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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 techniques. 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

variable 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 linearized 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

controlled conditions, the proposed system has 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

limit 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 information gained by the present analysis.
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I. INTRODUCTION

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 approach to a medio-technological problem can obviously take many

forms. In recent years there has been a trend toward the integration of

disciplines, particularly medi-technological, in order that medically

based concerns may use the knowledge and guidance of specialized fields

of technology. This approach 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 it were, appears to be somewhat different, in degree, from the his-

torical ap:roach, particularly in the sciences. In Technology, theob-

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 livps. Tn TiatiA. n

means to know, hence the word Science. 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

tl



2.

undertaken.

1.1 The Basic Concern from a 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. Clinical 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 is essential for the clinical surgeon to have adequate knowledge

of the condition of his patient if optimum medical 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 and 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.

1.2 Technoloeical Problems and Imnlications
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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,

-A 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 Medical 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 pressure 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, expanded application

i
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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 roblem from the in-

ceotion of the sphygmomanometer (1) to the present day, intra-arterial

catheter transducer system. The current state of the art is highly devel-

oped, but the measurement of blood pressure 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 roblem 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 a cannula or needle, and a recording of the dynamic response by the

various techniques. The second is the sound system 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

considerable 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,
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and has attempted to make it available to practicing physicians throughout

the country. The accurate recording of human blood pressure has achieved

new importance with developments in modern surgery, the advent of space

medicine, and the recognition of close inter-relationships between blood

pressure, medication. and psychosomatic or sychiatric mental status. An

accuracy is needed which is better than that obtainable with a stethoscope

and cuff technique and on a continuous time basis.

1.4 Historical Review of Indirect Blood Pressure Recording System

Historically 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 1823 made significant improvements on Hales'

concept by using a piezometer 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 eiaust valve. One of the

first applications of this device was by Riva Rocci (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 Method". After the cuff is

applied, the bell of a stethoscope is placed over the brachial artery.



Then as the pressure in the cuff is increased, audible sounds (as heard

in the stethoscope) appear with each pulsatile variation in blood pres-

sure. The ressure 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 velocity jet stream. The cuff

pressure, concurrent with the sound is taken to be the systolic or maxi-

mum pressure within the arterial system. Upon further reduction of the

cuff pressure, the audible sounds will diminish and ultimately disappear.

The cuff pressure at 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" technique 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 sphyglaomanometric 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 have been numerous ideas and developments for the adaptation of the

sphygmomanometer to automatic registration. The literature describes

many instruments for automatic recording sphygmomanometers of two general

types. One type records the arterial manifestation (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 corresponding pressures directly.
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Instruments of the first type have the advantage in that errors and

artifacts can be readily noticed and pressure levels can be more intelli-

gently obtained. On the other hand, the data is not immediately availa-

ble and is subject to the personal bias and interpretation of the phy-

sician.

Instruments of the second kind have the advantage of being relative-

ly consistent, but are complex, ad 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 describing various methods and equipment de-

signed for this purpose. The problem of continuous monitoring of blood

pressure is a very difficult one at best. The fact that none of these

devices thus far developed 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, because of impracticality. The Ferrand Optical Company (38) re-

cently brought out a version of a sound system instrument which uses a

sensitive microphone and records blood pressure changes and sound 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 recuired. and

i.

-A the interpretation of the arterial manifestation is not accurate enough.

~'~ ----- Furthermore, a cuff which is recuired for the occlusion of an artery,

constantly or intermittently, over a long period of time, is uncomfortable

;J --- 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)

X- -; dissatisfaction with the state of the art 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 variation on the indirect method of blood pressure

measurement was recently described by Wood, et al (48) in which a pressure

e --~i~'~' capsule is used to occlude the small vessels in the pinna of the ear. A

photocell incorporated in the capsule registers the dynamic variations in

t ~1 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

:Ii~ i 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-

. I.

U.-



9.

striction and the creation of a jet stream; and in the final analysis are

nothing more or less than what the clinician 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 various kinds of recording

systems - the most recent of which is electromechanical in nature. Years

of research have been spent to develop 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.

________II
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II. PRELIMINARY INVESTIGATION AND ANALYSIS

2.1 Definition of the Problem and Criteria for Solution.

The Problem: The problem is to determine whether or not a satisfactory

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

means to register 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 patient's 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 to changes in cardiac function, such as

extra-systole, ventricular fibrillation, and the closure

of the aortic valve. (As indicated in the Physiological Analy-

sis of the Pressure Wave diagram on the following page.)

.

1



_ _ I, , , . . ,
I · . . , " · ·. 

J
. ! I_ .

I ss - 1

_ o · iw-~
_ _ 

r _

* sr -- _
. --

I
W

. ' · , , ' ";----;I
., *, .. . ._ . ,

-

.... _., . , 

,.

I}

* " I--

i . . ..

. .. .... i., .

- i - i., - I . .

-. .- 1. - - -- 1

^- - i. ,_ _LL

3

------- t

: ·- ··

: I ·- :-:n:·

: , , -..I.- .

... -7--.-'. -- I r-. ; "I,, '-.:; --;I-----: _ i

I:LI1A.
s--i -i·-·:-

i-t·;---l-

·i·
·�···,-� -t--

i-..:l-·

··- ·:-t·t

-.. :. ... 1..
-:-.:..i .1.

--

-?-·i· 1-·
'�' '�'
-·l·-i.-- '

-- I .

-j·-; ' ·i-·

3+iL
�i-zF

'- --t---t

I- ,+

-....-
.-

--:f?!-
.x .--- ,

.-

..j....j. !_
4-4 -+]~,.. 4__._

-i .;--- i-L--

--i

_ _! I

_. i

... .L_.i ..
->1 1.

:ri

-i--l--:-··

.:.... ........ 1..
.. i

·?--

4j~--- ---

a-51
.

I_. 

-

-7

.I _ ! .
; -_ -

. J .....

....1. - . . .--- - 1 --- S

-- - ---- r ·-- - : ··
I 

" i...,. . .. .. .-

i i: i-· -I --L:-i
giii

-4_.-

' ,--

-r .... I .... _
X I ,_ i ..

.- -- -_- .- . -' l 1 - ,... ..ri --- _ 
I _' ' 1_

·- l-

Mi"

c- ;b-- ::-. . ,
._ .. i ...

.. . .. ,_. . I ....
.. - : I ---1'-` .,. ..,.. ti g_,- +,i

, i 1. ' "i--+---. i -, ! % . ]- ..

�jr

rT

.1 _-l ....

-... ;. ...

.- .......

.s . .

.-;! -. ' ' 
!4- -r' 

Ssr

jl F
. f

_j__: ....

i -- ! 
4-.e

--

C _

...... r .r

-- ·

'"�t --

·· ·-- I ·� · ·

�� '� ----
-'---� ----- -�

-"--·--r

i-------- --

,I i tI
.i.. .,.

Il_.i.

�yczr

:-·

-·;.:1 · ·- ·- ·

r-,--

,_ ':..:.~_

.,i..... ... !,> --.: -l I . . I .,I.I..4.-,r ·- I·'-- -!$

·.: . . I ,. ,. s 

-1 :-,-· i

Ful .-- -iL4:

.. i .. L .:

]1 :.._:? ..i _1Mt;

i- :-----

-:-J--·l :-

, . I

.L.: !..
I . .. 1.4I

.- - -- 1- --- ~ ......... - -- -, .. .

----- 1 -'! ........ -4-'--- |-- ": I ..... " '- - '" ._...... ~t "mq]"

-,--I-:-- , t.,.) ,~-: r'~-.-
' ,. '! ... i ... -_ ''' , ' ';|I.... ._,._. ~. -4Z-i- |I'* ~.¥~- } ,; . ,... 

·-· 3 - -!---.-fit.P,'," , ;. ' .,~ 'r .._].L -:_: j -i-i- | -i
~.-~'f+ "T .... 1- .-- i-' '-'. .. ,...... ~-?

;,-'--->-i-:-% · 2--i -i- - .4 .
LtWuq .,----l .-..-4-e--'-ti;i--' ...*" .... ~-- .... ";-'-- ! ...... i- ..--H-i t t t ---:---.-- .-i--

i T: [ :[i - i i i J 4 ] 'i l l:--- [ [eJ. -- -. 4 [ ., " I -e, ...,......-..j.j.it : ' : i _ _ - _ t I ] ' Iil' i__: ..... ". ] . }-_ . --].
-- [I r i+

) : ' : : : j [ t : :J"J .. ' ' . . . ' 'I I I ' ...I l l' . . ~ I -"

[ l~ J~ [' [ ... [: i l ·I ·t·- .;. ..l~J]Ol~-~ J'[i --:· ·' .. ~ --l · ·[l- ....

....- : ]L : : ; } ] ~[

--... -- I- I I -''

-i--i-'-· :-·

----- !--·- ·-
_.L.:.......l_
... i...i-?l.:_

··1----· -1....1...
·-r-.;-.;.. .I..

i---:-·i-··:·
-t-�i-

�:�.·1
__.Li_.�..
_.i__i_.: _.i�
�I
...I.. -- ·L--;.

i
-·i-�- *·- -r·

-i--i-j �
I �

I .. i..
.i..i-..:. .
i .�i...�. ,.

;--i i

·-

�2....1_

1GI
---· jC-

-·t·
�1111

""'' ��
' '�

' �'` '

---LI

.'--t- . -. j E_ _-t - .....

I'' I . '-t-"I -; -- --- J I7 J-r- I 
I ~ ~~~~~ ~ ~ I '( | Tl i 

|. - . ; - __ 4 1_1+ _I , I . .'_ _..4-H ................... 

I' 1';- -

--.i-. i11 .. i !: .-.. .

,. .e
J iI I ' e
i I ' .I

t ;* 1! 

,; ,. ,. .t --- ---
.t., ...... , ; _ ·

t - .| - , 1 t I- t--- I t I r- +--s
I I I { ! ' t : {I I i. I I I I ! I ; ,I i. I 1 i i i I J i ; i i I | ! ·. I i . I . . tI I I I ; ; f I I I 1 1 r1 1 !I I l I

-- � ---- --- - -----

i I i.:i' .----ll .......I I -- --- . I..
L , -T'l--l I 

11.
i. 1

!. .,
ii

I iL

.... .. ..

_ -- -

.i

--- I ;-, I :

i

... -.- _ ........- -- 4

1 : . ....i:: . 12 LQ

-

.. ...t fli 4 

-_LL

Ii

I t 

*-_... -
- . . I _ -

_ _ _ i 

! _

, --- G-.. -1 - -,

. . I
I i_

A...

. ._r

:1 .... , . 1 -- - - -.
__ -1_ .. _...i'- " i '

. _j '

_. . .. , ..

