: 1%

SCRENSO: MUDEL 10005 VOLTAGE REGULATOR (FOR EL:CTRONIC E.UIPMENT)

Voltage: 118 Volts X 0.10 Volts
Wattage: 1000
RCA WV-084 VIVM (For Voltage Calibration of All Eguipment
Full Scale Accuracy: 3%
Frequency Response: Flat to 30 cycles per second.

DECKER MODEL 902-1 Delta Unit

Output Signal: Max. * 30 Volts.

Sensitivity: 2 Volts/mmf at balance point (C 1Omuf).

Frequency Response: D.C. to 750 cycles/second with 42" cable

Drift: Less than .03% of full scale ner hour random, with
.05% full sczle per 24 hours.

Stability: .1%

Linearity: With ideal capacitor .1%, typical capacitor 1%

Noise lLevel: 10mv in 0-1C,000 cycles per second freq. band.

ALTEC MGDEL 1M-20 MICROPHONE SYSTER

Frequéncy response: 2 cps to 18 Keps
Rise time: 50 microseconds
Sensitivity: =56 db re 1 volt/dyne/cm2

STROMBERG-CARL30N MODEL AV-70 AMPLIFIER

Power: 3 watts
Sensitivity: .C035 volts

Frequency response: Compatable with Altex system
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DECKER AVIATICH CARDICDYNAMETER (Sensitive Pressure Meter)
Naﬁural Frequency: hpproximately 100 cps (in the pneumatic
system in the study contained herein)
Damping Ratio: Avproximately .15
Frequency Response: ¥ 5% Amplitude and * 5° Phasé distortion
throughout .05 to 75 cps

Sensitivity: 7.5 millivolts/micron of Hg.
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APPENDIX B

LINEAR DEFORMATIC.! THEORY -

Consider the theoretical

T T o~
. W v - _
model sketch at the right. We
48y
postulate a homogeneous, iso- Sy*' Ar df

tropic elastic medium. The semi-
infinite flat plate is subject
to surface deformations due to
internal oressure Po. The
assumptions sres

1.) Po  Blood Pressure

creates an arterial
deformation Propor-

tion to Po with ra-~

dial variations (a).
Deformation theory
due to King (54).

2.) Arterial Deformations crrate radial pressures Pi between the
artery and the elastic tissue media. This pressure Pi is
proportional to Po.

low, consider the dvde element and write the equations of e uili-

brium.

BADIAL E.

The net unbzlance force due to S‘- is given by:

+ 3% [sevde] dv = [se v v 38T gde
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The net unbalance force due to Ss is gilven by:

+ %Ses dvde

The net unbalance force due to S is given by:

(Assuming small angles and neglecting second order effects)
Then the summation of forces in radial direction (z Fv- :O) is:

S‘.—St-i-‘f%%:*%__;‘ =0 (a)

TANGENTTAL EQUILIBRIUM:

The net unbalance force due to St. is given by:

+ (i:‘ ) dedv

The net unbalsnce force due to Os is given by:
9 oS
T\'(g‘ Yde>d\':(s‘ 1“("—;—% dvc\e

Then the summation of forces in radial direction (Z Ft. =O> is:

9 Se oS
'——-“‘ae '1"2%‘4‘*'———-—8‘_3 =.O (b)

After Airy (%), we can define stress furection § , such that Sh St’
and Sg can be defined in terms of § . § is purely a function of (e)
and (Y) « In polar coordinates, the three stresses can be defined

by

(e)

(%) See A more complete analysis in Advanced Strength of Materials,
J. P. Den Hartog., McGraw-Hill, New York, 1952.
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) YT et @
. -2 (08
B = 3\-(.\7—6—) -

The equation of compatibility for Airy's function is given by:
ot | 2 | T \=%
( R ATME Yt-—aet) $ -0
which is a biharmonic function in Y§ © . With the boundary condi-
tions, there may exist a function § which satisfies these equa-
tions. However, we are only interested in the nature of the solution.
If we can show that surface deformation ( w ) is purely a function of

Pi or Po, then a linear relationship exists.

The boundary conditions are:
ot vwo. '

S\- =?{,

Ss =0

Wo + VT
Cot &

3‘-::0

dt- Y=

Ss =0

Taking these conditlons, and substituting into either equations

(a) and (b), or into the stress function relationships (e¢) (d). and

(e), one can
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Satisfy the boundary conditions:
dt ‘r=o.

ot et (£)

(g)
T
Scor f5 A v gese. o
(h)
S o_—Bv[“‘“se( ]
(1)

Now we define a rew function CQ such that Cp = ?.
[
From this we obtain new boundary conditions all of which are g
funetion of CD . (\lgtg Pi 1 mdependent of \'i-e)
From this we could obtain a solution for W™
Such that‘1)3”“’PL s since the boundary conditions are only a function

