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ABSTRACT . .

A}
Is

L N ’ - . - '\. )
A new nbn-invasive method for monitoring changes in arterial ~
+ \ * . .
systolic blood pressure is pré&gnted in this dissertatian. This new

method avoids certain disadvantages of .conventional blood pressure * = .

measuring techniques. . . , . .o . .
- & ) . A . . " ’

-E]astic reservoir theory is adopted. tg. show that, Under certain )

.cond1t1ons and assumptions, the time rate of blood volume change 'in a

\

part of the m1croc1rcu1at10n can be~re1ated to the systol1c blood!pres- .
sure.~)An electronic “test circuit was built and a number of experiments

were conducted. “The results of these experiments: show that any errors

R
" "‘:"l.
sympathetic nervous. system at the site of measurement. 3xig§jpg appro- TR
- priate techniques, these errors can be reduced so that sgtisfactory
. ) ' . - 3
inqigationeof blood pressure changes can be achieved. B ol
o . L kY . ‘ x;
By an extens1on of this method other var1ab1es of the systemrc N
\ o - te,
circulation could be S1mu1taneousﬂy measured, while using the same
transducer. . . ) , 3 S S
. - P l.r
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GLOSSARY;IZQ,'37. 38]

artefact , ... . . ary unwanted signal.

oarfepio]e'\ o one of the small te3m1nal twigs of an
. . artery that ends 1n cap1llaries.

arterio-venous-

anastomosis. ) direct channel between an ar€§r1ole and 2
venule. _

artery . o © -a vessel through yhich the blood, is pumped

' ; , away from the heart. : - 3

atrium . _an anatomical cav1ty or passage, especially

: " ~a main chamber of the héart into which blood
returns from circulati

aus;ultation . - the act of listehing for sounds 'iri the body.

. autonohfc ne}uous system part of the nervous system which acts inde-
) . pendently of the vol1tion. ® .
" bio-feedback . © feedback of value of a physiological vari-
. ; able such as blood pressure to subJect for
. purposes of control. ’

7 blood ) . a suspehs1on of cells in a fluid (plasma)

. *  capillary - * ,the finest b]ood vessels normal]y.about 5

- T . - to 6 micrometers in diameter and about 0.5

\ : ‘ millimeters long in the systemlc circula- - -
. . ) ' tion.

" . cardiac catheterization insertion of catheter into heart cavities for
. T e diagno;tic purposes. A . '
. cardiac oytput® . “the product of the heart rate and s?rdke _ '

’ .o - ¥0lume, : D

. . ¥ A
- . - . ,h‘_ B ¢ . - [
catheter '*a tubular med1ca1 dev1ce inserted 1nto “canals,
' : : ’ ‘vessels, passage ways or.Qody cavities, '
ro ) - o0 -usually to permit injection or withdrawal V

. ‘ L F of fluyds or to keep a passage open. ~

r-

g

>

collagen ' an elastic tissue found in the walls of
, : : large arteries and other tissues. ., ’

.
. ) , .
; .
| Ve ; . e
N
‘ . b . .
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, ) xi
hY
,;:. AY - ¢ ‘
diastole - Do a rhythmical-ly‘recurrent expansion,
, ) .~ especially the dilatation of the cavities
" . of the heart as they fi11 with blood.* ‘

(2
*

- TN
diastolic blood pressure the lpwest pressure in an artery dur‘ing a
. ~ ; " heart’ cyc]e. .

distal = . remote; farthest from the centre, or‘lgin or= >
' head. .
distensibility .t an ability of a hollow structure to change
' v . 1ts volume.” " -
. & ' ‘ ) ¢
elastin an elstic t1ssue found 1n the walls of
. arter1es. '
electrocardiogram (ECG)' " a record of th?‘!lectmca] act1v1ty of the
4 T * -heart. »
sessential hype"rtension ] h1‘gh b]dod'pressure without known cause.
. S
heart - muscular organ that mamtams c1rculat1on
- of the hlood.
hemodialysis . . removal of waste products from the blood by .
. . an arfrf1c1a1 k1dney. - X
« © .y ‘ :
hemoglobin - . ",, the oxygen-carrying red pigment of the red
L " blood corpusc'lesz .
hormone , Lo discrete chemical substance secreted into-
N -~ the body fluids by an endocrine gland which
~ . e ' has-a specific effect on the activity of
. . t. . " other qrgans. ‘
. ! ' . hypertension Q" abnormally high‘arteria«l blood pressure.
vyt : : ) ‘ i :
i intra-arterial pressure "~  fluid pressure in an artery. .
¢ L * .
} intraocular preésure ; fluid pressure in th’ interior of the eye. :
\"/J ' isobestic point . the wave length of light at which two - .
‘. T e ) absorbing substances have the same absorp-

tiof coefficient.

sounds produced By Sudden pulsation of blood
* being forced.through a partially occluded,
artery and heard during auscultatory blood
pressure determination.

b Korotkoff §ounds

\a ‘ 2 )
. .

»
Ay

[
)



. per1phera1 b]ood vessels ~ smallest arteries, veins, and blood vessels -

. plasma . ' " the fluid port1on of the blood in wh1ch the
N corpusc]es are suspended
platelets (thrombocyte) one of the small, db1our1éss corpuscles in
. the b]ood
p]ethysmograph ' .a device for measuring the volume changes oﬁ///
0 e an ‘organ or part of the body.
o : .
pre-ejection peripd (PEP)  time interval between onset of electrocardio-
L graphic ?-wave and start of mechanical §
s - contraction of the heart, L e
presSuhe pulse | pulsation in an ar ér& or vascular bed due
. to increase of pressure. . Lo
protein ’ ) any one of a group of complex organic nitro-
o genous compounds forming an important part
: -of all living things.
. \
pulse pressure ® the' difference between systolic and diastolic ‘
- blood pressure. * - .
. L

e - i
VT 1 o .
left ventricular ejection '
time (LVET) time during which blood is ejected from
po the heart.
metarteriole extension from an ahteridle wh*%% connecfs
. ' ' to a capillary.. ‘
9 4 .t
microcirculation . ~
(microvasculature) . ~cons1st1ng of smal]est blood vessels 1nclud-
ing capillaries, arterioles, and venules. ,

neurogenic - ‘ or1g1}ud§ng in the nervous, system.

B ” S »
non+invasive technique physiological measurement technique which :

: does not require puncturing of the skin or

entering any organ. !
_organism ‘« any organized body of 1ivihg economy.
oiyhemog]obiq A a cdmpound of oxygen and hemoglobin formed
. in the lungs. .

parasympathetic nervous j - * ' ' i
system . part of the autonomic nervous system. :

of the microcirculation.

. - P




pulse wave velocity

reaTﬁ?;od cell

(erythrocyte) ~ 1.

sigmoid

sino-auricular node
(S.A. node)

-smooth muscle

Sphxgmomahometer
stroLe volune
sympath;t1c nervoUs
"system

systole-

W

-systolic blood. pressure

tonometry

Valsalva manoeuvre

‘vascular bed
vasoconstriction
vasodilatation

vasodi]ator‘

vasomotor

vasomotor activity

4

A}

7N

ot
L4

e ‘ ' x'Hi
rate*at which pressure\pu1se travels along
an artery. “\ v i [
g \

_a corpuscle in the blood which carries
© oxygen to the tissues. and\xsmoves carbon

\d1ox1de from . them.

»
N

'S-shaped

a well-defined collection of cells produc-
ing a periodic electrical discharge which
initiates E?ntract1on of the heart.

non-strijated szc]e which is controlled by
the autonomic nervous system.

an instrument for measuring blood pressure.
amount of blood pumped during each heartbeat.

. \ '
a part of the autonomic nervous system.-

the contraction or period of contraction of
the heart, especially that of the ventricles

during which blood is ejected from the heart.

highest pressure in the artery dur1ng a heart
cycle.
J

the measurement of tension.

~reduction of arterial blood pressure by -
increasing the internal pressure on great .-

veins leading to the heart.”’

',;any tissue which contains blood vessels.

dECreése in calibre of blood vessels.
increase ‘in ca11bre of b]ood vessels.

-a’' substance which causes the blood vessels
to dilate. .

having to do with the musculature that

_ affects the calibre of a blood vessel.

changes' in calibre of blood vessels due to
activity of the autonomic nervous system.-

N -

[4
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i

veins

ventricle
-venule

: volume' pulse

_ .- blood is forced ,into the arteries. ‘

? '/‘\ N . ‘
the vessels which carry blood from the -
tissues back to the heart.
a chamber of the heart which receives blood
from~a corresponding atrium and from which

a small vein; especially one of the minute
veins connecting the cap1llany bed with
. the larger systemic veins. .

v

* pulgation in an artery or va cular bed due , ;

to injection of blood _ C
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AV
AVO
Ave

NOMENCLATURE,

‘ I
maximum amplitude S _ ‘

4

Fourier coefficient ‘ e
R .

. atrio- ventr1cu1ar valves - . o

atr1o-ventr1cu1ar valves open
-atrio-ventricu}ar va]ves‘closed
aofti% valve . |
aortic valve open’

aortic valye'clased

attenuation factor fo;\iight passing through tissue -
plus blood :

maximum amplitude

Fourier coefficient . [
arbitrary” exponent

concentration of absorbant

pulse wave velocity

optical density ‘ L

L] ) " ” ) ) 5 3 '
Young 's modulus of elasticity ‘

Average st1ffness (elastance) of aorta and large
arteries during diastole .

Averiage stiffness (elastance) of blood vessels in .
a microvascular reg1on Mi during diastole L.

propont1ona§1ty constant A
thicknéss of arterial wall , . .
transmitted 1ight intensity -

incident 1ight intensity

hats
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’

. A

a

‘reference pressure * . - .

arterial systolic Blood pressqﬁé - "N

‘arterial diastolic blood pressure .

arbitrary constant | s

L4 13 " —
arbitrary constant T

- -drbitrary constant | - N : .

arbitrary constant

M ~

arbitrary constant”

S

arbitrary constant ,
arbitrary constant

total.of all microvascular regions except M1

a.small microvascular region containing arterioles,
capillaries, venules and arterio-venous anastomoses.