."' -- I
I-- I j Jt ' I I

. I . ; -. ji-,b--
mXi"~

: . '..,; _
'i l: ;:

:Ji:1
, I t.... ilq-' -i,-: -i"

, i.
! -1 I I _ .-:.: i..

i --

..... .....I---
" '

I -i_--- T .!- I::.. 

i

I· -1- ;

..

----- c----�-----

i
i i

I ; .

.:_.- - I -,.- ' ':I '

.. F.....:. _:_ :

., I .. 

.,: t _"--

' i. :

. L! . __i.. .

. . I -
-

· i.. . ..... I 

. i

I . . . .

D
0

iL



12.

!

!;i~L~~ ~6.) To Monitor blood ressure under the same conditions that

are imposed on the intra-arterial blood pressure method.

7.) To be simole in application and practice.

2.2 Method of Investigation

The method of investigation to be used in the dissertation is out-

lined graphically 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 various methods have been

isolated, a reliminary analysis 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

· : are impotential solution to the problem.

:~' 4Once a method of approach has been chosen it is obviously necessary

to develop the basic theory and analyze the nature of the technique.

From the knowledge gained by a theoretical analysis, and in light 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 Results 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 resources of the medical libraries in the Boston area were con-

sulted. These libraries included Harvard University Medical Library, Bos-

ton Medical Library, Boston University Medical Library, Boston Public

Library, MIT Science Library, Huggins Hospital Library, the Library of: o nbl h atort ecm btervredi tefel f lo
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Congress, and some translations from the United States Joint Public Re-

search Service as well as many 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 Public Health and Dr. Kurt Lion of the

Biophysics Department at MIT. Furthermore, I had the privilege of per-

sonal correspondence with some leaders in the field, such as Dr. C. J.

Wiggers of Western Reserve University 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 creation 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 meaning the

full time attention of a trained individual. Third, some of the finest,

most eloquent applications of scientific knowledge known to me have

combed these two basic methods for improvement, until there are no cur-

rently visible 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 a realistic solution.

These six areas are:

1.) Photoelectric techniques.

2.) Ultra-sonic measurements.

3.) 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 historical review.

Each of these areas will be discussed individually.

2.4 Photoelectric Technique

Another research progr rm with which the author has been associated,

is a program to 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 oimetric pro-

cedures which yield very prompt and highly reliable information about

arterial oxygen saturation. Oximetry (50), the name given to photo-

electric techniques. is a reliable means for detecting immediate arter-

ial desaturation. The response characteristics of the photoelectric.

transmission 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 photoelectric cells. One of these cells is sensitive to changes

in light transmission above 600 millimicrons (red light and up), whereas

the other is sensitive to changes in optical density due to transmission

in the region of 800 millimicrons (infra-red). The characteristics of

these two cells are quite different. In the broad sense, the infra-red

cell "sees" only volumetric changes in the ear, whereas the red cell

"sees" a change in the volume as well as change in "color" of the oxyhemo-

globin; and thus, the electrical potential 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 I. pulse. It has a strange similarity to the tracing

registered by an intra-arterial 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-ifood

earpiece of the oximeter.

During our oxygen saturation studies, it was noted that not only did I

we obtain a measure of the oxygen content, but also we noted a minute va- .

riation of the oxygen saturation output signal. Tis 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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Figure No. 2.2 - This tracing, taken from Case No. 5796,
shows the phase relationship between the output of the
Oximeter in total nd the intra-aortic blood pressure.
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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 Apnendix C - Part 1). The infra-red cell

measures the optical opacity of the pinna of the ear. The question as

to what affects the optical opacity is not clear. The opacity could be

affected by both chemical and physical pheononmena. 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-

ternal blood pressure. The cuestion that remained to be answered was,

what is the relationship between blood pressure and the I.R. 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 profram of statistical comparison between the infra-red pulse and

the actual intra-arterial 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 yielded 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 individual to such an extent that the direct correlation

iuk

I

i·

·r�

6;

i
i

r

1 r

i·,

.c·

r



was proved to be invalid, and not reasonable as a method for recording

of blood pressure.

Further 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 a method by which one can

evaluate circulatory function in terms of peripheral diffusion, and po

sibly in terms of cardiac output. The I.R. Pulse has proved to be an

informative prognosticator, as well as an astonishingly accurate physi

logical monitor of cardiac and respiratory function. The potentialiti

of any instrument which indicates the effectiveness of cardiac functic

is obviously great. Others (49) have drawn similar 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 itself, 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 Measurements 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

compression is defined by: d w 

and in turn, the speed of , d,= L M0,U' S

sound or the velocity of pressure wave propagation is defined by:

C ' / Since the propagation speed is related

to the[d 7 (for a rigid system), one wonders if this fact might

---- ----� �r I

I!
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provide an avenue of approach I
for the indirect measurement SoVUD Waves

of blood pressure. Figure 2.3

schematically shows the basic

concept behind this idea. An

ultra-sonic sound source would

emit small pressure perturba-

tions which would be received

by the sound analyzer at a

fixed distance from the source.

The time required for this B M

propagation wave to reach the BAP- a O ULm-SaIC

analyzer would be a direct 2.

measure of the speed of sound

(c). The time lapse would be obtained by the signal comparator. Based

on this type of configuration, one might very well be able 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 1000 F (98.6). Obviously one is led to believe that the associated

variation in (c) is almost immeasureable. This type of order of magnitude

analysis is not complete since in the cases of blood, 1d]

is not a measure of the speed of sound. In water, the speed of wave prop-

agation is of the order of 5000 ft'sec. For blood, in a non-elastic sys-

tem, (53), the propagation velocity is approximately 1000 ft/sec. The 20



. .re of fluid, solids and gases. This complexity of phase, greatly ef-
" ''i

walls. (54) 22. found from a theorectical analysis

fthe arterial sysec velocity of propagation within the vascomplex

funmption of numerous variables. First tue blood is a heterogeneous mix-

with thur e of fluid, solids and gasesul . This cfromplexperimen ity of phase, greatly e- .

feits the nature of the fluid Hg. Furthermore, th e velocity of the arterial

pulse is argely effected by the non-elastomeric natem would be of the arter of ial3

wvelocity propagation for the arterial blood pressure, particularly with reo the effects onerencebl ood, but from the effects. King-(55) of water one can draw some conclusions. Wateris

of the1000 F arter ia system that the asvelocity ed of wve propagation incof 493reases

ith th/se mean blood proessure withining the arter to the open atmospherey is baspeed of

homogeneous afluid. His theory leads to conclusions thatalt solution atre consistent

with the ualitative results from experiments. i

that the propagation velocity varies with pressure. but that it does so on

velocity of ropagation. No real data is available as-to the effects on =u

bloode but from the-effects of water one can draw some conclusions. Water --nis

ft/secw By just exposing the water to the open atmosphere. the speed of

sound is altered by 15% (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

procedures patients receive saline solutions that may contain from frac-

tions of 1% to 3% NaC1. 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 contained 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-

did not explore this technique to any great extent for this reason, it

still might very well have real possibilities for future development and

exploration.

Still another application of the same basic concept, would involve

the direct measurement of oressure 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 system would only yield data regarding mean blood pressures. For

this reason, no further consideration ws given to this idea.

''"''d

; tia t~mors o a ulsaive rter. Stuies y Klp (6) inicat tha

-
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2.6 Partial Cuff Technioue

Like investigators who preceded us, we felt that the Korotkow method

still had some reasonable possibilities. The logic that is basic to this

particular application of -the 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 circular donut surroundin a pressure'cell. The cuff is placed over an

artery of a patient and a force is applied to the cuff to increase the

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 constricted. The interface pressure

will vary somewhat over the surface of the partial cuff, however, the
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variation will be minimal at the center of the cuff. This is the reason

behind the incorporation of a pressure cell at the center of the cuff.

The interface pressure variations will become significant toward the out-

ward edges of the cuff. These variations are not important since the sys-

tem is insensitive to-these magnitudes and directions. The importadt fac-

tor is that the interface pressure over the surface of the pressure cell

must be constant and normal to the cell face. If this is true, then the

pressure recorded will be the pressure to which the artery is subjected.

The characteristics are monitored by a highly sensitive condenser micro-

phone. As the occluding interface pressure drops just below the blood

pressure, a high velocity jet stream is created; associated with it is a

low frequency audible sound. This sound can be heard by a stethoscope

but is more clearly defined by a sensitive microphone. Similarly at the

low pressure point in the artery, the jet stream is ultimately eliminated

and the characteristic sound is altered. These two "sound" points can be

easily detected by the output of the microphone. The corresponding inter-

face pressure will be the maximum and minimum pressures in the artery.

Experimentally the pressures were recorded by the polygraph system

using a strain gage type transducer for the pressure cell. (See P. 3)

The characteristic sounds were monitored by an Altec Microphone, 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 could be elec-

trically programmed to maintain an interface pressure in accordance to

a characteristic sound. A system of this nature would be able to maintain
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By using to such devices, the maximum and minimu= ressures could be re-

corded.

The total cuff can not be used continuously for the same reason that

a tourniquet must be periodically released. The partial cuff aoears not

to be restricted under certain conditions by this type of problem. The

human body maintains cross flow systems such that the tissues are supplied

with blood even though a articular artery is partially or totally restric-

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 ressures attained by this method were compared to total cuff

pressures obtained by an individual who had worked his technique against

the intra-arterial system. His standard deviation of error on systolic

pressures was approximately ± 3.6% and on the diastolic pressures was

t 8.1%, or a total standard deviation of 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 external noises.

Thirdly, the necessary equipment for automatic programing would be ex-

tremely elaborate end fairly delicate to operate effectively. Fourthly,

it aDnears to be only as accurate as the total cuff. Finally, it might

well be more traumatic than our preliminary studies would indicate.
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For these reasons, this system was not deemed sufficiently accept-

able for further development, and consequently it was dropped as a pos-

sibility. Upon further refinement and development, one might very well

find that it has potentialities.

The partial cuff technique was also 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 temperal 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 PlethysmorTahy

Plethysmography has been a field in which the medical sciences have

worked for some time. (81). Easically a plethysmograph is a rigid cham-

ber surrounding an organ or extremity of the body. This chamber is con-

nected to a 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

physiological disorders, such as poor peripheral defusion, organ swelling

rate, etc. It was thought by the investigator that since this plethysmo-

graphic technique was always 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-

fortunately it has many disadvantages. The most troubling is the fact

that the chamber is sensitive to all volume changes and not just those

changes due to distention of the arteries. This causes the output signal

to vary according to all the volume changes and one can not completely
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sort out the changes due only to artery distention. Under controlled sit-

. uations, one can obtain tracings like that shown in FiFure 2.7. In this

tracing one notes the reversal of the wave form. This particular 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 than the intra-

arterial pressure form.

- .

Figure C.7

For reasons that are obvious, this plethysmographic technique was

not studied any further.