P

of (9 s Wwhich is in turn linearly relsated to €§ by IM¢

Thus:

w=T; (G:omd-v\ea.\ 'FAcroes) ()
. J
Where the Geometrical Factors are defined in terms of the §§
function. We sée from this 1limited snalysis that (w) is linear with
Pi, and Pi is linear with Po. One czn see this almost without further

calculations in e~uation (S) .
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APPENDIX C

PART 1 - Some Results of a Study of the Infra—Red Pulse

In the body of this dissertation, it was noted that a program of
evaluation was undertaken to study the relationship betweenrthe I.R.
Pulse and intra-arterial blood pressure. Contained herein sre a few ex-
amples of the data which ultimately led to the conclusion that I.R. Pulse
data 1s not directly correlated to blood pressure.

Figures C.1, C.2, and C.3 are typical e xamples of a dataenalysis
program which shous the error in I.R. Pulse as compared to the I. A.
(intra-arterial) bload pressure. Figure C.1 shows a trend of error de-
fined by the angle A . In this case the trend was definable by an
approximate angle of ten degrees, whereas in Figure C.2, a trend cannot
be defined and there is no correlation between the two signals. In Fig-
ure C.3, there again exists a trend, but the approximate definition
angle is very different. Similar studies were undertaken on a number of
cases. and the general results of this tyrne of study indicested no de-
finable relztionshin between the two outputs.

Another type of study which was most fruitful, is tyrically indi-
cated in Figure C.4. In this type of study, the compar?son of the two
signals was done on a time basis. Here one cen see the effects of
clinic:1 procedures on both the I.!.. Pulse and on the I.A. blood pres-
sure. The difference between good correlation amd poor correlation lies
in the clinical condition of the patient under study. In the coses
where the patient retains a condition of homeostasis throughout the
operstion, the I.k. Pulse and the blood pressure correlste very well.

In cases where the condition of the patient is not clinically good, one

sees the kind of results depicted in Figure C.4. Various clinieal
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factors are shown to effect the I.R. Pulse and the blood pressure in
different wsys. A vasoconstrictive drug like Neo-synephrin has a sub-
stantial effect on the blood pressure and little if any effect on the
I.R. Pulse. On the other hand, a vasorelaxative drug such as Regitine
has a similer effect on both parameters. Other major effects can also
be seen. Case studies like this one led to an analysis of how. other
variables affected fhe condition of the patient. Further evidence is
shown in tne Figures C.5 througk C.12. Each bit of data indicating
some aspect of the nature of the I.R. Pulse, shows increase in the lack
of correlation between the I.A. blood pressure and the I.R. Pulse.
Continued study is leading to some very important econclusions.

Some of these condlusions are recorded in Part 2 of this Appendix.
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Al

Flgure G,9 This tracing was taken just prior
to cardiac failure, Note the small amplitude
of the I.R. pulse even though the blood
pressure was very high, namely, 230/120,
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Fiéure CEIO This tracing was taken during
cardlac fallure., IV shows the irregularity

of the I.R. pulse under these conditions

of extreme duress. The major actlvity of

the I.R. pulse 1s during manual compression
and not during the myocardial output, i
During this time no accurate knowledge of

the blood pressure was obtainable,
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Figure G.1} This tracilng was taken during
Lﬁe onget of normal rhythm The blood pres-
sure was 90/60 and the I.R. pulse was still
somewhat irregular in nature., The effect
.of the last manual compression is every
obvious as well as the ineffectual muscular
activity of the heart as reflected by the
‘electrocardlograph(EKG). -
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Figure C.12 This tracing shqws the effect of
minor activity on-the I.R. pulse of a cariac
pﬁ«tiento



APPENDIX C

PART 2 - Preliminary Study into the Nature of the Infra-Red Pulse

The infra-red pulse appears to have much brosder implications
than the sensing of volumetric change, because of 1ts responsiveness to
various "known" conditions in which the clinicsl situation can be assay-
ed with fair accurzcy, even though the circulatory function, "peripher-
al diffusion", cardiac output, etec., is variablé. It has been suspect-
ed of being the stroke volume output, which it may be, but about which
We are not yet cuite sure. Wheﬁher or not_it is stroke volume output,
one c=n be fairly confident that it either is or comes close to being
an equivalent representation of the stroke volume output arriving at
‘the vessels under the photoelectric cell, and possibly as modified by
vasomotor control. oJince the IR instrumentation may very well be sen-
sitive, not only to physioclogic changes, but also to chemical changes
in the body, it is important to determine the extent to which it csn in-
dicate effectiveness of circulatory, resviratory, or other functions.
Correlation with many cther items of information. such as levels of
carbon dioxide in the end-alveolsr air, the blood, the pH, the blood
pressure, the tidal volume, and the minute volume exchange. with the
clinical course of the pstient are possible and revealing. We have de-
veloped confidence in the prognostic indications of the 1.R. Pulse wave,
and have not as yet seen any other indicator of circulatory function,
or reflector of satisfactory ventilatory exchange, that e uslled this
single test in sensitivitv or accuracy.