3

mitral valve

arterial blood pressure at beginning .of diastole

"instantaneous value of aiterial blood pressure

) .
P - ‘ \\" . <
a P0 . v ‘ *

blood pressure across a microvascular region,’M1

oscillatory part of arterial bltod pressure
mgan”arterfgi blood pﬁéssurg ; o
values of qfferial blood pressure -
change in blood pressure

?ﬁlmonafy valve T
density of blood |

inflow of blood to region M

-

._‘z‘

]




" time of -one complete heart cycle

duration of diastole

inflow of blood to reglon M1

sum of inflow of blood to regions M and M1
fluid resistance of region M

fluid resistance of region Mi' 4

fluid resistance of regions M and‘?% together

“arbitrary time intervals -

. (.
time constant

time variable ° ) )

start.of diastole: , v i

‘arbitrary time . . _ , f

tficuspid-valve

blood volume of region M _ C

blood .volume of regioﬁ M1

blood volume of region Mi at Pi== 0

blood volume of aorta and large arteries

blood volume of aorta and large arteries at P,= .0

blood volume acting on transducer” at a part1cu1ar
location 1_

. blood volume actlng on transducer at a part1cular

location 2 - S
change in blood volume

totai vdlume of blood plus tissue

length of path traversed'b; ]ight

impedance of blood plus tissue traversed 6& exciting
current




/ CHAPTER I S
e INTRODUCTION o

' . 3
* The human body is a complex organism, consisting of many inter-
écting subsystems. One of these subsystems is the circulatory ©

sysfem The circulatory system'comprise5“h contractile, pulsatile

Tt organ called the heart, which pumps a fluld blood through a

y ’c]osed network of tubes known co]]ect1ve1y as blood vessels. In a

normalphuman male the blood leaves tHe heart at a pressure of

L §

approximafely 120 mm Hg above atmospheric pressure and undergoes

‘pressure drops as it flows through various b]pod vessels. The

:'pressure. . _ ;i

b]ood finally-returns to the heart at approx1mate1y atmospheric

3
¥

Fig. 1.1 showsia'simple schematic of'the circuletory system.
Blood is expelled from the heart in regu]ar pulses.(blood flow out
of the heart is not continuous) an eneers the arteries which are
d%stensiple. The resulting preSSu:S in the arteries during one

cycle (from one pulse to the-next),Véries_from a highest pressure

“(systolic) to a lowest pressure (diastolic). The alternation

between high and lew pressure in the arteries produces the pressure
pulse. From the arteries the blood flows ehrough'the peripheral
blood vessels, which-are the smallest vessels; The blood then
flows'into the Tow pressure vessels which are celled veins and is

e

returned to the heart. - {

| | |

1.1 Preliminaries
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The measurement of.thé b1ood‘pr%ssure in various parts.bf the
circulatory system is of\qreat importance in physiology and medié;
ine since the level of the blood preséure and its dynamic changes
must be known in order toiuggsrffand the physiology of the circula-

tion\and to assess the state of health of the individual.

‘ %he blood vessels which carry blood at pressures near those

at which it leaves the heart (high pressure) are called arteries.

The pressure of blood in the arterfes is of particular significance
/ ' )

to physicians, and is one df th? most frequently measured quantities

in-medicine and physiology.

The magnitudé of arterial blood @ressure must be known in the
* ‘ ‘
diagnosis and treatment of certain disease states - such as hyper-
tension. In other cases cont%nuous monitoring of the blood pressure

may be necessary - as after major heart surgery - since in these

cases tQS blood pressure can fall suddenly.

e

In some areas of.physiq]6§1cal research\;ontinuous blo d‘presg-
ure mon%tqring is also necessary in order, to correlate changes in
‘blood pressure with changes in 6ther physiological variables. Ther; ,
is a need for a simple non-traumatic means of c?ntinuous arterial
blood ﬁ;essure measurement (or relative measuirement) of ééhsonabIe

accuracy. '

Although various methods of arterial blood pressure measure-
ment ‘exist they all have certain d%sadvantages., A critical review
of current methods of bldod pressure measurement is given in

‘Chapt, III.

\




'ﬁ:z Charaeterizatiom of B1ood Pressure
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% The magnitude of the arterial blood- pressure is not'constant,
but var1es 1n a periodic manner' between a maximum value ca11ed the
systo]ic pressure, P, and a m1n1mum value kmown as the diastolic
pressure, Pg. This is shown in Fig. 1.2  from which it can be
seen that'tbe instantaneous pressure can be represented as the sum
of a steady pressure and an alternatimg pressure in the form -

P(t) = Pp + PAE) (1.1)

o

where P(t)
P

1nstantaneous pressure in mm Hg y

/
-

steady pressure in mm Hg.

' Pf(t) = oscillatory pressure in mm Hg.

-

~The oscitlatory part Pf(t) is not sinusoidal, as shown in

Fig. i.z and hence is generally represented through a Fourier

Y

series in Eqn. 1. .

Y

~

P(t} = P

m T c)F(A'n.cos nwt * Bn'sin nwt)  (1.2)
. ’/ ’ B ]

t

dhe of the simplest measurements that can be madé on the circul-
atory system is to measure the blood volume changes in.a.peripheral

vascular bed. Although the shape of the pulsations vary from site

to s1te, in general they are similar to those shown in Fig 1.2..

It is not easy to re]ate these b100d volume changes to the pressure
1n terms of Equations (1. 2) or (1 1). ‘
Howevea, emp10y1ng the fo]]owing approach the periphera] b1ood

volume pulse can be related to the arterial pressure producing it:
. - o




EY 4

’
L
P v
. : v
- -~

N dABM °STng Jo mxo3 Z°1 °OII

aingsaxg




3 i)
s b

L

- Y

iii)
A

-
"~ P(t) and the volume pulse are considered only during diastole,

when they are monotonic and when the only forces produciné blood

F

flow are those of the stretched arterial walls.. NN

P(t) and the volume pulse during diastole are modelled in a

negaiively exponential form. o, ) -

P(t) and the volume pulse are considered only at one specific

instant during each cycle, i.e. the start of diastole when their «

rate of change during diastole is maximum.

By this procedure the peripheral volume pulse can be. related to the

arterial systolic pressure subject to a number of conditions and assump-

.tions.

°

Ps =

ﬂ
& where

$ nd

The arterial systolic blood pressure may then be expressed as:

]

CBEXP [-B(T - £)] + S8 Exp (-b(t - [0} 01.3)
;
P = ar;gria]‘systo1ic pressure - -
, A,B = . constant - . |
' men D = measureq quantity

t, © startg diastole

e T = arbitrary tine St ¢

Y - h‘time‘vam'ab\le >t '

¥
[

The advantqge of this method is that by considering pulsgtilé%arterial

blood

being

pressure changeé and pulsatile peripheral blood voTume.changes as

piezgﬂSSe negatively-expanentiaf, a simp]qﬁiﬁbntraumatic, bontfﬁu-

ous measurement of relative systolic préssure is'pﬁssible. This concept ~

a‘. L4 ’
b
\ ; :
. N ,
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- terms used hav been 1nc1uded in the glossany. T ta

is developed in Chapter v,

ifg:iscgpe of the Dissertation

~

This dissertation deals with a new method of making re]at1ve*§u§t- ‘.
olic blood pressure measurements. The method does not give*the absolute
valges, and hence a calibration against a standard.blood pressure methqd
will be' required for each series of\heasurénents on an individual. How-
ever, once this calibration is made this neﬁ:method will follow changes
in systolic pressure for as long as the measurements are‘being made, )

without any: further calibration.

| = ) .

In the second- chapter, alshort description of the human circulatory
system is given®in order to prov1de an appropriate phy5101091ca1 back-
ground for the theoret1ca1 development which fo]]Sﬁs Since the:c1rcu-,
latory system is a h1gh1y cbmplex ent1ty*£pn]y its essential features
are out11ned However, all of the terms-and functions necessary for a

simple unders and1ng of the c1rcu1atony system have bean defined and

explained. further c]ar1f1cat1on, a]] phys1o1og1cal and medigal

-

»

A cr1t1ca1 review of the principa] methods of blood pressure mea-
Y . <

surement is given in Chaﬁter ILL. This provides a backghound against

which to compare the new-method presented lh th1s dwssertat1on. It will

N \ ;

be seen that very 11tt1e work has ‘been done in the area of indirect, non-

occlusive b]ood pressure measurement. The new method to be described

lies prec1se1y in this area; and it is <in this“area that successful

“deve10pment of a new method would be needed o .,1‘ : e




in this area. ! o . N

4

The theoretical basis for the neﬁfﬂethod of re]ative~glood pressure
measunement,3s%presenteq’in'€haptér IV. It is based on a simple form
of the elastic reservoir theory of thefd?rculatbry systémns]. The

topics touched on,in Section 1.2 above, are developed in detail.

e R - . b

There are a number of techniques égf'mea§uring EQTSafile periﬂy‘
pheral b]o@d‘volume changes. Two of these, the électrfcai impedance'
p]éthysmograph and the photoé]ectric pléthyémograph are discussed in
Chapter V; A method of measuring the tota]lperipheral resist;nce to'

blood flow is also described.
A .
. : 4 -
An experimental test circuit hased on the disqussions of Chapter
- ; «
IV and" Chapter V was built. The operationﬁof this test circuit in its

4 B

simp]ggt moﬁeris déécribed in Chapter VI. The exp]angtions'aréig{veﬁ in
functional block diagram form. A'numper of expé?imenté were éaéried out
with the'éxpérimentalliest circuit on two subjects;e Thegé 7xﬁeriments

wer% d@ne fn order 'to so]ve certain préb]ems with the n?w method. The '
ézggrimentsiahd theirnresu1t§ are discussed in éhapter VII. Thg prjnci;

\ +

Chapter-VIII. The most serious error is phyéiologﬁc but can be made

‘ .acceptable by .appropriate techniques.