2.8 Re-Evaluation of Other Possible Aporoaches

Since the Korotkow method had been used so extensively, we felt that

we must re-evaluate its full potentialities. First, we studied the cor-

relation between the intra-arterial pressures and the sphygmomanometer

and found that under controlled conditions and after perfection of

individual technique, a doctor can obtain reasonable accuracy with
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the cuff and stethoscope.' As indicated in earlier parts of the thesis,

many attempts have been made at utilizing this basic concept for indirect

recording. Since most of the attempts have only limited aprlication, and

since a good deal of engineering know-how Was incorporated 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 blood pressure is the criticrl analysis of the sound character-

istics of the cardiovascular system. It ws thought that the sound chara-

cteristics might be related to the ressure level within the system.

These sound characteristics are a function of the natural frequencies of

the body system, and these frequencies might be altered by the pressure

level of the system. The frequency analysis of the cardiovascular sounds

provides still another possible approach to this problem of blood pres-

sure. measurement. Preliminary studies in which we analyzed the frequency

characteristics of the vascular sounds on an oscilloscope. strongly indi-

cated that a correlation would be most difficult if not impossible. The

db level of the sound and the freruency vried from individual to individ-

ual, and within a particuln.r individual, no direct correlation could be

noted.

Therefore, only a limited program of study was undertaken, the re-

sults of which strongly suggested that this would not provide a fruitful

avenue of approach to the problem.

2.9 Pressure Variable Parameters

Since the numerous methods which were investigated proved to be non-

productive, it was thought that possibly there was some parameter within

the vascular system that varied in accordance with the blood pressure.

If one could measure a prameter of this nature, then a correlation might

-7
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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 Investigation and Analysis

In the course of attempting to find a satisfactory method for the

continuous measurement of blood pressure by indirect techniques. the au-

thor studied various possibilities. Studies proved that most of these

systems would not provide an adecuate solution to the problem bised 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 unsatisfactory in lirht 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 be

fully understood and evaluated, there must be a standard against which

that system can be compared. Over 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) recording membrane mano-

meter. Hrthle 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 developments; ranging from the adap-

tation of optical principles to recording techniques, through the multi-

plicity of electrical 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-

vasculr cannula is often a 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 a 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 manufactured

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 schematically shown in Figure No. 3-A. There are some important consid-

eraticns in the design of this particular test configuration. There are a

number of surgical procedures for the cannulation of arterial sections.

The rocedure used throughout this investigation involved the direct
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exposure of the artery to be cannulated. The invstigators found that

for most accurate results, the artery must be exosed by what is commonly

referred to as a surical "cut-down". With the artery exposed, the can-

nula then can be placed so that its sensing abilities are not adversely
r~ ~ ~ ~~~~r~_ ' SA X.___~__- ~~^~~+nr I:lrr~ -+r~n' ~rClP

the clinician can only randomly position the cannula. Experience has rov-

en that random positioning of the cannula can significantly effect the

dynamic characteristics of the pressure sensing probe.

The cannula was secured by surgical procedures to hold it in place

and to guard against loss of blood during the recording of the pulsatile

pressures. The cannula 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 stopcock was to permit the injection of

an anti-coagulant 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 the viscous clotting which alters the

damping characteristics. Intermediary to the anti-coagulant reservoir

(20cc 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 supply.

Since the transducer was basically an unbonded strain-eage-type unit, this

power supply excites a ',heatstone bridge comnosed of the four strain-gage

components. Obviously, the transducer relies upon the modulus of elas-

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 unb.lance of the Wheatstone bridge, caused by the re-

sistance changes due to pressure variations, was fed into a direct-

coupled pre-amplifier for power pre-amlifi6.ation. The output signal of

the pre-amplifier was fed directly into a Type 530-Series Oscilloscope

manufactured by Tektronix, Inc. (For characteristic see Anendix A).

Furthermore, the output of the pre-amplifier was ower amplified by a

Model 5 D.C. Driver Amplifier manufactured by the Grass Instrument Com-

pany. The output of the Driver Amplifier controlled Model 5 Polygraph

oscillograph, for pen and ink registration of the signal. (For character-

*istics see Anpendix A).

The test configuration allows for oscilloscopic or oscillcgraph reg-

istration of the pulsatile pressures. The oscilloscopic output was used

because of possible frecuenc. limitations of the oscillograph, since the

investigators are of the opiniLn that there are frequencies within the

blood ressure wive form that c:n exceed an estimated outout of 100 cy-

cles per second. The oscil.og-rr.ph may not adequately follow these fre-

cuency v.riations, so it was deemed necessuary to study the wav, form

chnrcteristics on the oscilloscope.

3.2 Validation Under Static Conditions

A transducer-electronic system is a secondary standard; however. it

can be clibrated against a rimary standard, such as a mercurial mano-

meter or an oil dead-weight tester. It should be noted that a calibra-

tion procedure of this nature is purely statistical. It has been the

experience of the manufacturer (62) that the repeatability of the instru-

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

is + 1%. The clibration curve taken from our instrument is shown in
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Figure 3.3.

This clibration is a tot'al input-output calibration of the record-

ing system s depicted in Figure Nio. (3.3'). All rendings were within the

readability of the output signa.l of the Polygraph. The accuracy :jnd pre-

cision of the transducer is better than the readability of the olygraph

output. The readability of the polygrash is of the order of + 1.0 nunm of

Hg and this is within the desired accuracy of the test.

3.3 Dynamic Characteristics of the Recording System 

In the continuous registration of the pulsatile pressure of the car-

diovascular system, it is necessary to evaluate the standard system under

dynamic conditions. It is comnmonly accepted that the strain-gage-type

pressure transducer is an acceptable device for recording pressure vria-

tions. The uestion that must be answered is whether it s ah acceptable

device under the conditions of this investigation.

The system which is under nalysis is schematica:-lly represented in

Figure No. 3.2a. (Simple analogs can be seen in 3.2b and 3.2c) It con-

sists of an artery through which a fluid is flowing under variable pres-

sures. The operating pressure renge is of the order of 35mm of Hg to 250

mm of Hg.

For the purposes of analysis, a simplified model was chosen as indi-

cated in Figure No. 3.2d. This simplified system can be thought to behave

somewhat like the mech nical analog in Figure No. 3.2b which consists of a

spring, damper, and mass system. Under sinesoidal forced vibration with

viscous damping, the differential euation of motion is of the form

wtL B 3 Kx =TSIU (3-1)

where o 1"0 is the forcing function. (M) is the total effec

tive mass of the portion of the 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:

i c, \) rYY (3.2)

whereas the damped natural frequency is of the form:

tt --K 
GodA - 26t i t 3)'

(3.3)

It is obvious that if the damping 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 euation is non-linear due to variations in the coefficients.

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

ory the physic-1 analysis is uite 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 comioletely meaningless for a part-

icular application since the instrument characteristics are generally

taken independently of the system to which it might be applied. The na-

tural frequency of a transducer alone in air can be calculated to a fairly

good approximation by equation (3.2). This same transducer when connected

to a system consisting of tubing and fluid of greater density than air,

will have a natural frequency significantly lower than equation (3.2)

43.

'::

c

-: : :S:

:: ;i !E!-Es

: Y; : ';!:%Z.~

·. : ':'- :

---- . %?

'...· ,. v,, _j.,._

.:i

: :- .j·
.. ~' '!{5-

. X

';

'-i
:.-.

Ir

I:I:



44.

would yield. In fact, the mass of the transducer may become insignificant

in the determination of the natural freruency of the new system.

The calculation of the natural frequency and the damping ratio of a

liquid-filled elastic line plus a transducer system is usually very diffi-

cult. Even in a simplified analysis (65) it is necessary to know precise-

ly the parameters of the pressure transducer and the fluid connections.

Some parameters of te liruid connections (i.e., density, temperature,

diameter, tube length, etc.) are usually known. However, in the case of

blood, other parameters are most difficult to evaluate, 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 sprinF constant, the effective area of the diaphragm, the

mass of the effective diaphragm, etc. are difficult to obtain or may even

be unknown. Even though there are difficulties in an analysis, there have

been some very good theoretical analyses of pressure systems. Iberall

(66) developed theory which yields 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 ntural

frequencies and damping ratios as a function of statistically determinable

parameters. Parnell, Beckman nd Peterson (53) studied various transducer

systems and the response characteristics of each. They found transducers

which when studied alone in air, had frequency responses of the order of

1000 cycles per second. While under the influence of a liquid filled sys-

tem, the response varied by a factor of 100; namely down to 10 cycles per

second.

In the data rovided by Stratham Laboratories (See Figure No. 3.4) on
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a transducer similar to the one used in this study, the natural frequency

is approximately 180 cycles per second, using a system consisting of a

#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 cardiac catheter 100 cm

long reduces the atural frequency to 47 cycles er second while reducing

the flat response to ebout 10 cycles per second. It is oi.vious from this

data, as well as from the theoretical nnlysis by Iberall (66), that the

tubing length should be as short as possible and the diameter as large as

possible 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-coagulents in connecting the tubing increases

thie frequency response above that for blood alone. The major reason 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 remainder being the hep-

arin and sodium chloride. W.ith short connection tubing, the. natural fre-

quency will be of the order of 125 cycles per second, and the damping co-

efficient will be of the order of .16.

3.4 Some Considerations of the Dynamics of the Cardiovascular System

There are some considerations in regard to the cardiovascular system

that must be understood before this direct method of recording the pulsa-

tile pressure is acceptable as a standerd for comparison.

The first consideration is the velocity effect as related to the

measurement of ressuse by conventional pitot tube techniques. Studies
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by Broemser (68) show that the maximum velocity of the blood occurs in

the aorta (just outside the heart in the main supply line of the cardio-

vascular system), where it is approximately .65 ft/sec (20 cm/sec). This

velocity is not affected greatly until the sharp reduction of velocity in

the arteriolar and cagillary districts. Since this analysis is dealing

with the flow in the lrger arterial sections, let it be assumed that the

velocitv of flow is 20 cm/sec. With a meen pressure of 100 mn of Hg, the

total error due to disregarding the velocity pressure is of the order of

0.15%. This is a negligible engineering error.

The next consideration is that of the frequency response necessary

to dequately follow the pulsa.tile pressure variations. Studies by

Jiggers (69) suggest that a recording device must respond to the tenth

harmonic of -the fundamental frequency in order that the continuous reg-

istration be valid. To accomplish this, it is necessary to have the na-

tural frequency of the recording device at least three to five times the

frequency of t.he tenth harmonic. This mens tht the damaing ratio must

be of the order of(.33)to(.2). If the pulse rate is 120 beats per minute

(a liberal approxinartion) then the natural frequency should be of the

order of 60 or 50 Cycles per second. It has been the experience of the

investiga:-tor, theat even better registration can be obtained if the n-

turall frequency is 100 ccles per second or better. This is obviously an

empirical result, tut it is the firmr belief of the author that with a com-

plete wav:- a.r:;.ly-is, characteristic frcquencieF in excess of 1 ' cns may

very well be resent in the wave.