Theorieé are éroposed by the investigators in expl=nation but
it is too early set to know uhether full validation has been achieved.

In analyzing the I.E. Pulse, one must gnin some understonding as

141,
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to the nature of the pulse wave. Obviously, a physical piece of elec-
tronic’equipment is recording a physical parameter arising out of phy-
siclogic circumstances. That which we are measuring and calling the
I.R. Pulse seems to be the optical density in the ear. The nature of
this opticzl density is the important question and the following com~
ments are directed toward a possible answer. The ear presents a physi-
cal makeup of skin, subcutaneous tissue, muscle fibers, and vessels.
Within the small blood vessel walls is the circulating blood. The fac-~
tors which might effect the Opticai density are variable. They may in-
clude the skin, but probably the skin is not changed in terms of opti-
cal density. The color of the skin might change, but its optical densi-
ty would remain the same. The tissues that lie between the skin and the
arterial walls themselves also are probably constant in terms of optical
density. Additional factors, such as heat or edema, which might change
optical density do not seem to play a part, but one must remain open
minded to further analysis of this possible veriable.. It seems that
optical density mainly will be effeéted by changes in the arterisl wall
and its muscle fibers, and in the blood itself.

The following factors may change optical density. A change in
volume is a most important change of significance. The tremendous in-
fluence of vasomotor control over peripheral volume, flow. and distention
is well recbgnized. Less well known or appreclated is the integral re-
lationship between flow and dlstensibility in productlon of peripheral
diffusion. A change in volume would change the passageway volume for
blood, and consequently, the volume of the blood under the cell at a
particulaer instance would be greater or less depending upon the pattern.

One must then ask which affects optie=l density the most, pressure or
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volume flow? The rate of volume flow is significant but this factor can
be seen in the pulse wave itself, so that the guestion reduces to that
of the relstive importance of pressure and of volume.

The IR cell output seems to be proportional to the stroke output of
the heart. This situation can perhaps be better understood by analogy.
Vasomotor control may clamp down the arterioles under the photoelectric
cell at the ear and prevent flow, even when thére is a recognizable or
satisfactory level of blood pressure centrally. If there be no vaso-
motor effect, then the I.R. Pulse at the ear is probably ecuivalent in
its volumetric distention to the pressure change indiczted proximally by
an intra-arterial cannula. In a similar manner., one might s=y that a
plethysmogram on a finger can be equivalent in its representation to the
blood pressure, if there be no vasospasm. When vasomotor control has ex-
pressed 1tself in constriction, the volumetric distention of the finger
may become nesrly O even though a central blood pressure persist at near
normal levels.

There are other factors than pressure or volume which may effect the
I.R. Pulse characteristics. Moving away from consideration of the purely
physical facts, - that the I.R. Pulse i1s a measure of the optical density
in the ear and that any deviation is clearly a reflection of ‘he opticsl
density change, one has reasons for believing that the opticzl density is
affected by volume mainly, but not exclusively. The number of particles
carried by the blood will affect the opticrl density, just as water will
have a different opticzl dnsity from blood. This can be observed in the
di“ferent height in pulse wave in the anemic person as distinguished from
the plethoric person. It is now recognized that density of the red cells

and white cells, as reflected by anemia or plethor . affects not only the
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physiologic and medical condition of the patient involved, but also the
optical &nsity characteristics on which measuring efficiency of the vas-
cular system by this means are based.

One is now ready to define what is meant by volumetric deficiency.
We define volumetric efficiency as the ratio of the total volume that
the heart is capable of extruding into the vascular system to what the
heart is actually doing at any given instant of time. If the heart is
normally operating, volumetric efficiency is 100%. If the stroke de-
creases, the ratio decreases, and the I.R. Pulse likewise decreases in
its amplitude and one can recognize the gualitative relationship between
the I.R. Pulse and volumetric efficiency. It is apparent from the phy-
sicul data that has been obtained from seriously ill patients in the
operating room, that the I.R. Pulse is definitely correlated to the cond-
ition of the patient,end that it reflects very sensitively the status
of the patient at any perticular instsnt of time. The I.R. Pulse has
been recognized by us as a valuable tool for measuring the changes that
occur in the nreoperative, operative, and postoperative situations to

which patients are subjected.



APPENDIX D

A Collection of Pressure-Volume
Relationships for humen arterial
sections. Some of the data herein
was obtained through Journals and
other publications, while some
limited data was collected by the
author.
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PRESSURE.VOLUME RELATIONSHIPS

OF HUMAN ARPERIES®
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Pressure~Volume Relationships
on Human Arteries
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