Yo B

_ The final chaptér includes a discussion of the digsertation as a

v

r

1 ¥V

e

- pal sources of errory physfo%obica] and instgumental, are discussed in :;

.-whp]éibapp]ications of the new method and’ future work ‘that could be done



s THE- CIRQULATORY SYSTEM .

" CHAPTER II"

2.1 ~ Introduction

In this chapter the circulatory system of -the normal human body

" is b#?eﬁ]y described." This is presented for providing a proper back-

) ground for the material to follow. The circu]atory system is a closed

. %
network of tubes in wh1ch a partlculate solutlon known as blood circulates

due to the pump1ng action of the heart. The uﬁ1ts of measure used in

describing.the system are given and the important functions and pre- N
perties of the b1ood heart and blood vessels are described. The pressure
relations that ex1st at different times in the heart and aorta during

the heart cycle are explained. Some aspects of’ the control of the cir- -

Culation, exercised by parts of the nervous system, are also discussed.

fw

2.2 Units of Measure

2.2.1 Pressure =~ ' -

Arterial blood pressure is universally expressed in mmhg. This 1is
the differenoe'jn height, caused by the differential pressure, between |
the two levels of-mercury in a U-tube manometer. In ﬁndirect measure-
ments, if an Aneroid Barometer is used, it is calibrated in terms of mmHg..
When pressure transducers are used in direct measurement the output of

-~ fs

the transducer-amp11f1er system 1s also ca11prated in terms oflnan
]

2.2.2 Flow

Blood flow is’mormally expressed in terms of vo1ume:rate of flow.

¢

The outflow.from the left ventricle, given in liters per minute, is




*
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Ca11ed‘the cardiac ‘output or minute volume. The left véntricu]ar out-
flow can'élso'be.gjven in terms of‘the vo]um; of blood expelled wj?h
each contraction. This volume is called the stroke volume, énd‘{s
Expres;gd as milliliters (ml) per s%roke‘or simply milliliters. In
various regions of the body, the regional blood flow 1s given as milli-

liters per minuge. '

2.2.3 Flow Resistance -

Two units of flow resistance that are in common use,Stacey[3'4],
’ »

[

. -I ‘ - ‘
(1) Peripheral Resistance Unit (PRU) T

The PRUm is defined as that resistance which requires a pfeséure

difference of 1 mm Hg. to produce'a flow of 1 ﬁl/min.

*thal s pry = TmHg min.

N ‘ml

PRU is similar to PRU_ e;Eept that it is based on a-flow rate .

of 1 ml/sec., and hence:

- 3
»

"~ PRY
PRU, = ——T
_ 60

e,

(2) .Absolute Unit of Resistance (AU)

The AU is defined as that resistance which requires a pressure

difference'of'l dyne/cmz to produce a flow of 1 cm3/sec.

that is: Ay = GYme sec. R

cm
The relationship between PRU. and AU is, then, e
v -~
- \
1 PRUS“ = 13.6 X 980 X 0.1 X AU

= 1332 AU v



or 1 mmHg. = 1332 dynés/cmz-

3 /r -
The PRU. unit will be used in this dissertation.

A}

2.3 Basit Functions of the Blood

The b]ood‘carries out several functions in the human body[4].
It conveys oxygen to the various tissues, enaBiiné them to carry _out
their metabolic protesses It transports nutrients such as glucose
to the tissues and carries away waste products including carbon dloxide.,
urea etc. Hormones, such as adrenalin, are transported from the glands
to the organs-and tissues upon which they act. It acts to regulate the
, temperature of the body core in transporting.heat from the .interior to
- the surface (skin), where it is dissipated. The‘movement of p]ood
throtghout the body:is effectea by the Heart and blood vesselsT The. |
total btood.volume in an adult male {s 30 ml peniééund of body weight.
Thus for a 170 1b.'man the total blood volume is about 5.1 liters. i
‘The blood is composgd of a mixture of several different particle§‘
(cells) suspended in a Tiquid médium. There are threg principal kinds
of cells: the red blood tells or erythrocytes, -the whité blood cells
o; Teucocytes and the platelets or thrombocytes. Each type of ;e]l
carries out a special function and tﬁeir circu]atjon‘throughout.the
human body is necessary for the body to survive. The erythrocytgs are
the most numerous, constituting about 97% of the tota] cell vo]ume of
the b]oodg']. The red blood cell is normally a biconcave disc, about

8 microns.in diameter and about 2 microns thick. There are about '

5 million red blood cells in one cubic mi11imetef of blood. The red
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blood cbllular content of the blood ranges from 37% to 54% of the

total -blood vo]ume[G]. S o ‘w .
\\A‘, . * ‘ *
The 1iquid medium is called plasma with water making up about

90% of its weight. Another 7% of its we¥ght is made up of various
proteins, of wh%ch albumin is the:principal onep The rest of the
plasma consists of a large number of substances, such as hormones,
antibodies, carbohydrates, electrolytes including sodium,\potassium, .

: .
calcium etc, and other biochemical substances[4’6].

The particulate mixture of €é11uiar bo&ies ih plasma is referred
to as whole blood in order to‘identify it from plasma, which cohtains
only colloidal or molecular Eﬁrticles. The specific gravity of
whole blood ranges from 1.052 to 1.061. A]fhough plasma is a colloid-
al solution-it behaves like a,Newtonian f]yid [7]. Whole blood with

its larger.cellular particles suspended in the plasma shows deviations

" from a Newtonian behaviour. However, McDonald (7] has shown that when

\

the internal diameter of the blood vessel is very large compared'to

the diameter of the red blood cells, whole blood behaves 1ike a New-
Y

tonian fluid. This is~not valid when the vessel diameters are of the

s \
order of 0.5 mm or less.

The apparent viscosiﬁy\of’whole 51ood is about. three timés that
of water, that is,/at 20°C this is about three centipoises. It is a
common practice to use the ratio of who]e‘blood viscosity to that of
water; known as the relative viscosity.. The reference temperature is
37° C, since this is the temperatuée of the blood in the body core.
The viscosity of water at 37° C is 0.695 centip&igés. The apparent
viscosity varihs according to the rate of shear at the vessel wall.

1




by the rythmic contractions and relaxations of the heart-‘'4.

is forced from the left ventricle int6 the aorta and from the right

N P
- .
-

-
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This effect is mbs} pronohncéd when ‘the vessel aiémqtef 15.0.5 mm'or

lesse ' \

2.4 The Heart E ] ) e .. . y
~ M M A ' ‘

)

The circulation of blood in humans and other animals is effected
3

\ 3

~ schiematic diagram-of the heart is shown in Fig. 2.1. There are four

chambers;two on the left side and two on the right side. Blood which
has circulated in the body entérs the right atrium’ from the superior
vena cava and the inferior vena cava during the relaxation phase of )
the heart; and passes through to fill the right ventricle. At the |
same time blood from théjihngs enters the left atrium and passes
thrdugh {g to fill the left ventricle. "When the heart coq}racts blood
ventricle into the 1uﬁgs.o' ‘ |
The S-A node (Sino-Auricular néde)'is a|specia1ized part of ihen:¥
heart which periodically broduses an e]éétrica] discharge which causesa

first the atria, then.the ventricles to contract. The rate of contract-- .

’

A
by the" heart itself and partly. by ;he nervous system.

ion of the heart and the force of the contractions are partly controlléﬁ :

v

2.5 Circulation' .

9

4

The heart actuafﬁy.consists«of two pump§ which operate‘éynchron-
ously and which pump B]obd through two separate circuits connected Jn‘
series [?]. A schematic'diagram of thi;-circulatony system is shown -~ °
in Fig. 2.2. Blood enters the right atrium and right ventricle at a
pressure of about 2 to 3 mm Hg. from the superior vena %%va and‘the

inferior vena cava. This blood has passed through the body and.hds ‘ ‘

L] P 4 - . [N S
J ] J
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" FIG. 2.1 Schematic Diagram of Heart ([36]
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. blood through the aorta into the vessels serving the head, arms, legs

16

" had-oxygen removed from and carbon dioxide a&ded to it. The right

)heart pumps this blood thrbugh the right and left pulmonary arteries

. to the right and left lungs. This is ¢alled the pulmonary circulation.

-
the lungs oxygen is added/t//the bload and carbon dioxide removed

/
The oxygenateﬁ “blood 1eaves the lungs via the pulmonary veins and .

The maximum pressure is about 25 mm'Hg fn the pulmonary artery. In ?

enters the left atrium and left ventricle during the relaxation phase |

of the cycle. The next contraction of the héart sénds 5 part of'this
- ' /

and abdominal organs as shown in the figure. Fhis—is known.as the '
systemic cjrculation. As the b]ooq f]éws through the small blood
vessels of the systemic circulation, oxygen and nutrients are taken

up from the blood by the tissue and waste pfoducts'givenqpff After
passing through the various body organs the blood enters the superior
and inferior vepa cava near zero prespure and on the next relaxation

¢
of the heart, enters the right dtrium, thus completing one cycle.

) A‘system of’f§ur one-way valves in ‘the heart keeps the blood °
f]owiné unidirectioaélly. When the heart is relaxed, the_mitrai

valve (MV) and the tricuspid valve (TV) are open, permitting ffow

from the atria to the ventricles, The aortic valve (AoV) and the
pulmopary valve (PV) -are é1osed, preventing backflow across them.

When the heart contracts, the m1tr§1_and triguspid valves close,
preventing backflow from the veritricles to the aur1c1e§. The aortig‘1

valve and the pd]monary valve are open permitting flow .into the

aortic and pulmonary arteries reébectively.
. .
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ventricle t'\_as just started to contract and the AV valves are closed.