Finally, the wave propag,:tion speed shoul: be con.:idered. Parnell

and associates (53) have found that wave propagation speed is of the

order of 1000 meters per second. Therefore, the wave lenFth at a
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frequency of 100 cycles per second is about 10 meters. Purely from a

wave propagation point of view, it is sug:: ested that the catheter length

be shorter than meter for minimal phase lag. The length must be sell

for reasons of frequency response, thus propagation speed effect will

be neEligible.

3.5 Sumary of Easic tandard Analysis

On a static'-l basis the recording system was repeatable to within

- .1% with a total nonlinearity and hysteresis error of t 1. From a

hemodynamic point of view, the recording system must have a ntural fre-

ouency of 70 cycles per second as a minimum. The transducer and fluid

system used in the analysis has a ntural frequency of the order of 125

cycles per second rovided the cannul. diameter is of the order of a

No. 1 hypodermic needle nd the length of connecting tubing is less than

50 cm. Furthermore, the hemodynamics suggest that there are charxa cter-

istic frequencies up to the tenth harmonic of the fundamental 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 linear within

2% up to :)pproximately 40 cycles per second. This is the system to be

utilized as the stndard for comparison in all future analysis in this

dissertation.
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IV. TEGRETICAL ANALYSIS F A I;-.Ei j. VARIABLE PARAMLTiR

4.1 Backround

A study program was undertaken, aimed at a fundamental appraisal

of physiological inter-relationships. Two broad uestions arise with

reference to physiologic:l anj technoloical effects. What are the
i.jf..;:~,..~:..

effects? What are the variables? If one finds a ressure variable

parameter, one must then analyze the effects and all possible variables.

The logic behind the pressure variable prameter system is simply

this; if a parameter like ph, volume, or density were to vary in a

known manner with pres.ure, then one could possibly measure that para-

meter with greater ease than one can measure blood pressure. Once

knowing the variations of the parameter with time, then a correlation

can be drawn regarding pressure.

4.2 The Relationship Between Pressure and 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 macromolecules 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 general,

the properties of the various tissues are attributed directly to their

molecular structure, and it is expected that variations in orientation

and crystallinity go hand in hand with variations in function (70).

Proteins form one of the largest groups of naturally existing elastic-

polymers, called elastomers. Since body tissues behave as elastomers, it

becomes necessary to understand elastic behavior of body tissue. Elas-

tomers are rubber-like in behavior, therefore one can learn of lhe
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behavior of tissues by studying rubber-like materials in general.

The kinetic elasticity of rubber can be shown by a simple thermc-

dynamic analysis. The thermodynamics of rubber behavior is analogous to

a thermod-ynamic analysis of a perfect gas. Let us consider a kinetic

theory of rubber elasticity by first looking at a perfect gas n:l then

drawing an nalogy.

The equation of state for a erfect gas is given by:

P - Pressure
V - Total Volume
R - Universal Gas Constant

PV= RT T - Absolute Temperature
- Hea.t

U - Internal Energy
S - Entropy
W - Work
F - Force

L - Extension Length

The first law of thermodynamics can be written as:

Q = dU -FpdV or rewritten in a

partial derivative form it is:

SQ U)dT_ t V

But through the second law for a reversible process, the eruation

con be rewritten in the following form:

Ts~ dT + dV

oweveR. dd - SI _V( T d

and by Maxwell Relationskips where these eualities exist:

6(% (T I" )v I T v
rr IVT



yields upon substitution

Q#)T: 'T& --e

Where d meaning the po

which is a. definition of a perfect gas.

Now consider the ideal elastomer, wher the

expressed by d = - Fd 

Equation 4.1 can be written by n analogy as

( = t F -
TdL,"

tenti.l energy is zero,

dY work is

4.2. now

if kv y T where zero, then rubber would be elastic in a

kinetic sense as a perfect gas. Experiments (71) hayv shown that such is

the case over a good portion of the extention curves. Thus a conclusion

con be drawn that elastomers for the most naart. are kinetically elastic.

This type of elastic behavior now can be explained in terms of statistical

mechanics. King (72) applied 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 are changed by

the s!me factor, King obtains the following relationship for the effect

of pressure on the volumetric distention of elastomeric cvlindrical tubes:

Oft= etty)2 1L (eto)/G t5)} -(Y)](

C.etxe.
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P rn.o e Amwi. pSuS 4: rz v ioJi-l Y'"odw

1 s*'* Even though the properties of the humpn arterinl tissue are aniso-

tropic, it is convenient to study a teoretical model where the struct-

ure is isotropic, the wall thickness is uniform, nd the material is

homogeneous. Under these conditions, one cn apply King's formula to

arterial sections. King (54) found that using appropriate values in

the formula for the age dependent contants, that he wes able to obtain

some charcteristic curves. (See Figure 4.0)

Upon further investigation, King found that the theoretical chara- 

cteristic curves agreed with experimental results to a remarkable degree

of accuracy. H-e superiniposed his theoretic--l curves on the results of

experimental work by lHal]ock and Benson (See Figure 4.1) and found agree-

ment within approximately 4%.

The following curves are theoretical in natural, but they agree with

exoerimentai results. A great deal of experimental work (56, 73-77) has

been done on the pressure-vol-me relationships for human organs, partic-

ularly with reference to the cardiovascular system. included in Appendix

D are some of these exoerimentel curves. This includes some work in this

area by the author. (See P.5)

The fact that suggests an approach to blood pressure measurement is

the surprising linearity of the relationship over a firly wide range.

This range of linearity is well within the range of "normality" for

pressure measurements. Furthermore, the only apparent variable is the

effect of aging:, namely, change in the slope of the P-V relationship.

Theoretically, these facts present a possibility for utilization

b- 1 -----. �
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Figure 4.0

in a system for measuring- blood pressure. They suggest that, if the

change of volumne of an arterial section can be measured, the pressure

changes within the artery can likewise be correlated in a linear manner.

4. Calibration Techniques

A question immediately arises. One may have some knowledge about

the general characteristics of the pressure-volume rel!tionshiTs, but

what is the ,recise 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 a neer-linear relationship does exist, then all that is needed
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is one nroint on the curve and the slope to be fully defined for each

patient. There are two relevant facts v.:hich bear directly on this

problem.

1. The human blood ressure in an arterial section can be

reduced to atmospheric pressure ( 0 mm of hg. ) by pro-

per application of medicl techniques.

2. An induced pressure changre can be created in the body by

basic consideration of hydrostatics; i.e., an elevation

change of the arm by 13.2 inches induces an associated

pressure chnnge within the artery of 25 mm cf mercury.

The above two facts are theoretically sound and hve been experi-

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

the vasculr system returns to the hert where the Pressures are below

atmospheric by a 3-5 mm of hg. In the rocess of flowing from the cap-

illary network, the pressure drop is of the order of a few millimeters

of mercury. This fact that the capillary pressure level is rear atmos-

pheric is easily demonstrated. If the cutaneous surfce is cut near a

capillary network, bleeding is very slow and without significant velocity,

therefore the pressures must be approximiately atmospheric.

If one were to occlude an artery, then the downstream pressure would

assume the level of pressure in the capillry beds, namely atmospheric.

This fact has been experimentally demonstrated using an intra-arterial

transducer, and every time, without fail, the downstream pressure would

be within one or two millimeters of atmospheric pressure during an

occlusion.

Secondly, the induced pressure by level variations can be calculated

by simple application of hydrostatics.
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FIG.4.1MEAN VOLUME-ELASTICITY CURVES OF TORACIC
AORTAS AT VARIOUS AGE GROUPS

These curves show the relation of percentage increase
in volume to increase in pressure for five different age
groups and were constructed from the mean values ob-
tained from a number of aortas excised at autopsy.

lbbtained from article by P. Hallock nd
J.C. Benson. Journal of Clinical Investigation
16:597,1937
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DYNAMIC CHARACTERISTICS
OF

PRESSURE-VOLM RELATIONSHIPS
FOR 

HUMAWRARTERIES

WO-MWm se SIFT

sure

me

M

0

Fig. 4.2

Curves showing inter-relationship between
aortic volume distension and the associated
intra-aortic pressure.

*Obtained from article by R.F. Shipley, D.E. Gregg,
and E.F. Schroeder. American Journal of Physiology.
138: 723,.1943
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Pressure Change (P) = Weight density ( ) x Level change (h)

with Blood having a specific weif1 t of 1.057 ie obtain the following

relation:

ZAP = .74 mm of Hg/cm of level change. thus a level change of

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

mentally in Figure 4.3 and in the table that follows.

~~i~~·f'4/d

Figure 4.3

An actual tracing showing the hydrostatic level variation inducing a

pressure variation. using a strain gage transducer for blood pressure

measurement.

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 24.9 m. of Hg 23 mm of Hg

Figure 4.4 schematically shows the effects of the abov two rin-

ciples on an intra-arteri-:l ,ressure. In the down position. the arm is

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

In the up position, the artery is higher in respect to the heart,

therefore, the ressure is reduced. The point to note here is thf

amplitude of oscillation is not reduced; only the base line is efi

It is a known fact that the body resists any changes in press

-. .. .. .... . o,·......

by compensating the change with vasomotor constrlction, which acts as

an in-line pump. In our studies, the effects of arterial vasomotor con-

trol did not appear to effect the above clibration procedure. We believe

the effect to be minimal because of the magnitude of the change in pres.-L , 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 ressure device.

R!~ 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 associated vol-

umetr-c change measured; the ratio of these two give the slope of the
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linearized pressure-volume curves.

In summary, with a known clibration setting for an individual,

one can postulate that a volumetric recording device can indeed be

correlated directly to intr-arterial ressure. This of course is only

possible within the limitation of a lineerized theory.

4L.4 A Theoretic:al odel of a System

With these pressure-volume relationships as background, one then

seeks a system to measure the volumetric distention of an artery. In

developing a theoretical model, it is noted that a volumetric disten-

tion of the rtery causes a volumetric deformation of the skin surface.

Is there a relationship between the volumetric distention of the artery

and this movement of the skin surface? Figure 4.5 (a) depicts an

idealized cross-s-ction of the human arm. If (d) is the diameter of

the artery nd (D) is the di,,ameter of the arm section. then the d/D

forms a dimensionless ratio of diameters.

If the surface of the skin is made flat as pictured in Figure 4.5

(b), by suitable means, then the relationshin of the artery to the skin

surf!:ce becomes theoretically an-alyzable by two dimensional stress

analysis. Since the dD ratio is about 0.05 for most individuals nd

since the skin surface is flat, the model that is to be considered is

depicted in Figure 4.5 (c). The model we will use is a semi-infinite

r~_,_r^-,, .·un4 A 4 -1, A
elastic medium, with flqt surface open to tne amOSpnleve lu- -u- w:, 1

a cylindric'l tube. It can be shown (See Appendix B) that deformations

within this
·cylindrical tube are linearly transmitted to the surface.

With this model, we assume a ouasi-elastic medium ,and a small d/D ratio.

rFurthermore, we are assuming an isotropic, homogeneous elastic medium.

These assumptions are broad in scooe and may prove to be invalid, but
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they do sug est o method of approach. The as,.tion of a uasi-

they do suggest o method of appro-ach. The aslxunr:tion of a quasi.-

elastic medium can be given some validity by the analysis in Section

4.2, where we show that body tissue is elastomeric in behavior. One

must realize that the organic material between the arterial wlls 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 constant even though ther are not com-

pletely homogeneous.

With tis backfround, one seeks sensing unit which will measure

the "deflection" of the surface of the skin in a linear fashion. The

functional aooroacli is to develoo an instrument whlich can sense these

volumetric deformations of the skin under v-riable ressures in the

artery.

The theoretical model, whican makes some road assumptions about

the :uasi-elastic nature of muscle and.skin tissue. in actulity may

cause serious n-roblems. Not only does it assume a quaai-elas t ic medi-

um, but it assumes a lack of vasomotor control over the rtery. It

IJ~hitim I
i
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was our belief, however, that the volumetric distention of larger lumen

arteries is affected by vsomotor control to only a neligible effect,

if at all: conve:rsely, in the coill.ry bed, vasomotor control has a mejor

effect. Another assumotlion is that muscular, reaction can be mIinimized at

the point of anplic;?tion of trs.nsducer. Hokwever, this c n rrove to be "

a troublesome !roblem in the a olication of the vystern. The as:Lumtion

which eli!nin.tes the effect of muscular movement is that the interface

pressure between the sensing transducer and the surface of the skin must

be at a11 times constent. If th.'!s interface pres'ure is constant, then

the transducer will al:.;ays be in the sme relationship to the artery as

it w-s at the initial introliuction of the transducer. This assumrotion

of constant interface oressure is basic to the whole rocedure. for with- I

out it, gross movements due to muscular activity become larger in magni-

tude than is the deflection caused by the arterial volumetric distention.

4.5 Theoretical System

Since theoretically there exists direct line.r relationship between

internal ressure and volumetric :iistention of human arteries nd since

there is theoretical. grounds for ass.uming a relationship between subcut-

r;neous volume change nd surfa-;ce deformation, we can postulate a system to

monitor blood rressure by indirect means.

In block diarram form, Figure 4.6 shows the basic concept behind the

linearized system under study. The intra-arteri:-l pressure is linearly

related to the volumetric Diistention of the artery, which is in turn

linearly related to the surface deformation. If the deformation can be

linerly recorded, then the output signal will be linearly related to the

intra-arterial blood oressure. The next question, is of course, can such

a linear recording, device be developed.
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4.6 Summary

A theoretical system for moniiorinf blooid pressure by indirect

means is to be based on the following:

1.) A nearly linear relationshio between blood pressure nd

arteriel distention.

) A theoretical relitionshi? between subcutaneous deformation

and the deformation of semi-infinite surface plate of

elastomeric comoostion.

3.) A calibration rocedure for evaluating the slope nd base

line charecteristics of each s2tient's dV,/dp curve.

4.) A constant interface pressure to elminate extraneous

gross morements.
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V. INITIAL DEVELOPMELl' AND MAzD`1StPUCER DESIGN

5.1 Basic Concets

There are five basic conceots that must be considered before

any transducer configuration can be built. Each of these concepts

X :are related to t.e instrumentation as applied to blood pressure

mrea surement.

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

an arterial section that meets the recuirements. It

appears that vsomotor control has its mjor effect in

the smaller lumen vessels of the vascular system. Wig-

gers (79) states that vssoconstrictive nerves activate
A

muscular elements of he arterioles, metater-oles and

possibly the ?Touget cells of he cillaries. It has

been felt by the med-ical profession that vasomotor

control is limited in effect in the large lumen arteries.

There does not ane-r to be any real common agreement

on this fact. A basic function of vasomotor control ix

to maintain a:roper orygen supply for the brain. If

there is some duress which causes reduced blood supn.ly,

then vasomotor control reduces the flow in the extremities,

thus tendin- to divert the flow toward he brain. One

theory is as follows: If the flow is reduced by constriction

of c:he c:illarv network, then restriction of the larger

lumen vessels will. not occur because the flow i; already

reduced by vlvular action further downstreaim. This is

only a hypothesis, however, the fact of vasomotor control

is known, but its entire action is not fully understood.
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If we postulate that vasomotor control is limited in

effect in the lrger lumen arteries, then we will be

justified in using the brachial rtery for study. (The

brachia.l artery is the main artery of the arm.) The

action of vasomotor control strongly sugg:ests using' the

temporal artery because it is the artery least affected

by vasomotor control. For two reasons we will not

study the system at the temperal artery. First, experi-

mentally it was found that aprolcation of' a transducer

to tile temper-el artery was nlost difficult. Secondly,

the c-libration procedures would not be nossible at the

temporal artery. Thus, for the study contained herein,

we will restrict the investigations to the brachial

artery, t botl: the elbow and the wrist.

It will be necessary to evaluate the deformation

characteristics of the skin over an artery. (Appendix F)

If the deformations can be rreasuaed with reasonable

accuracy, the assumptions of the system can be evaluated.

2.) The next question which arises is: how to measure these

deformations. There are undoubtedly many possible

methods for mensuring the deformation. 'io;ever, it is

necessary to measure the deformation of the skin surface.

If one were to use a membrane-type material that assumed

the "same" characteristics as the skin surface, then this

diaphragm, could form a dilative element of another system,

a system that would be sensitive to these dilative changes.

This diaphragm must be different in theory than conventional
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transducer diaphragms. ilost pressure transducer diaphragms

rely on the modulus of elasticity of a force summing dia-

phragm. Here we do not wish to hv~ the dianhragm resist

the movements of he skin surface. In fact. the surface

of the skin woull be an ide: I dia-hrfgm. This, by defini-

tion, requires a diaphragm mterial that is more flexible

than the skin. This is important for tw;o reasons. First,

a resistance to movement may introduce some non-linearity.

This effect can be seen in Appendix D, as applied to a

stainless steel diaphragm. Secondly, any resistance to

movement of the skin will reduce the sensitivity of any

transducer. The skin movements are of te order of mag-

nitude of 0.0003 in., so obviously it is not wise to re-

duce the sensitivity.

3.) With a concept for diaohragm construction. the next prob-

lem to arise is the nature of the geometry of a diaphregm.

For reasons of practicality and ease of construction, we

will look only at two geometries, namely; circular and

rectangular,

a.) Circular 1Membrane Diaphragm:

Assuming small deflections a

constant tension in the membrane, we can, by

symmetry cut out a concentric circle and

analyze the conditions of equilibrium.

D
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Horizontal euilibrium is satisfied by symetry.

Vertic.il e uilibrium:

pt r- =-T dz LY d Y-'

- at
.d r

Integrating and uttinc in t!:e boundary conditions r , -.O

yields

(R4W)

the volurze under the membrxne is

at center, e. 'P R'

-V<= '-'L' ;td Y - P8T4r= 

or the volume is a direct function of P.

Ki P where K = ^tp 4 oc- e - (T constant)

Similarly the deflections are , di-ect function of lressure.
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b.) Rectangular KMembrane Diaphrag

Again assuming small

deflections and

constant tension

and a b

A similar analysis will yield a vertical force

balanced such that

d3C a T 3C and integrating

and putting in bound-ry conditions (X.= t ) e -)

yield the deflection to be linear with ressure.

or at the center of di .(

The volume under tie diaphragm will be founm1 by integration.

Volume = $ and agin the vollume is directly

proportional to the internal ressur'e.

Volume= KP where 

In conclusion, the volumes and center point deflections are

proportional to the internal pressure for both diaphragm configurations.
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7 4..) Another point to consider is the effect of interface

pressure on the dia.irqTsr characteristic.-. The sur-

face of te skin can be disturbed by muscular activity

es well as b, blood pressure. It is oLvious tat the

rter -t all times. If the rltio:-.si:j cn[es, tihen

the co--stants in te : usi-li:: nir r !.elt ions will be

e ltered.

The rl.Itions'hi between te tr,, lsd .cer nd the sk-in

-- will !:e unaltered if 'th-e int:f -,ce areu:;sure is -iel-1

constant. Since it is essential to t.'.e liner tleory

t'hfat the interface be flat and since the interface

pressure is to be held constant, te followi g confi-g-

ur.tion will be used.

nTham9A&OA

5U1&CUTA Neao
"is&uE

If the surface are.: of te ressure platten is about

four times the arer of te diaphram, it has been found

ex,erin.entally th:t, the muscula mco vaments wiil cause the

whole transducer to ride ur: and down, while the dialhragm

remains in the se relative -,ostion to the artery. The

oldin. fixture must ernit this transducer .mov;ent

-i · ~~~~wile still retaininE the costnt interface ressure.

ME
! M
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There are three wys of do.ng this, and ech will be dis-

cussed later in the ;::aner. .

5.) The finnal concept to be enalyzed, is the effect of the 

earth's grvitational field o the transducer. If the

transducer were to remain stationary at a.ll tines, then

the gravitation-.l effects would not be : factor. How-

ever, the c3libration techniques nvolve moving the arm

through 9. secified distance to induce oresure changes.

During this movement, the transducer interface changes its

relationship to the earth. Since the ransducer has

"weight", it contributes to the interface pressure. The

contribution of the weight will be a 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. -th:en the comoonent o 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 oroblem. First the clibra-

tion can be carried out such that in the two extreme cal-

ibration positions, the weight effects are the same. This

is shown schemat"ic.lly in Figure 5.1. The second method

is to design the transducer so that there are no gravi-

tational effects. The author has roceeded under both

techniques. As will be seen in subsequent discussion;

this later technique involves designing the transducer

holding device such that the pivot point is also the center
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Figure 5.1

of -ravity.

5.2 Pneumatic Transfer System

The anelysis rlated to the membrane theory in Section 5.1 sug-

gested a system in which the membrane diarrhr!gm is dilative element

of a closed neumatic sstem which is sensitive to volumetric changes.

Going under this assumntion, a number of experimental transducers were

built, ech incorporating improvements, both technical and medical.

Some of these can be seen on the Photogrsrph P.6. The resulting trans-

ducer of this development can be seen as (8) 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 he transducer with

a thin rubber membrane connected to a closed system which terminated at

a highly sensitivu: differential. pressure meter. The meter used was manu-

factured by the Decker Aviation Corporation an:l the -;necifications and

characteristics are listed in Apnendix A. As one c n note. the
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sensitivity is very high, thus very small volume changes can be recorded

very easily.