(faﬂ, slowly at first, then more rapidly.” The A1 of pressure

}ﬁe ventricle continues to drop rapidly until its pressure drops

- 2.6 Pressureﬁ Relations

" The fluid pressure in the\circu]atory system is not constant,
but varies regularly during each cycle [4]. The pressdre relations
1n‘the he‘art and aorta are shown in Fig. 2.3. The cycle starts at (-\
the Jleft at time 0.1 seconds. The mitral valve between the lef{:_
atrium and left ventric]e,' and the tricluspid valve between the right
qtrium anq tht ventricle, are known collectively as the atrio-

ventricular valves - AV valves. At time 0.l seconds, the left

The pressuré in the left ventr‘icle is low, near zero mm Hg. and the

volume is at a maximum. The pressure in- the aorta is about 90 mm Hg.

As the con@raction continues, the pressure in the left ventricle

:ises rapidly un.tﬂ its pressure exceeds that in thé aorta. At

this point, the aortic{ valve opens"(AOVO), and blood leaves the

ve‘ntride and ¥nters -the aorta. The press,ﬁre 'in the aorta remains

slightly lesg/than that in thes left-ventricle, due to'a sma]l press- Ty

ure drop across the aortic'vaTve. The pressure reaches a maximurﬁ.

as muych of+ the blood is expel‘leq fr'ogn‘the ventricle, then begins to
) -

becomg_s more rapid in the ventricle than in the aorta and eventu- )

ally it is/]ess than that in the aorta, and the aogtic valve closes

’(ono).. The period during which the aortic vajve is open i called

systole. The.aortic valve closes at about time 0.45 seconds. The

volume of the left ventricle is now near a minimum. The pressure in

'below that of the left atr'fum. At thig point, at time 0.45 seconds,

the AV valves open (AVQ) and blood from the left a'gr\it;mmﬁows into
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. h \ . -
« the left venpricle, incr%&i@g Jjts volume. This starts the relaxation

or filling period known as diastole. At time 0.9 seconds, ventricular

[

contraction starts again.

4 .
Each cont;action is initiated by.an electrical discharge. The

spread ‘of the electrical discharge across the heart produces a voltage- Y

time pattern known as the electrocardiogram (ECG). Th@is is shown on the

line labelled ECG in Fig. 2.3. The onset of the triangular wave labelled

4

.. R (R-wave) coincides with the beginning”of contraction.

Ay

Heart sounds are produced. when the heart valves close. The princi-
pal sounds are those made when the AV va]ves: close (first 'heart sound).'
and When t;he aortic valve closes (second heart sound). The maximum pres-
sure reached in 1.:he aorta during a cyc]g is caﬂe& th‘e systoyc pressure.
Ih‘ fhe figure this pre.ssure:is about 150 mm Hg. Th'e lowest pressure in
the aorta during a cycle is called the diastolic pressure. This ‘is about
90 mn Hg in the figure. The systolic and diastoiic pressures do not

remain constant but vary from bedat to beat.

E The average pressure in the arteries duri ng a cycle depends on the

shape of the pressure pulse wa;/e shown in Fig. 1.2. This is called the

mean arterial preésur;a and is used for calculating the to§a1 peripheral\ - |

résistance (TPR) from the cardiac output. The total peripheral resist-

ance is §iven .By:
. &y

Mean érteria‘l pressure in mm Hg

= 4
TPR Rt"\* Cardiac output in ml/sec. ) 4]
« The difference betw n"'systolic pressure and diastolic pressure is

known as ;he'pulse pressure, Only a small pressure drop occurs with
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blood flow in the large blood vessels whereas most*of the pressure losses

_occur, in the micro -circulation. .,

! o

2.7 Blood Vessels

A schematic flow diagram of the blood vessels is shown in Fig. 2.4.
When the heart contracts, blood is expelled into the aorta. Other vessels
or arteries branch from the aorta. As the branching continues, the
-arteries become smaller in diameter and larger in number. ‘I*here are
millions ff capillaries, although there is only a relatively small number
of large arteries. While the diameter of the aorta is-approximately 1 o

-in an average-sized man, the diameter.of a capillary is only about 0.0008

an and is approximately 0.4 cn long. /

~

It is in the capillaries that exchange of nutrients and waste mater--
ials take place. When the blood'leauesAthe capillaries, they enter .
another set of vessels known as veins. Veins converge as they conduct
the blood bagk until only two large veins, the superior vena‘cava and

oo

the inferior vena cava, enter the heart, as shown in the figure. °

" The pressule‘anz the rate of flow of blood in the arterids are not
cdnstants but plilgate due to the periodic pumping action of the heart
and the elastic grobérties of the arteries. The large arteries have a
-considerable amount pf elastic tissue, known as elastin and collagen, ih
their‘walls. The capillaries are nnt‘generally considered to have any -
elastic material present in their walls whereas the arterioles have a

small amount of elastic tissue




4 T . - .
S syess?\ poolg 3Jo 3uryduexg v°T *91d L
& 3 .
. . ‘ T ToTeA . .umrm .!uw ’
_ . b . —_— . 88ae1 T 0 PUSA
. : SUTaA
T e . mg.ﬁ.0> emera——— g.ﬂvmvﬂ “m—— >
: " TrEMS — ] .
p— . > : . .
o —P i ‘
sornuap —— ) ) . i |
-Q .‘l~ R Sve o9 n J . v - - n . . .
1 1“ ] 4_ 1 . ) > , - 9
I N B . ..
IR B - .
1 , ﬂ._ ! o sy )
sataeTTTde).
S FIETTTdED. . ——
J | ! . >
| ! - ]
Loyt ) . .
| IR SR ol .
. . \ .
. - i ' : .
S9TOT 1931y - . .
) e S9T1931Y ) — g : . h
. TIEWS 2 saj1d3ay S |
. \ PR gaT1931y —
. ) ‘ a8aeq v
4 * - - ~




-~

r
N

Fig. 2.5.
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- contain smboth muscle cells.

-flow of blood in the body

. ,
. . \
+ » ’
) . 22 -

. \ .
\ ’ '0\
Arterioles, cap1llar1es, and venules’ compr1se the m1croc1rculat1on

(or pertgperaf:EIFEuqat1on ) system. Some expans1on of b]ood vessels

" takes piace in the m1croc1rcu1at1on, as the existence of the vo]ume puise

in these areas indicates. A d137ram of the chroc1rcu]at1on is shown \n ‘
It cons1sts of a network of arterioles, metarter1oles capil- .
Jaries and collecting venu]es Not shown are the small arteries which

feed the arterioles.

In place’ of‘elastuc t1ssue the arteriole walls

The precapillary sphincter is at the junc-
v ’} .

TR T - - . N .
tion of the capillary with thé‘metarterio]e One path for the flow of

blood is from smal]ﬁartery to arterlole to metar jole to cqpiliary to

collecting venule ‘and on to 1arger veins. The precapillary sphincter

[N

\
consists of smooth muscle ce]ls and when contracted, can effectlvely shut

off blood flow through the cap111aries. ST

Otheq channels bypass the capjl]aries‘end go directly fhom metarteri-
ole to collecting venule.- These are.c§1¥ed arterjovehous‘énastqmeses
AVAY&? shunts‘;nd'a]though ne exéﬁﬁnge taies p1ace iﬁythem, the opening
and clos1ng of these paths aﬁfects b]ood flow in the area. Centraction

or re]axat1on of’the smooth muscle in the m1croc1rcu1at10n can alter

. the ca11bre and distensibility of the muscle coated blood vesse]s and

thus can a]ter the re51$tance to the flow of blood. 'These vessels are

known as the res1stance vessels and play a major ro]e in contro1f1ng the
\]

“As the arter1e§ get 1arger they conta1n less

smooth muscle and more e]ast1c t1ssue B
-} e

\5 ANl of the blood. eJected from the heart dur1ng a beat cannot 1mmedi-

ate]y f]ow through the m1croc1rcu1at1on ,Some of it dilates the larger

R el
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. |
arteries?\>This happens because the flow rate throughltqé microcircula-
"tion is not large enough tqQ éake away all of. the stroke volume duriné.
'ejection. In fact, most of the blood vessels are distended. However,'
‘mpstlof the increase of volume takes place in the larger arteries. Tﬁe
exces§ stroke<yolume is stored in the dilated arteriesC’ This is the

¥

reservoir function of the arteries.

Due to the dilatation of the arteries, thgr; is some potential
_energy stored in them. When ejection is compfeted, and the heart is
shut_of f fgom the aorta by closure the aortic valve, the dilated
- yarteries return the potential enerfy (elastic recoil) which is cdhvgrted
to kinetic energy as the étored bldod flows through the miéroci?cu]a-.
t%on during diastole. The combined action of the heart, arteries and
microcirculation prodpce’periodic,variations of [pressure and volume in °
the systemic air&ulation. A typical pressﬁre pulse'is shown in Fig. 2.6
and a volume pulge in Fig. 217. “The pressure‘puISe and the volume pulse

can have similar shapes. However, the shape of [each of them varies

, ﬂ‘upﬁyjdefébly.gccording to the site at which they are measured.
L ‘ .

2.8 Nervous Control of Blood Vessels

t

It was pointed ouf’in the previous section that the small b]oéd
-vesseig, ihc]uding small arteries, arterioles and metarteriole§. have
smooth muscle in their walls. This smooth muscle is under the control of
a part of Ehe nervous sysfem known as ﬁpe autonomic nervous system[41.

The autonomic nervous system is not normally under conﬁcious cqntro],
. but ‘responds automatically tg various physiological factors and

conditions:

N
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Activity of\yhe autonomi; nervous system causes tHe smooth
muscle of the smali-bloaﬂ”ﬁesse]s to contract or relax, thus alter-
4ng-their calibre, dist§§;15111ty and flow resistance. The auto-
nomic .nervous system has two parts:the sympathetic and the para:
sympathetic branches. The sympathetic branch is Barticularly

active in skin areas of the fingers, toes, ears and some other e
regions. -n other areas sympathetic innervation is less widély"

distributed or may be absent, such as in the skin of the fore-

head [91; ) o ;

The autonomic nervous system activity is increased (or
decreased) by emotions and conditions such as heat, cold and pain.
Such change in activity produces, among other things, changes in

the distensibility and flow resistance of the small blood vessels.