)J-)AeACsO I+ Az -r

Figure 5.2

A schematic diagram of the system is depicted in Figure 5.2. A

surface deformation results in a deflection of he diaphragm, and re-

sults in a pressure change (P1) in the closed system. This pressure

changie is "sensed" by the differential ressure meter, and yields an

electrical potential 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 roblem.

5.3 Air Gao Capacitance System

The primary problem with the pneumatic system was its temperature

sensitivity. The obvious thing to do ws to either compensate for the

temperature effects or to eliminate the pneumatic transfer system. The

most practical solution was to eliminate the pneumatic aspects

IN k 7 -o
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of the system by placing tie entire sensin. element upon the arm, in

effect, bring the entire pressure meter down on the arm. ince there

were no corrnercially :available transducer designs with the assumptions

of this system, it was necessary to develon a transducer for this snli-

cation.

There are many methods for sensing volumetric changes, ranging from

ontical methods to strain gages, and fromn mechanical leverage systems to

inductance v-riations. Each has its advantages and disadvantages. A

transducer was designed based on a variable air gad car-citor. This ty'e

of variable arameter was chosen because of the high output sensitivity

obtainable, and because of the similarity of design.

The method of sensing the capacitance variation is extremely impor-

tant. A dynamic capacitance measuring device, first suggested by Lion

(80), has been commercialized by the Decker Aviation Corporation. The

monitoring unit, for sensing small variations in capacitance, consists

of a small ionization chamber containing a rarefied noble gas. A 250KC

oscillator a;:nlies a signal across this chamber by means of internal

electrodes. This otential ionizes the gas within the chamber. A small

portion of this high frequency excitation appears across two other elec-

trodes to which external measuring capacitors are attached. The induced

A.C. voltage on these measuring capacitors 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 variation of external measuring

c.apacitance, thus iving rise to sensing system for eternal vriable

ca oacitors.
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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 single parallel-plate variable air-

gap capacitor varies in a non-linear fashion.

Either of these config-

urations is possible, however, we

. @ t 1 s 5 s L t w a 5 A b~~~
are always limited by thne act nal

one surface of a plate of a capaci-

tor must be free to be placed on W

the surface of the patient's skin.

This limits the various possible

combinations, and for reasons of

simplicity, it is therefore nec- tao I'~C

essary to use a single parallel
Single Parallel Plate

plate capacitive system. The pro- Capacitor Characteristics

blem on non-linearity is still to be considered.

The first transducer to be constructed was a non-linear device, but

it was felt that an experirmental study program could prove or disprove the

validity of t:.he 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 diaphragm. As the diaphra.g deflected,

the electrode's position with respect to a fixed electrode would vry, nd

thus tile ca.citnce would very. This system yielded instructive informa-

tion.

An important development ould be a linearized system. In discussions

with vrious individu--.s,' it becae anarent, that quesi-linesr ized trans-

ducers might be realistic. A single oarzallel plate capacitor is
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essentially linear (2%) if the air gap variation is of the order of + 10%

of the total air gap. Furthermore, by application of the Brook-Smith prin-

ciple (82) single parallel plate capacitors can be linearized over a

limited range. This is:accomplished by placing a material of high dialec-

tric strength in parallel with the air gap.

A new transducer was built so that various diaphra-g~s could be tested

for linearity. unerous materials and configurations :'were.--tested. A lin-

earity device was also constructed to test these transducers. The test

fixture is shown in photograph P.8. It consisted of a micrometer screw

which deflected the diaphragm through known increments. The micrometer

screw head had a flat surface which was placed in direct contact with the

diaphragn. This is somewhat different than is the actual case, however, it

was note.' in the membrne theory, that the center point deflection was a

direct function of pressure; thus the linearity is evaluted on tt a-

sumption. Using this assumption for linearity evaluation, nu.merous dia-

phr.g.,s (exam!jles ictured in photegraph F.-9) were tested and dta ws ob-

tained. This data was plotted for each, and curves like the following one

wer. obtained. The various diaphragm materials tested included. Beryllium

Copper (thicknesses ranging from .00015 to .001), various thicknesses of

surgical rubber, and myla.,r. The non-cond-ctR':ve mat:rials were made con-

ductive by various techniques. The most productive technique was made

possible by t he National Research Corporation. It involve, vacuum. coating

aiuminum on 25 gauge mylar sheet. This mylar sheet provided te necessary

chr;icteristics; first it was flexible like rubber, but it wA: co ductv.

Secondly, bby placing the alurinurm surface out and wIth the mylsr side

adjacent to the fixed el.ctrode, the Brook-Smithl principle was al ied.

It was found tht RsiFglificant diferences in linearity existed between
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having the aluminized side inside or outside. The most linear resnon-

ses were obtained with the mylar between the aluminum and the fixed elec-

trode, this is 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 t 3 which

induces an error of +- 2 mm of Hg over the entire range of pressures.

Thus, in theory, one has an electronic system which is linear to within

2 mm of Hg, and therefore we are ready to apply the system to blood

pressure measurement.

5.4 Transducer Positionin

As indicated previously, it is extremely important to maintain at a

constant level the interface pressure between the transducer and the oa-

tient. The transducer is positioned on the arm of a patient by means of a

pivot cantilever arm. The holding assembly is oictured in photograph P.7.

The cantilever arm is Divoted about needle point bearings for reasons of

anti-friction. The rod and mass extending 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 maintaine!- effectively constant by three methods.

The first method considered was a pneumatic cylinder placed between the

transducer arra and the base. The ;,ressure to be maintained constant with-

in the cylinder. It becme obvious that such a system would be attended

by many problems of friction and control. For reasons of practicality,

it was discarded as a possible method for maintaining constant interface

pressure. The next idea considered and applied, was the placing of a

low force coefficient snring between the transducer arm and the base.
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I ~ ......It was thought that since the arm movements were of the order of a few

hundredths of n inch, that the variation in the force due to the spring

would be small. This idea 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 that pressure, we found that it was medically

not desirable because it caused some trauma. With further experimentation,

the pressure level which gave the best signal transmission while not ad-

versely affecting the patient, proved to be about 2.5 psi.

The spring principle for interpressure maintenance, proved to be un-

desirable 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, however, it

was clumsy and impractical in application.

The most practical solution to the constant interface pressure prob-

lem was the application of "constant force" springs manufactured by the

Hunter Spring Corporation. They are 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 the spring during uncoiling, is a

function of the reverse bending of this re-stressed material. The re-

verse bending occurs over 90 ° of the coil and s in the same 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. + .2 lbs.

was obtained for the entire range of operation. During a particular

application the force varies by approximately 0.05 lbs. 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.

The concets 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 mercury pressure, or expressed

in terms of characteristic curve slope variationt 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 is depicted in P.11. The

transducer and holding assembly are seen applied to the patient and the

Decker Delta Unit is in the foreground. The oscillograph is in the back-

ground.
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VI. PREIMINOY ALUATION

The objective of this whole investigation is to consider a new. tech-
B~~~~~~~ilC -r\ ...... n .r~

~*---~'-, J -COAX ~LAL Ilu1uaO ULUVU pressures. we wisn ilrst to consider ne

evaluation from a microscopic viewpoint before a complete and detailed

analysis can realistically be undertaken. The objective is to evaluate

the logic and feasibility of a concept. For this reason, 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.

From 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.

6.1 Evaluation of the Pneumatic 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 used to record the associated pres-

sure changes due to the change in volume.

This system is essentially 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 diaphragm. The deflection of

both diaphragms affects the character of the relationship between pres-

sure and volume. The measuring diaphragm of the manometer is of the

conventional type, 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 linear 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 rubberi!B'
au.. ~ . . . . - _ _- .. 1 . . . _1 . . z,~,..,, . ,-, . , , , ,. ,

ulaprlrapgl is oI Tne oraer oI .vuuu, wnlcn means tat there is aout

two orders of magnitude difference between the two deflections. Even

though the deflection of both diaphragms is linear 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, but since the systeem proved to have other serious af-

fects, such an evaluation was not obtained. Then, the salient oint,

assuming a erfect gas and constant temperature, is seen by the e uation

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

_dV 1p

V P

Using this system under highly controlled conditions of an anesthe-

sized patient. no disturbances, and temperature stability, tracings like

the one shown in Figure 6.1 (a) were obtained. One cn see the character

of the form is very much like the intra-arterial pressure. This stable

recording was possible only on a few cases. There always tended to be

some moduletion, in arsndom 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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It was assumed that for all practical 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.

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

Equation of State:

-? V T (Ste pA sSo 6 afMseM s)

Take logarithmic derivatives yields:

1P DT _ dv
T V

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 constant. then the pressure change would be of the same order,

however, since room temperature is approximately 540° R, temperature

variations of 0.10 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 (c) where an individual 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 complicated 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 both recordings were super-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

eouipment 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 tracings strongly indicates

that there is no significant phase shift with this system. Furthermore,

if there were significant non-linearities, superposition would undoubtedly

indicate their presence. This superposition 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 reason, 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 relatively simple technique

without an extensive transducer development program. Once 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 due to a number of factors.

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

characteristics are inherently non-linear.

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-linearities were large.

4. The positive electrode shape was such that stray fields

could adversely affect the characteristics.

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 iven situation, the characteristic resonse should be in-

variant. Thus, for a iven :atient, we could analyze the potenlialities

of the sys!em.

The first conceot to be checked was the calibration rocedure 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 the setting of the clibration by adjustment of the

grid voltages of the power amplifier. This procedure positions the po-

tential output of the electronic system so that it reads t a !ore-deter-

mined level, namely atmosrheric ressure. Once that is set. we checked

the repeatability of the calibration procedure. In this ;.articular

trial, over a twelve minute periods the base line returned to the pre-set

position within 2 or 3 mn of Hp. This procedure was carried out cn nuner-

ous -,tients, nd in every c-:se, this rocedure was repeatable within

the limite given.

Due to the non-linearities, this procedure can lead to a misgliding
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result, for as the pressure is reduced, the output sensitivity of the

capacitive transducer is also reduced. This would permit relatively

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 wer; still able to obtain good reneat-

ability. This evaluation of the base line calibration procedure provided

encouraging data. The next effect studied was the effect of hydrostatic

level variation.

This effect was extremely difficult to evaluate, for he transducer

was extremely sensitive to positional effects. During the hydrostatic

level changes, there are significant movements that can alter the initial

positional relationship. Thus only under highly controlled condition

were we able to check this procedure.

Figure 6 .3a

The above tracing, taken over a two minute period, shows all the cali-

bration effects. Witl: the arm down, the pressures are higher. fWith the

arm up, the pressures are lower, and during occlusion tl.e output re-

duces to approximately atmospheric pressure. Similar tracings were ob-

tained from numerous other patients, and for the most part they 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 prrsented a real problem since one wishes

to know whether or not the device can be 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 limit might very well be extend-

ed. The reason that one can not obtain repeatability for longer periods

of time is that the transducer is so sensitive to position and orienta-

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

bration.

Figure 6.3b

The evaluation of the calibration techniques involved plctting the

output character stic error on a time basis and from t1 is information,

determining the cut-off point for repeatability of ± 50. A comparison

with the theoretical is not possitle since the degree of non-linenrity

is an unknown factor. If' the actual instrumentation non-lineerities

were known, then the non-linear effects could be analyzed. Unfortunate-

ly, th:ere is 1 coupli.ng, of thae non-linearity dlue to 'he particular

patient under study. The stray c!-pacitive effects Cor e;ac'. rtent are

I

-
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highly variable 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 an instru-

ment. Since the calibration procedures appeared to have some basic

validity in theory, and since significant information had been obtained

with the pneumatic transfer system, it became apparent that a new trans-

ducer should be constructed to eliminate the problems encountered with

the two earlier systems. The basic problems 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 appreciably affected by temperature or pressure.

4.) Improve the effects of gross movements and positional

effects if possible.

6.3 Linearized Capacitance Pressure Transducer

Any new transducer must overcome the problems indicated above. The

stray capacitive fields can be eliminated by making the entire outside

surface of the transducer a common ground. By this method all stray

fields are imediately grounded, and consequently can 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 fact that in this type of single element capacitor, the measuring

electrode (Positive Electrode) must be small in cross section as compared
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Figure 6.3c

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

measuring 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. 9.

The dielectric strength () of dry air is a function of pressure and

temperature. it is given by

P A ttS 

(e(- 0)l(t-; ,, d4It( &C).t
where, - 1..000537 for standard conditions, it is obvious that for

ordinary temperature and pressure variations this is constant.

.-''- ,"' 
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Various methods of evaluation were used to indicate the effective-

ness of the linearized theory. One of the problems that 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 $ar-

ticular effect, we must first wait until there exist a clinical operation

which by its nature 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 having the justification

for obtaining intra-arterial 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. EIny operations proceed without significant

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 rocess of some duration.

When those few cases do arise, of course valuable iata is obt-ined.

Numerous types of evaluations when used, only t;io are gven here as an

example of the errors encountered: First, the errors in pulse pressure

are plotted against pressure ,levels. 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 same data when plotted as a function of

time (Figure 6.4 (a)), the real source of error is seen. The errors are

in general time dependent. Similar curves were plotted for the mean

pressure levels, this gives us information about the nature of the base

line shift. For these analyses, the graphical tracings were
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photographically enlarged to permit better resolution of the data. Follow

this procedure, along with other types of data analyses, there always

appeared a time depend source of error. These errors, though time depend-

ent, were not 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 particular 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 vaso-

motor system such that our assumption of a purely elastic system of tissue

is invalid. In this patient, the capacitance recording system did not

follow the actual 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 be 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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Ad~~~ ~ are seen for vaso-pressor drugs. In this later case, the vaso-motor

system is constricted so as to increase the central pressure and this

action tends to increase the "elastic" constants so that reduced surface

deformations are realized.

The time dependent errors are still not completely understood. The

reasons for these time dependent errors are complex. There appear to be

U;WV mcU± Kn WJee ±1.11 fin . J . J.b r rr.n. Th.a L Pac. .U .A nt W1 O
.,WV HaM JUV.L UL" ,IVi X VA-1.0 vIY V v fi vs- * *IXQL v L U n sW.

calling "muscular 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

have two conscious patients under the same physical conditions, yet the

responses are entirely different. In the upper tracing the recording

jill ~ ,l~l varied in relation to the self-induced straining of the patient, and in

the lower tracing. the variance is greatly 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-

X··~i~ 5/!i sive investigations. Two other clinical conditions are shown in Figure

6.8. Here the ~oatients 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 pressures in the

extremities. In some cases, the muscular straining will completely

'~ Linvalidate any data obtained from an intra-arterial pressure transducer.

This effect is shown.here in Figure 6.9.
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em ~~~~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 significant in the

over-all erformance of the

device. Since we are relying

:-?: ; on some transfer character-

istics to give a blood pres-

i; ,·~:,.!¢-- sure reading which is pro-

' ''."-';j.portional to surrace detfor- ) ...

mation, the recording trans-

ducer must be in the proper Figure 6.9

M:v:?:i -, t- -relationship to the pulsatile deformations in order that the transfer

characteristic be linearly related to blood pressure. The physical ori-

-·: "~-i 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

J;'..'::--}-- ttransducer 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 quite well, then

the transducer was mearly lift 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-arterial 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 able

to position the transducer by any other method except by this trial-and

error technique. One 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
Us%.~ ~ ~ ~ ~ ~ ~ ~~~~~~~~~~~~~i _Q".: '.". 7'I .''x)-P~iie

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 comparatively 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, namely 0.05 seconds, or 34 . 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 damping characteristics of the system. To

give any quantitative information about this damping, it will reouire a

frequency analysis of both recordings. Since the actual blood pressure

wave form contains numerous frequencies, it would be necessaryto pin

point those frequencies at which the response is damped. Qualitatively,
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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 re-

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 frecuency changes within the system. The diacotic knotch appears

in a reduced manner. but differing with each particular patient studies.

The types of variations in wave forms ae shown in Figures 6.11 and

6.12.

One of the important 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 analyze the errors for each

case, and from a great many cases deduce the kind of accuracy we can

expect. There are analyses which will hav to be pursued ultimately but

they are beyond the scope of this microscopic investigation. Figures

6.13, 6.14 and 6.15 are included to indicate the kind of potentialities

that may exist within this concept for blood pressures. Each of these

recordings, when photographically enlarged, yield 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 not 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 474 pounds in total, contributes signifi-

cantly to the 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

to make up special 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 workability 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 transducer on an arm holding board, (see P.11)

and this board is 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 redetermined 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 atient is 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 effect. The author has

tried many methods for effecting the level change, and none have proved

-___, I_ *swJ I1~ alo Ji .L.LVI VIlt:W IUVU..LUJ± L .LAll..LLI,

to numerous techniques of level changes, like hydraulically controlled

arm boards for closely controlled level changes. It appears that the

calibration rocedure 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 Limitations and Problems of the System

It would appear that there are four basic limitations of the system

as it exists.

1.) Positional Adjustments: It is subject to unpredictable

response characteristics due to the manner 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 been cases

where a great depl of tine 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.

2.) Vaso-active effects: There have been enough cases where

induced vaso-activity has significantly altered the char-

acteristic responses, that one must raise serious questions

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 esent, only with a much more

extensive evaluation program will this uestion be answered.

There have been enough cases where stability was obtainable,

that this limitation should not be considered in a completely

negative manner. Further research will yield the answers to

these most difficult nuestions.

3.) Gross Movements; There have been considerable limitations

imposed by extraneous movements. With aplication of the

same basic engineering design analysis, this problem can

undoubtedly be eliminated. These gross movements, due to

muscular activity, were the most limiting problem early in

the program, however, they are very minimal at present.

With such improvements as the constant force spring, proper

interface pressure, and stable holding assemblies. this

problem has virtually been eliminated. It must be always

regarded a a possible source of error, however.



4.) Non-linearities: The system has some inherent non-linear

behavior. These non-linearities 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 of that concept. This uestion of

non-linear behavior may not be completely settled until

some of the more limiting problems are solved.
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VII. CONCLUSIONS

7.1 The Future

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 desigrf'.- 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 gravitational 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

center 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 reduction of the

interface pressure by 5% or 10% depending upon patient's arm length.

Secondly, a moment is created which is proportional to the sine of the

elevation angle. The moment is of the order of 0.1 in-lb which can have

an adverse affect on the initial calibration position.

Another influence, is the rflt. term in the dynamics analysis of the

muscular movement absortion system. Recalling that the purpose of the

pressure platten is to maintain constant interface pressure by causing

the entire transducer to oscillate in accordance with the muscular dis-

turbances. Obviously, there ae accelerations in this process, and the

response to an acceleration is a d'alembert force proportional to n%~.

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 c.g. of the system

should be as close to the interface as possible. This suggests a philoso-

phy for design.

Incorpor-

atinPa the e-e S

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.

Tot

Sors

It is shown in

Figure 7.1. Figure 7.2

With this design, it is felt that significant progress can be made 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-bound, resembling a wrist watch.

With this transducer, the following evaluations would be essential

before any broad conclusion can be made about the potentialities of the

system.

1.) Calibration: The calibration rocedure must be fully checked.
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The theoretical calibration procedure is still in uestion.

Another calibration procedure is available provided absolute

accuracies are not necessary. For relative pressue changes,

the transducer can be calibrated against 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 physiological unknowns.

4.) Stress Function: In 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 should be found and the

full deflection characteristics identified.

5.) Clinical Application: The system should be continually aoplied

to clinical conditions such that some of the unknowns can be

studied and possibly identified. It is felt that much is to

be gained by this kind of study.
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6.) Vaso-activity: 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 temporal artery will

create calibration roblems, but they will have to be faced.

7.) Re-Analysis: Should the majority of the previous analysis

yield positive results, then the system should be subjected

to a complete re-analysis of a very extensive nature. This

is necessary to prove the absolute practicality of the system

for clinical use beyond a research oriented program.

7.2 Potentialities

This pitot study has indicated potentialities under controlled con-

ditions. At present, the system is uite inadequate in application and

design. Some of the data is encouraging and remains 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 aplication of the theory and not in-

adequate theory. Others should analyze the theory and consider different

methods of applying the theory to ultimately realize a workable instru-

ment for recording human blood pressures.

If the, instrumentation is. ultimately developed and proved adequate,

then it is conceivable that other potentialities exist in a research

and clinical 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 plot 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 has 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 aplroach here described makes such

analyses theoretically and practically possible. The investigators

are sure, that if there is validity to the basic approach in this sys-

tem, then there are still other avenues of application, as yet unex-

plored, for solving medical-technological problems in the instrumenta-

tion and recording of physiological phenomena in the human' body.

: ...

..V..
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APPENDIX A

Eauimnent Characteristics

STRATHUM PRESSURE TRANSDUCER (Model P23G, Serial No. 1736)

Pressure Range: 0 to 75 cm of Hg.

Sensitivity: 46.5 microvolts per cm of Hg. 

Natural MFequency: With distilled Water : 750 F and #20 x

5 cm needle, approximately 185 cps.

Critical Damping Ratio: 0.07 under sme conditions as fn'

GRASS P1i PRE-AMpLIFIE (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%.