2;9 Heart Rate and Cardiac Output '

The number of tiﬁés the heart contractspér minute is called
the heart rate. The heart rate may vary from a low of about_}p
beats pe;'minute'to a high of about 180 - 200. Very low rates and
ve}y high rates are abnormal, and cannot in general be sustained
by the bodynfor long peribJé of time. Normal heart rdte at rest
is abou; 72 beats.per minute for an adult male. Th{s g?ves a
cyéle length, or period, of about 830 milliseconds. Even at rest,

the heart rate is not constant but varies slightly with respiration.

The left heart pumps.about 5 liters of blood per minute through
the circulation of a normal man at rest. If the heart rate is 72

beats per minute, the stroke volume is about 70 ml. The stroke
/ -
‘ o

o
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volume and heart rate vary from beat to beat, but for a fixed set of -
physiological conditions the cardiac output is fairly constant. The
resistance to the. flow of this blood occurs hain]y'in the small blood

vessels as previously pointed out.”
/

a
e

2.10 Conclusion’ , | ‘ ‘ .

A brief outfjne of thé essential features of the circulatory

' system has ‘been given in this chaptér; This should provide a use-
ful background for the mater%él which is presented in the folioﬁ3ﬁg

chapter. ‘ i /

» N +
-
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' CHAPTER III ' .
CURRENT METHOD§ OF ARTERIAL BLOOD PRESSURE MEASUREMENT

Ty

3.1 Introduction ‘ ' - Y 3 o
s / o R . |

e,

.-

2 ‘ Geddes[]ol has puélished an 1nteresting and tnrormative survey
of blood pressure measurement methods In this sur&ey, the principle
of operation of the various methods are given and‘tgeﬁr advantages
and disadvantages are discussed. Based on this Work,:a brief out-

“line of the principal blood pressure measuring methods is given in ' P

‘ this chapter. Direct and indirect methods of measurement are ex- .

plained and their advantages and limitations discussed.

A]thougnfthe strength or forde of the pressure pu1se'has long -
- been taken.as a -crude estimate of the blood pressure, it was not
unt1] 1733 that Hales[]ol made the first arteria1 blood pressure
kmeasurement on a horse using & manometer attached dlrectky into the
femoral artery. Since then _many developments on the instrumentation

for measuring arterial b]ood pressure have been made

-
i

.
i, -

3.2 Direct Measurement

3.2.1.- Transducer Outside Artery ,
In this type of measurqment, one end of a fluid filled tube or
catheter is introduced into an artery and the other end is attached

to a sure transducer. The pressure transducer 1s most «often a

strain gduge, a linear voltage differential ‘transformer (LVDT)ior a

!

' capacitative type[]]]. The siéna] from the transducer is conditioned,

amplified, and then traced out on a recorder or displayed on a meter.
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Although the electronic equipment following the transducer is subject o

to its own errors and limitations it is assumed that the equipment can

' accurately reproduce the signal from the transducer. Here we are con- '
. k|

cerned only with the effectiveness of the interface system, for ex-

« ' ample, the catheter and transducer between the subject and the amplifier.

g One of’épe advdn;ages of. this method of measuring arterial blood
pressure is that if gives a continuous record_of the waveform or varia-
tion of b]qod pressure witq time.ﬂ'The fluid’ filled cafheter’may intro-
duce distortions in the waveform and amplitude which have to be cor-

\\rected,[]zl In addition clots can form at the opening oggthe ;atheten{
dégrading the amplitude-f;equehcy response or sometimes blocking it

cbmp]ete]y\ The transducer may also cause distortion of the variable

being measured due to excessive damping./

3.2.2 Transducer Inside Artery -
Inste;d of placing the transducercat the outside end of a fluid-
filled catheter; it may be miniaturized and placed directly intq an
| artery at thé-end of a nqnlfluid filled catheter []3]. The fluid- . X
. filled catheter is dispensed“with, and Egcause of this, the resonant
frequency of the miniatu;e (intracardiac) manometer can remain quite
- high, thus ensuring high fidelity reprodugtion. The disadvantagé&:gf
' "this type are thap it is difficult to check the caiibration and im-
possible to determine the zero-pressure baseline of this transducer

= o

in situ.

’ A major disadvantage of tﬁé'a?¥ect methqg of measuring blood

~4~— _ _ .- - - pressure is that it requires arterial puncture. This involves a
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risk of blood clot formation to the patient. Inserting the cannula
, or needle into an értery is sometimes difficult qnd requires the
services of a physician. Further, long term in-dwelling of the needle
[' ‘ ' or cannuia provides a route for infection to enter the body. lThis
| ' technique has only ;estricfed use, quring and after;;ertain surgical - N .

1

operations and during cardiac cathéf%rizations.

! \

. 3.3 Indirect Occlusive Measurement

.o 3.3.1 Manual Methods. | . . . -

\

‘ , In indirect methods, no puncfhring of ‘an artery 15 fequired.~ -
The flow of b]oqd in a convenient artery (one near the surface of
the §kin) is grrestéd by compressing i} with an externally applied
measurable pressure. Then the external pressure is slowly released
while dbserving its magnitude. When the applied pressure is just
below the maximum periodic pressure in the artery, a small quaﬁtity

’ of blood flows (spurts) during the time that the systolic pressure

| exceeds the external pressure.‘ The extérua] pressure at the time

such spurting occurs is taken to Qéiequal to the systolic pressure.“

for this type of measurement. .An inf]atab]e cuff, attached to a
mercury or aneroid manometer, is wrapped around an arm, and in-

‘ In practice the brachial artery in the arm is most often chosen
\ flated to a pressure beyond what the actual systolic pressure «
|

. ‘might be’(say 200 mm Hg.). This occludes the brachial artery.-

¢ ) \ o -

The pressure is then slowly released fyom.the cuff and the indica-
A . b . .

\\\\\ tion of the manometer observed. It is now necessary to determine

when the first spurt of blood occurs in the brachial artery The
Q

criteria for determining this g1Ve rise to a number of variations

)

L4
-

of this method.



\

The host widely used technique uses the Korotkoff souﬁds [14]25
. Here, a stethoscope is placed over.the brachial artery. When the
first spurt occurs as the-otqluding pressure falls, a tapping sound ~
: (Korotkoff’sound) is heard through the stethoscope. This signals
tﬁe beginning of partial blood f]dﬁ and the pressure ind?cati‘ by
the manomeger is taken to be the systolic pressure.. As the occ]ud-;
ing pressure falls. the qua]i;y of the Ko;oqkoff sounds changes. In
. the last stage ihey becom; muffled and may finally disappear. The
manometer pressure at which muffling occur§ is usually tafeq as the
diastolic pressure. Some physicians feel that the disappeérance of
the sounds gives a-better criterion, a]though»théy do.not always

disappear.

L3

. A
’ e - I
v
- N

3.3.2 Automatic Methods

y In the prévious technique, the cuff can be inflated ;nd deflated
aqtomatically‘hpd the stetﬁoscope replaced with a microphone. This
gives'ap automatic blood pressure measuring'sysxém. Many automatic
blood pressure measuriﬁb systems have been devised, using various . A

5 s crjteria'for detecti?g flow in the artery []5]. . .
| Bofﬁ\nan;al,and‘automatiC'indirect methods suffer from a number
of disadvagtages. They are: . -
) o ' | i) Errors in the measured value of $stolic pressure and/or
diastolic pressure will occur due to the width -of the occluding
cuff in relation to the circumference of the arm it is placed
on. Efféctive occlusion of the arterial segment being com-

pressed debends on the width of the occluding cuff and the

amount- of tissue between the artery and the buff, ji.e. the
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: \
circumference of the arm. The corrections to be applied to compensate

or these grrqrs'are given }n Fig..3.1 in relation to the am circum- .
ferénge for a cuff.width of 13 cms.  For an arm circumference of about
28 cms, the systolic pressure is correct but the diastolic presere is '
overest1mated by about 10 mm Hg. For a normal diastolic pressure of
about 80 mm Hg, this gives a reading 12.5 percent too high. When. the
measured diastolic pressure is correct--at an arm circumference of 17
cns--the hgasured sygto]ic pressure is too low by about 15 mm Hg. If
this error is referred to a normal systolic préssure of 120 mm Hg, the
reading will be 12.5 percent less. For arm circumferences above 28 cms,
the measured valueé of both systolic and diastolic pressures are too”

high. In order to minimize these errors, different cuff widths must be

used for infants,, children, normal size adults and obese adults.

ii) It was exp]ained‘that_yhen thé cuff pres%gre is decreasing and
f511s just below the systoi;c pressure, the first Korotkoff sound is
heard. As the cuff‘pr;ssure continues to fall, the Korotkoff sounds are
,suppo§ed to continue. Sometimes after one or two taps, the sounds disap-
pear and resume after an add1t1ona1 fall 1n‘;uff pressure. This dis-
appearance of sound is known as the auscu]tatory gap. If the cuff is
inflated too slow]y, the auscultatory gap.may occur causing errors in

the systolic pressure reading, due to uncertainty of the start of the

Korotkoff sounds. The auscultatory gap has ‘been related to paoling of

venous blood in the arm during cuff -inflation, Geddes[]pl. Generally, a

* rapid inflation of the cuff ﬁinimizes the occurrence of fhe auscultatory

gap.
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iii) Repeated inflation and deflation of the'cuff cannot be
carried on for long periods of time without causing discomfort
. to the patient. Sudden rap1d inflatjon of a cuff is particu]arly

d1scomfort1ng to a relaxed patient.
1’\!,)1t if the cuff is def]ated too quick]y,'Errors in both systolic
and diastolic pressure readings may occur due to the fact that the

~ . :
change in manometer reading may be too rapid between sounds..