GRASS MODEL 5 DRIVE-. AMPLIFIER AD W'RITER COINB-INATION

Frequency Response: Linear with 5% from 0 to 45 cycles per

second.

Peak to Peak deflection: 60 Millimeters.

Linearity of deflection: Linear with 2% over range of 50

Millimeters peak to peak.

Chart Speeds: 100, 50, 10, 5, 2.5, 1.0, 0.5, and 0.25 mm/sec.

Chart: Curvilinear

TEKTRONICS TYPE-530 OSCILLOSCOPE

Frequency Response: D.C. to 10mc (Rise time 0.03 usec.)



(With dual signal input)

Incremental Accuracy with .2% full scale

Sweep Rate: Variable from .1 usec/cm to 2sec/cm

Accuracy of Sweep Time: 1%

SORENSOI MDL 1000S VOLTAGE EGULAT OR (FOR E CTRONIC E UIPMENT)

,gt ~~~Voltage: 118 Volts - 0.10 Volts

Wattage: 1000

RCA WV-98A VTVM (For Voltage Calibration of All Euinment)

Full Scale Accuracy: 3%

Frequency Response: Flat to 30 cycles per second.

DECKER 1MO.DEL 902-1 Delta Unit

Output Signal: Max. + 30 Volts.

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

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

Drift: Less than .03% of full scale er hour random, with

.05% full scale er 24 hours.

Stability: .1%

Linearity: Wdith ideal capacitor . tical capacitor 1%.

Noise Level: lOmv in 0-10,000 cycles pr second freq. band.

ALTEC MDEL M-20 MICROPTOTE SYSTa;

Frequency response: 2 cps to 18 Kcps

Rise time: 50 microseconds

Sensitivity: -56 db re 1 volt/dyne/cm 2

STROMBEIRG-CALSO3I 4 MODEI, AV-70 AMPLIFIER

Power: 3 watts

Sensitivity: .C035 volts

--- Frequency response: Compatable with Altex system
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DECKER AVIATION CRDIODYNAETER (Sensitive Pressure Meter)

Natural Frequency: Approximately 100 cps (in the pneumatic

system in the study contained herein)

Damping Ratio: Approrimately .15

Frequency Response: + 5%, Amplitude and + 5 Phase distortion

throughout .05 to 75 cps

Sensitivity: 7.5 millivolts//micron of Hg.

I_
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APPENDIX B

LINE-R DEFORMATIC.) THEORY -

model sketch at the right. We

postulate a homogeneous, iso-

tropic elastic medium. The semi-

infinite flat plate is subject

to surface deformations due to

internal ressure Po. The

assumptions are:

1.) Po Blood Pressure

creates an arterial

deformation Propor-

tion to Po with ra-

dial variations (a).

Deformation theory

due to King (51).

2.) Arterial Deformations cr-ate radial pressures Pi between the

artery and the elastic tissue media. This oressure Pi is

nroportional to Po.

::: -' Now, consider the dYd element and write the equations of e uili-

br ium.

RADIAL I EUiLIERIJIR :

The net unbalance force due to S is given by:

. ,~~~~. ap j5de ] d] [ -t+ S ](datdv 3r
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The net unbalance force due to ~$ is given by:

The net unbalance force due to S is given by:

(Assuming small angles and neglecting second order effects)

Then the sumnation of forces in radial direction ( F ) is:

ST N Is + a-ESt t I =(a)

TANGENTIAL EQUILIBRIUM:

The net unbalance force due to b is given by:

The net unbalance force due to S is given by:

+( d Yd~> ) (s,, t -Y C8
Then the summation of forces in radial direction ( Ft o ) is:

.,;;=e~ ;@~ aEI+~~ ~ 2S 5°(b)

--a.. ~ After Airy (*), we can define stress function , such that Y e

and S can be defined in terms of . is purely a function of (e)

and (Y) . In polar coordinates, the three stresses can be defined

by:

St
(c)

See A more complete analysis in Advanced Strength of Materials,

() J. P. Den Hartog, McGraw-Hill, New York, 1952.

ti ~r!

. J of . A_. z _ i; .
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-t , -" -1: : .: ~~'L (d)

(e)

The equation of compatibility for Airy's function is given by:

.'L 2 

which is a biharmonic function in . With the boundary condi-:~ ~ ~~ LA1~ ULXL (U~ ~A.Lx + ±WIC Y U i e WLLUL i .~~ °U

bLVII09 U1nLrt 1ldy U&LZ3U U LU1IftLU11 I WIl.LULI Odt.lO U rieje 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:

o.t o:

s' -L -Sr e
= a

Taking these conditions, and substituting into either equations

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

(e), one can
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Satisfy the boundary conditions: 

&t ': I ~.
. o.-- ..- (f)

.--. ~~~~~~~ ' '. ' (g)

.ti: ; aC5(

(h)

(i)
Now we define a new function such that +

From this we obtain new boundary conditions all of which are a

function of ¢ . ( P s I$ ludepesan oQ t e)

From this we could obtain a solution for 1>X

Such that -lW&p , since the boundary conditions are only a function

of , which is in turn linearly related to § by 

Thus:

m-P-G (Grwidvm4cobT'XerbOeS)

Where the Geometrical Factors are defined in terms of the

function. We see from this limited analysis that (w) is linear with

Pi, and Pi is linear with Po. One can see this almost without further

calculations in euation () 
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APPENDIX C

PART - Some Results of Study of the Infra-Red Pulset~~ ~~ ~In the body of this dissertation, it was noted that a program of

evaluation was undertaken to study the relationship between the I.R.

Pulse and intra-arterial blood pressure. Contained herein are a few ex-

amples of the data which ultimately led to the conclusion that I.R. Pulse

data is not directly correlated to blood pressure.

Figures C.1, C.2, and C.3 are typical examples of a dataanalysis

program which showes the error in I.R. Pulse as compared to the I. A.

(intra-arterial) blood pressure. Figure C.1 shows a trend of error de-

fined by the angle cd . 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. Siminilar studies were undertaken on a number of

cases. and the general results of this tyne of study indicated no de-

finable relationshin between the two outputs.

Another type of study which was most fruitful, is tyically indi-

cated in Figure C.4. In this type of study, the comparison of the two

signals was done on a time basis. aHere one cn see the effects of

clinic:l procedures on both the I.. Pulse and on the I.A. blood pres-

sure. The difference between good correlation ad poor correlation lies

in the clinical condition of the patient under study. In the cses

where the atient retains a condition of homneostasis throughout the

operation, the I.R. Pulse and the blood pressure correlate very well.

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

sees the kind of results depicted in Figure C.4. Various clinical
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factors are shown to effect the I.R. Pulse and the blood pressure in

_ : different ways. 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

V has a similar 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 the condition of the patient. Further evidence is

shown in the Figures C.5 through 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 conclusions.

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

:- !~?~?-
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Lru 4. W rn ls tracing was taken ust priorto cardiac failure, Note the small amplitude
of the I.R. pulse even though the blood
pressure was very high, namely, 230/120.

V [

.1

Fiigure C,10 This tracing was taken during
cardiac falure. It shows the irregularity
of the I.R. pulse under these conditions
of extreme duress. The major activity of
the I.R. pulse is during manual compression
and not during the myocardial output.
During this time no accurate knowledge of
the blood pressure was obtainable.
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Figure 0G.1 This tracing was taken during
-the onset 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
:electro cardiograph(EG).
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Sams
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Figure C.12 This tracing shows the effect of
minor activity on the I.R. pulse of a cariac
pit ient.
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APENDIX C

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

The infra-red pulse appears to have much broader implications

than the sensing of volumetric change, because of its responsiveness to

various "known" conditions in which the clinic2l situation c.n be assay-

ed with fair accuracy, even though the circulatory function, "peripher-

al diffusion", cardiac output, etc., is variable. It has been susoect-

ed of being the stroke volume output, which it may be, but about which

we are not yet quite sure. Whether or not it is stroke volume output,

one can be fairly confident th!t it either is or comes close to being

an equivalent representation of the stroke voliume output arriving at

the vessels under the photoelectric cell, and possibly as modified by

vasomotor control. 3ince the IR instrumentation may very well. be sen-

sitive, not only to physiologic changes, but also to chemicl changes

in the body, it is important to determine the extent to which it can in-

dicste effectiveness of circulatory, resi..ratory, or other functions.

Correlation with many other items of information, such as levels of

carbon dioxide in the end-alveol?r air, the blood, the pH, the blood

pressure, the tidal volume, and the minute volume exchenr-e. with the

clinical course of the patient are possible and reveling. We have de-

veloped confidence in the prognostic indications of thie I.R. Pulse wave,

and have not as yet seen any other indicator of circulatory function,

or reflector of satisfactory ventilatory exchange, that e ualled this

single test in sensitivity or accuracy.

Theories are proposed by the invistigstor s :1 expl!n-tion but

it is too early yet to know whiether full validation has been achieved.

In analyzinc the I.R. Pulse, one must -n in some understanding as
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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-

siologic 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 optica'l 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.

W.ithin the small blood vessel walls is the circulating blood. The fac-

tors which might effect the optical 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

:4:~: ~ 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 vriable., It seems that

optical density mainly will be effected by changes in the arterial wall

and its muscle fibers, and in the blood itself.

The following factors may change opticaldensity. 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 recognized. Less well known or appreciated is the integral re-

lationship between flow and distensibility in production 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

particular instance would be grTeater or less depending upon the pattern.

One must then ask which affects optic::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 question reduces to that

of the relative 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 there 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 euivalent in

its volumetric distention to the pressure change indicated proximally by

an intra-arterial cannula. In a similar manner, one might sy 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 itself in constriction, the volumetric distention of the finger

may become ne-rly 0 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 is a measure of the optical density

in the ear and that any deviation is clearly a reflection of he optical

density change, one has reasons for believing that the optical density is

affected by volume mainly, ut not exclusively. The number of particles

carried by the blood will affect the opticnl density, just as water will

hqve a different optical density 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 lethor , affects not only the
.:

i=
.T

I

I
I
i
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physiologic and medical condition of the patient involved, but also the

opticslrnsity 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 qualitative relationship between

the I.R. Pulse and volumetric efficiency. It is apparent from the phy-

sicl 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,and that it reflects very sensitively the status

of the patient at any particular instant of time. The I.R. Pulse has

been recognized by us as a vluable tool for measuring the changes that

occur in the reoerative, operative, and postoperative situations to

which patient. are subjected.
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APPENDIX D

A Collection of Pressure-Volume
Relationshios for human arterial

sections. Some of the data herein
was obtained through Journals and

other publications, while some
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PRESSURE-VOLUME RIATIONSHIP8

OF HUMLN ARTERIE*
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FIG. D. 2
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Pressure-Volume relationships from the entire
intact aorta of dogs that have recently died.

*Obtained from article by C.J. Wiggers in the
American Journal of Physiology. 123:644,1938
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