.~n : N ~‘
i v) Indirect occlusive methods do not give a continuous beat by
. . ’¢\A
beat indication of arterial blood pressure. S N

3.4 Indirect Non-occlusive Methods
b

3.4.1 Arterial fonometry_\

.Non-occlusive methods have ﬁot'achiered any signifigant c]inica] -
'adaptation and are’ largely restricted to research use.- A number of
@ttempts have been made “to measure arterial pressure by plac1ng a
pressure transducer (arterial tonometry) on an accessible arttery[]6 ]7]
“Such -arteries are few in number. In this technique, a structural ele-
ment of the transducer in the fonnipfoa ring bears on the artery in
such a way as to reduce tens1on to zero in the part of the arterial
wall under measurement: A pressure sensing element, passing through
the ring, rests on the arterial wa11 and reproduces its movements due

t0’the pressure variations within it.

BN
)

This technique is being used successfui]&étq;heasure intraocular -
pressures routinely. But it has met with 1ittle suécess in blood pres-

sure measurements. Besides difficulties of calibration, its overriding

»

-
0
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e \ @' -weakness is the great difficulty in stabilizing- the transducer on the
o bafrtery° The slightfest'movément not only ;’)iﬂoduces an"artefact, but

g &ay also a]ter the cahbwmn. In order to have reasonable readmgs,

”‘«. the pat1ent has to be very cooperative and must remain thuaHy motion—

. uc “‘ . . . . .
LR - . 3 . . o ¥
~ : }‘gs. \ . . r~ r

i, ‘ R " b' ) ) . ) [ . . ° .
0 , 4 - v 4
3.4, 5/ Perﬁ-arteria] Transducer A N .° y - -
’ Another 1nd1rect b]ood pressure measuhng téchnique is to place .

~~. 4 f)ressure transduc around “the artery (pem-artemal)[w]. This
o)

0’

\ . | method‘ reqmres surg1ca] techmques and 1s not generaHy su1table for
- .. ! RS
. humans, certainly not for contmuous monitoring, although th1s is what
5 A R ¢
. they are used for in animals. oL IR
N ' ' . 1 ; ) :@\‘ “:,
‘ " 3.4.3" Pulse Wave Velocity . TN
It has long been known that a 'f'e1ationship eXtsts between the
s R - [ ' > ‘ e - v
. arterial- pulse wave velocity and the mean.pressure within the artery.
o &&]878 Moenst:ﬂ presented the ﬁdﬂowmg formula relating pu]se wave o
- ,velocity and the Youngsmodu]us of e]ast1C1ty of the arterial wal’l . .
R ' En|/2 o - e ey B
S g .F[-m-]h ~ N e
' ' %where s , " ' g
Cv = pulse wave velocity in meters per second , , .
a E = Youny's modu]us of e]asthwty in Qynes/cm2
<0 , “h = Arterial wall thickness in cms LT
o . -"t R =  Radigs of artery.in ams . ’ - & ’
. - p = Density of blood. n grams per mt ' C Lo
‘e . F', 0 Proportpona’ﬁty constant ( :
‘: a ¢ ? ’ © [ o
’ 4 i - [ )
- . ¢ )
a8 . .




. o

37

This formula is derived by considering the artery as a thin-walled
tube~filled with én incompressible fluid. No r¥Tections are con-
sidered to exist in Fhe artery in Qaiéh the wave is trave]]ing. In an
artery, Young's elastic modulus varies with thé state‘Bf tension of

4

the wessel waj] (17). Since the tension of the wall is related to the .

- intramural pressure, the pulse wave velocity varies with the blood

pressure. Equation (3.1) can also be expressed[3] as:

, €, = 0. 357[!5{;]]/2 | (3.2)
where
Qv = pulse wavF velo;ity in meters/secéqd
AP = change in pressure in mm Hg _
Ay ='~change in volume accoﬁpanxing qhange in prgésure,,AP, in ml
: E:bej origingl volume in m1

\ . R
' - . . [19] L -
In 1964, Wickham and Salisbury suggested using the pulse wave .

[20]

velocity to monitor the arterial b]oed pressure. Weltman and

warner[2]] have bu11t instruments to measure the apparent pulse wave

-

velocity and the apparent pulse wave transmission time respect1ve1y

,Unfbrtunate]y, this method is not entirely satisfactory. True pu]se

) ‘wave'velocity depends not only on the intra-arterial pressure, but also

A

on the vasomotor tone of the arter1a1 wall. Vhsomotor activity (vaso-‘
constriction or vasod11at1on) of the arterial wall can change the pulse

wave velocity in the absence of pressnre changes. )

The appaﬁent transmission time of the pulse can be measured from,

" the onset of the electrical R-wave of the heart-to the time .of arrival




of the pulse at the pick-up site. The pulse wave‘iransmission time,

measurgd in this way, cohtains“the pre-ejection period (?EP)'of.the

heart, in addition to the true pulse wave transmission time. PEP

contains iﬁterestipg information about the’statg of thg hea;t; there-

fore, the measurement gf pulse Qave‘traniyission time (PWTT) can be

- useful to the clinician. This quantity can ke -monitored contiftously
. without dfscomfort td the patient and is capable of signél]ing inade-

quate' cardiac perfonnance on the part of the patient. Nevertheless,

]

J it is not poss1ble to correlate accurately the instrument read1ng with

A}

arterial blood pressure. It is only possible to indicate that the
blood pressure is somewhere within a rather wide tolerapce band ahd

. ]
~ the instrument may indicate erroneously low or high pressures. R

.‘ a Ny
' 3.5 Summary

Q:}} The principal methods of arterial blood presshre mea§uremeht have ,)

been briefly‘outIined in the above paragraphs and their main advantages

and faults discussed. It is c]ear that a simple, 'easy- to-use, non-

) invasive pressure monitor is not ava11ab1e. Such a mon1tor would be . \\
£ . o ' N ‘.

1 ' useful in many medical and physiological research situations, Evidently,

e - .. the higher the accuracy of such an instrument, the mo;e useful it would
be. But an accuracy within 10 percent to 15 percent of -the true value

o would still prove useful in certain situations, such as blood pressure

monitoring on coronary patients and hemodialysis patients.




b 1 CHAPTER IV - -
" THEORETICAL MODEL

i .
N The circulatory system consists of a network of viscoelastic

4.1 Introduction

tubes through which b]ooﬂ is pumped by the heart. Like any other fluid
dynamic system, it is characterized by pressure, flow, and resistance. -
The systolic pressure PS is one of the mostgﬁwportant characteristic
ﬁressures in the systﬁw. The systolic presshre can be measured by
,variods methods explained in Chapter III - or it can be calculated from
the mean pressure Pm and the pulse'pressure Pp. A n?w approach to
follow changes in PS through measurement of a different variable is

- .

given. ' ‘ ' o

B

4.2 Characteristic Pressures of the Circulatory System.

The essential features of the circulatonyqsy§teﬁ were exp}ained
in Chapter II. It was seen that at periodic intervals, the heart ejects
a quantity of blood (stroke volume) into the'circulation, raising its
pressure. During ejection, some of it dilates the blood vessels; the
f" rest flows directly through the mﬁcrogircu]ation. After ejection'ceaseg,
;‘\\ i.e. during diaétq]é, blood continues to flow in the circulation due ’
to the e]astjc fecoi] of the arteries and is accompéniedlzy a decrease
in pressure. Coa . T

A iypical pressure-time relation in a major artery is shown

. in Figure 4.1. The pressure~a1ternates between 120 mm Hg (systolic)

S

and 80nﬂ1Hg.(diastolic). The mean pressure’dis about 93mmHg. The.

. 1
1
. / L
L4
¥ . o
< ‘.
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exact mean pressure P over a cycle is g1ven by: the area under the:

curve divided by the period of the qycle. That is,

. ,t.z
Pm . tha(t)dt
t, - t1
where p =
m
P (t) =
ty ©
t, ©

The mean pressure is usually averaged over severa] cyc]es for better

$\\\ accuracy. A good approximation to the mean pressure is fourd by, the

Ps + 2P

P d
m 3 .
where
Ps‘ =
\ Pa ~

fhe pulse pressure Pp

mean arterial pressure in mm Hg
instantaneous arterial pressure in mm Hg
beéinning of heart cycle ‘ )

end of heart cycle ' s

formula g1ven by Catton[22] and is,

'y

arterial systo]1c b]ood pressure in mm Hg

arter1a1 d1ast011c blood pressure in mm Hg

and diastolic blood pressures in a cycle, i.e.

K

P, = Pg = Py

e

(4.1)

is def1ned as the difference between the syst011c

(4.2)

The simultaneous Equations (4.1) and (4.2) may be solved to give,

P = P +2/3P
"B, o= P = 3P

p

d P!
The non-osc111atony part of the arterial blood pressure is

(4.3a)
(4.3b)

- the weighted average Pm of the systolic anq diasto]ic pressures.

mfgur pressures—systolic, diastolic, pulse, and meén—-are the staﬁdard

e pressures used for characterizipg the ﬁressure aspects of the circulatory

system.

A
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4.3 New Pressuré Relations .

G\bu4.3.1 Preliminary Considefations .
- - New presgure relations in the circu]étory system can be
used to give PS by writing the right-hand side of Equationﬂt4.3a)- |
" differently. Figure 2.2 is éedrawn schemaiﬁca]]y to shdﬂ the micro-
circulation more clearly as in Figuré 4.2,fér the peripd of diésto]e,
i.e. when the aortic valve is closed. The pulmonary circulation is™
not shown as it is not relevant to this distussion. The regions M],
MZ’ ....Mn are microvascular areas.containing arterioles, metarte;ioles,
capillaries, A-V gnastamoses, and venules. Eacﬂ is fed by a small
sartery and drained by q\small vein. The instantangous volume of
blood in each region M{a is V, where iz1,23....n. The blood flow
through each region is Qi and is due to the elastic recoil of the
arteriai system: Ec is the pressure in the large arteries referreq

(4.4) -

not to a datum of zero but to a pressure Po' That. is,

PC=Pa-PO' . _

& -

where P, = arterial pressure inmmHg : <

Po

]

reference pressure inmmHg~ .

In the discussion to follow, Pa will be referred to as the pressure
in the large arteries but is not to be taken as systolic pressure.

is the

V_ is the volume of the large arteries at ﬂssure Pa. Vao

a
volume at zero pressure, i.e. P = 0. =~
b, a”

N ;’J
4.3.2 Conditions and Assumptions

1) The model is chosen to be effective only at the .

\ beginning of diastole. ‘At this'timet_the aortic valve
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" s closed and ‘all blood flow is due to the elistic recoil

of .the large arteries—mainly the aorta. The fall.of
pressure is monotonic and theipu]sati]e nature of the |

arterial blood pressure need not be considered.

2) The blood vessels of a particular microvascular
region, Mi;*are assumed to be maximally dilated and to

remain so.

3) The blood viscosity in the.microvascular region ?s- 5
' 3

assumed to be constant. ~
1 .

a

4) The blood is assumed to be ihcompressible.

5) Assumptions 2 and 3 above meah that the fluid resist-

3

ance in the particular microvascular region M; is constant.

'6) The pressure in the aorta at closure of thd aortic

valve -is a constant fraction of the systolic preséure.

7) No pressure drop is assumed to occur in the agrta and
large arteries. The' pressure in the vena cavae ‘and large

N ' ‘,
veins is assumed to be zero., . \ )

- \ . &

8) A fegion Miﬁis taken to include the part‘of the small

artery feeding it and the part of the small vein draining it.
‘f;9) It is’assumed-that the,pressure aqross the mictovascu?

' .
4

lar region M, is a constant fraction of the arterial »

1

pressure Ra.’ This is justified_becauée jt is assymed that

ao pressd}e drop occur§?§n the.large artgries and that the
small arteéries in the vicinity of M, which feed it and
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-~ . . é . .
the small veins which drain it are maximally dilated. - = .

-0) The stiffness of the microvascular region M, is
constant. - '

11) The walls. of the aorta and lérge arteries are assumed
to be elastic rather than viscoelastic.q .

12) It is assumed that at pressure P0 the flow in the \
systemic circulation is very small. ' . ' 7

4.4 Analysis.for Pressure Relations

4.4.1 Variable Component of the Pressure :
. In this 8ct1‘on, the bressure Pa in the large arteries is shown to
be proportional to the rate at which the blood volume of a mi;rovascu]ar

) ~A
region changes plus a variable factor Po’ gmploying the conditions and-

assumption described in Seqtion:'4.3. ‘A modified form of F%g. 4.2 is.
# ~ illustrated.in Fig. 4.3. The aorta and large arteries are lumpeq and
drawn as a balloon with volure Vs to emphasizé their distensibility.’
> The left yentriéle is not srtown;becausé it is not a fur!cti'onal part of

the outflow circuit when the aortic valve is closed. M. is a particular

i
microvascular region within the dashed rectangular area. It is diyide_c}
into two parts: a r;asistanc.e R; and a dintensible volume Vi M repre-

~ sents all- the rest of the‘body's microvasculature lumped together. R,

- is the fluid resistance of M, and R is the fluid resistance of M. The

_ part of the heart cycle considered is just after“clt'asuré of the aortic

va]v"e-and the instdntaneous values of the variable quantities are taken

/,

at this time. Bloo "'s being squeezed out of vp]ugne Va due to its.elastic

recoil and the pr\es‘sure Pa is falling. The pressure Pi in volume 'Vi is:
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% AP »
P1 ZWi (Vi - Vi )
1 o
= B (V- V) ) (4.5)
where -

Pi = Pressure in volume Vi in mm Hg

: E; = Stiffness of volume V. inmm Hg/ml
Q .

v, = Volume of microvascular region M, in il at ' -
' pressure P; > 0 ,
/ V;g= Volume of microvascular region M, inml at

pressure Pi =0

= Constant ‘ S |
APi = Change of pressure P1~V

AVi = Change of volume Vi due to AP1

since the pressure Pi is proportional to Pa by assumption

=kl =g (P (e
) " .

where )

. k] = Pyopdrti onality constant v

substituting Equation (4.6) in Equation (4.5)

ki(Pe * Po) =By (Vg - Vyq)

a
“3

or

- _ . ) , _ . ‘ ) < .
Pc, - (vi ’vio) Po - (4'7),

‘. - I%

Sincech is decreasing, volume ‘(\li "Vio) must also be ddcreasing at




D

: o A
£ < 0
. . {4‘?\ ' !

P J

the samyaf{ since ;’\?{
A —

- ! Ky

a constant.

thus differentiating Equation (4.7)

"~

The rate at which the volume of Va is decreasing is equal to tﬁe rate .

of outflow from it. That is, }1‘ )
we
Vg >
_a = ~-(Q;, "+Q. . ) = -Q .
qt . in 11n t o
wher%,
- o ﬂg =" volume rate of change of V, in ml/sec.
dt
' Q;y = inflow to region M.in ml/sec.
. Qi in= inflow to region M; in ml/sec.
Q. = Qp* Yy,
\ but also ’
RO P._ p (L,
Qt ﬁ_q_ Pa ‘R * R)
.t L
= PRy
R+Ry v
where , o )
R, = Total fluid resistance in PRU_
‘ . . o
> R~ = Fluid rgsistance of M in PRUs, .
n . ‘ . ,
o - . . .; .
' ) > o : . . ‘
L. ° s i s

.
i

(4.9)

(4.10)




- 4

R, = Fluid resistance of Mi in PRU§‘

t' L
Substitutiﬁb Equation (4.10) in-Equation (4.9)

‘_’l'_a_'=-fg=-('_°.c_(+'_’g ' e O R 1)
d; Rt Rt Rt - ,

" The pressure P_ in the distended volume V. is given by T

PQ = P +P, = E (V. -V,) (4.12)

N ST 2

where

Ld

E, = stiffness of volume V. inmm Hg/ml
Vao. = Yolume of V, in.ml at P, equals zerg

- ' . A
o = corfStant £

Differentiating Equation (4.12) gives '

Fi

PERE

P = M ' (4.13)
.t it - : ,
or _ ' .
. Vo =7 1% s (e
dt E. dt ) ) .
a . ,
7 - o A
Now substituting Equation (4.14) in Equation (4.11) and neglecting ﬁg 4
- ‘ R,
. which is very small,
Yoo _ % , e T ‘
. N C == - _2 . > .
0 g EE at Rt
, Ior h . | * , 3
’ dPe _ _EPe T | N (4.15)

| ' dt i R . ‘ ) ‘ R .
? ' L : R .
‘ * - . ‘ i
. B * N
a d .
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- €O stqnt during any one cyc'le They _detarmine the rate at which Va and -

( ) . . .
Finaﬂy s’ifbstitut‘ing E‘quatmn (4 15) in Equation (4.8) = . ¢

.t \‘.: ) k)
E P N — 1 gL . (;, ‘ : 4 . A e L ;_' ' &
Rt s . 'l dt }J. 35 \' o . ) NN '
. " L . ¢ - <, ;'-:' . . . N W
or RN K .ot A )V o e ) N\,
o ==k I L (aasa)
o k \n‘k] 'Ea~dt: . * s ) ‘: '\ I'd “
ance only the absolute va]ue‘of p is requn‘ed the negatWe sign in ‘
< . w .. o o
Equatwn (4.15a) can be dropped, g1v1ng R . N
¢ - . - ,., . ); ' ‘\I
) R ‘ ] “ .{ ,‘ !
. (_' . - '1 o ’ ‘=g>‘(4o]6)
L . . ‘ ‘«‘ L . . ¢ serty .
;e 7 ) ’ ‘o s . N . / \\ i ~~

In th1s eQuatwn,JE and k] are constahts Tﬁe\totql fluid. resis- . \ |

tance Rt and the \:tfffness may, vary over a number of heart cycles Eut are -

3 ..

‘therefof'e'P—b 'dec}'ease. dV. Jhas its maximum yalue at the beg1nn1ng<of

dt . . . . .
dlastole an,d hence Equatlon (4, is only valid at the start of. diastele. a 'ﬂ"

. A .

W

Fr:gn ‘Equat.ions (4.4) }nd~(4’ 6) ‘ ~ P ,
‘( \. o . ‘i oy » ) , ° ‘;"?'1"’0 . - - »
P = p¥.p fl_‘f_t_d" : - X (4.17)
C 9 A a. ,0 k E ¢ ‘_,; -
[ ) ’ ! N - ]
. . A : N v . g - - o“ ' . .
or - x ) . "., . o :s i . ‘I" ,
Pa = i Sl S ﬁ
rk—-le E.dt. , R - ! : (
a . , ) . Co~ b ) .
r ‘5 o { "' s * t o ,Iﬁ% \
It. was- assumed in Subsectwn 4.3.2 that the arterfal pressure at . a
closure of the aortic va]ve is a constant fraction of the systolic pressure
° R ) ST ' ¢ | J N s
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T"

exp]aiqéd in this sdbsection.', o ‘ .
o a.'.Cpnsider:Equaﬁion (4.15) without a resfriction on the time {nterval
and with the ‘datum level equal to zero. s
~ . o L, . . T, . !
. dp (e) =_E3Pa(t) e s . (4.15b) .
s N R *
) »
Y o R . - L
solving for P, (t) . .
, s _ . R
IS @ b . ‘ .- . [}
<@ ‘ e
- . . i -‘ . . . Q. . B
v ) N o T ' 5

qf‘thg same cycle. Then

pa‘ - kgps L ‘ ' |
where - . .
ké = constant . o . * ' »
-Substitut1ng Equation (4.18a) in Equat1on (4.17) . |
J L
e . oo
. . , 7 i

P UL I O
SR [FRE® . S Ty

_ e - .

‘j‘

The s1gn1f1cance of the datum or "stéaQy" pressure P will be- d1scussed

*

in the fo]]ow1ng subsecfion, . .

. »
~

. }
. . : . ' ‘
o y ’ )

;~ In the previous subsection, the pressure P, was defiped as (P4=Pg) -

4.4.2" The "Steady" Compdhent P_

Th1s pressure P 'was §hown in Equation (4. 16) to be proportional to.the
Q;; ( ‘ ot
t1me rate of change of a microvascular volume V at the begmmngwof'7

d1asto]e{and an expression for the arterial pressure Pa was given in *

-

Equation (4.17). The origin-and significance of pressure P is




e’ >
; v

) PO .
Since Pa(t) is a decreasing function of time during 'diastele," the expon-

'

ent of the exponential term is negative.

v . . . E . o7 \ -
- P (t).= P oEXP |- 2t | v - (4.19)
\ t R
/\ «\ . o
P;,= Pmax. = value of P(t)att = 0 (i.e. begimning of diastole.)}

. . .
. “ . *
. .
RN

The faH of pressure in the 1arge artenes is exponentwl -and

<

depends on the va]ues of‘ stiffness E and the total -peripheral resist-

ance Rt

occ\uded’ some t1me after systo]e and the pressure 1n the distal portion

This is illustrated 1n Fig. 4.4a. A dog s femora] artery is

+ (away frqm the heart) is plotted versus time.., The graphs are drawn for
‘different hematocrit values. The.hematocrit va]ueé(are given-in the*,

. g | R
top right corner of each graph. Only the sohd -circle graphs are «

re]evgnt to oursdiscus€ion. The plots- ought to be traight hnes since"
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the pressure scale is—togarithmic. The plots show some curvature,

particularly in the early parts of the graphs. " This may be assigned
-~
to the faé£ that the stiffness E 1s not constant but increases as’ the

[24]
Y 4

This may be further explained by the relationship between aortic

distending pressure Pa entarges the artery

pressure and aortic volume which is shown in Fig. 4.5. Pressure is

S //{ -plotted versus® the perceﬁ;gge increase-of volume with reference to the
volume at zero pressure. The measurements are made on aortas removed
““from humans at autopsy. Five different age groups are represented. For

the youngest age grodp, aged 20 to 24 years old, the curve 78 sMNghtly
sigmoid, but'is fairly linear_in the middle range. ‘The sti ness %5

decreases s]ight]y as ‘the pressure increases from zero but increases

-~

aga1n at high pressures. g
In all the other age groups, the stiffness increases as the pressure

increases. At high 1ntra arteriul pr sure\\ E will be larger and the

E

"_ ; i»me constant Rt will be smaller, pemnttmg a more rap1d fall of pres-
sure. As the pressure falls, E, diminishes, !‘proaching a constant

~

value at some 1lower pressure and the rate of fall of pressure also |
decreases. The blood viscosity rises as. the hematocrit value increases,

(// ' thus increasing the fluid res{sfance ang reducing the rate of fall as ' ) * ?

Tghown in the figure. ' i v

e

The fall of pressure in the occluded dog femoral artery is shown

more clearly in Fig. 4.4b. Here again, the feMBraI artery is occluded
- and the f§11 of pressure plotted against time. The pfessu}e scale is

logarishwic. - The bpen circle curjiy’ﬁge for pressure fall w??hout drugs
VA

%




¢

and the closed circle curve is for pressure fall after injection of
. . '

7.5 mg of Wyamine sulphate, which constricts the blood vessels. The

/rate of pressure fall after administration of Wyamine sulphate is

clearly smaller than the rafe before. « After about eight seconds, both

... durves become neasonably straight, indicating that the time constants

~

\

. are no longer varying. e S :
/lhrcles).

For the normal sj'tuation with no drugs (curves with open
in Fig. 4.4b, the pressure drop in t’he first 8 secends is about 64 mm Hg.
This gives an average rate of .change of'%‘l‘ or 8 mm Hg/sec. The fall ofo
pressure in the next 27 sefzqnds is about ‘Z_rrm Hg, giving an average rate
of pressure drop of d‘;gs mm Hg/sec. Since 0.26 1s much emaﬂ'er than
8.0, the average rate o‘f"crlange after 8 seconds can be taken as zero.and
the pressure et this tjme may be considered to vary very little from

beat to beat. Then the pressure at the end of the initial 8-secand

: period is: | ‘ NI , | . \:
E -
- p* _a Tt "
P, = P, EXP |- R T] N y (4.20)
T o ) - dp(t)
where T = value of t in ﬁquatwn (4.19) when 'd’_' Cis very
small . _ L

¢
S
HEY

o= 8 seconds for dbove example. ° ' . -
The assumption of zero\ﬂow at a pressure P is Just1f1ed smce 'm the
dog f1ow is small at an arterial pressure of about 20 wnm Hg (39). There-‘
fore., the two pressures, P and P s Can be. derwed from Fig. 4. 4b using’
Equatwons (4.15) and (4 19) . - ..

From Equatmn (4 15) v&ui at start of diastole, -




L N

' can occur in Pclftom;beat to beat. o .

(_)?’
e — |[ReMPe| _ [Ex Ry O (4.21)
) E, dt k] E. dt
’ dP. 5(t) _
Fron Equation (4.19) at t = T [@and e
dt :
S T : | k
0~ 'a R, : (4.21b) .

t ,' ' \ '

P0 is termed "steady" because it issnot truly constant as Equation

Eg’are variables. However, P is nearly

R¢

~

(4.21b) indicates, where P: and

*
constant. An incigase in Pa causes Ea to become larger, and may be

accompanied by a reduction of Rt' Some dec}ease in the time conétaﬂt
EE, will take place, allowing the higher. pressure to decay faster. This
E o ‘

a

.—'—"“‘,

ina particu]af individual.

t
.- -

4.5 Comparison Between the Standard and the New Pfessure Relatigns
The relationship between Ps’ Pc, Pa, and Po is shown in Fig. 4.6a.

‘ The s&stolic pressure is the sum of a variable component Eg_and a /)

Po ) Po k2-

- "steady“ component k2 If E or R changes, EE'wil] take on a new

va]ue. However, . the changes in. P w111 be small compared .to those that -

-

' . , R s
In Fig. 4.6b, the relationships between the standard pressures Pss

Pd’ P, and P_ are ;hown Here the éysto]ic pressure P_ is also the

m p P N ' S \
sum of a "steady" component P, angathe vé?iqb]e part Pp. P, is seen to
be*reater than P, and reciproca%Pp is less than P,

¥ . .

N T . ®

' ' \ -
5 ’ !
. o '

a

.interactjoﬁ”betwegn the various quantities tends to maintain Po constant
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. A 4
With} systolic’\p(’es%re; of 125 mm Hg §nd a diastolic pressure

of 80 mm Hg, the mean pressure is:

/.
SR S R S RN PR 1 ' .
m 3 3 ' ) , ,
< =W‘)'smm Hg. \ L '

In a normal male, to f?\d P0 one needs to know the values of Ps’ Ea’ ‘

o+ - . '
Rt’ and T . Let T be 3 -seconds, corresponding to a heart rate of

20 beats per minute. Ea could be determined by referring to Fig. 4.5
B - . . ' . \3

. and using Curve b. At a mean pressure of 95 mfn Hg, the change in
‘ volume due to a'50 mm Hg pressure change is about 65 ml. This giyes:‘*

v

o= &P 50 mmHg _ 4 :
E, v &5 077 o Hg/m1

~
o’ 4

In Chapter LI, the dlood flow rate for afmormal male was given as

.- . abgt 83 ml/sec. Then the total periphera1 resistance Rt is given
)
. P \ . . ) o e
“m _ 95 mm Hg |
. by Qt - 83 ml/Sec.;'= ]"Q PRUs. .
For a syst:olic pressure of 125 mm Hg,
T p =2 EXI\[‘QJ-ZL:*’— . 125.x 0.135 Y ‘
0, 1.14 | ) ) - ’
* 17 mm Hg. . - .
j‘ ) ’ ‘g ‘ ‘& -
v ,
’ ’ , ¢ '
| N % P
\ . b
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4.6 Diastolic Pressure . - ' .

-

4

a

v It should .be pdssib]e to find, the®diastolic pressure Pd from

Equation (4.21b) by ';'eplacing the constant time interval T'with a

R

start and end of diastole [2]. T

[l Ea ) [
\‘ Pd = Pa EXP - ‘R‘t’;'td . ) sdgn

RS §
“ . Pa kp Ps “ ‘
) - Equation (4.22) can Be checked for rough accuracy with ;5
L ~ taken from the literature. ‘rﬂ ' o T
[ S
. E “can be calcu]ated from Fig. 45. Usmg Curve b, a change of

pressare from 75 mm Hg to 125_mm Hg produces a percentage mcrease

“in'volume of 85 percenF at 75 mm Hg and 150 percent at 125 mm Hg.'

If the aortic vo1ume at zero pressure is taken as 100 ml E‘l.].then the

[t ——?
change in volume accompanymg a pressure “change from 75 mm. Hg to

1 - . 14 &

. 125 mm Hg is 250 m1 -~ 185 ml =,65 ml.

TmmmMeg%w=%=mnwmm .

“

v ’ \ B

'pr]eclﬁ

tension.

‘.»l

pressure is 2‘601nm, Hg and the{*nasto]ic pressure is 120 mi Hg. His
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In thvs chapter a new set of' relatfons haVe been der1ved to »

d

‘\
g1ve the artemal *systo]‘ pressure P under a number of cond1t1ons

. . 9
B , , apd assumptwns ‘The expressmn for systohc pressure is derwed as .
[ - -‘ y . o \. ‘ R ‘
, v P [ E E. R dv, - : ) ‘
) - o P=iHP%M+%%tWJ| B S —(&n
R " “,‘ S t kz Rt . kl 2 E;- ) dt . ’ . - . :
. » ‘\ ¢ 4 2 t Rt; {
rt S, . where th’/quanmtles t' be measur are dt nd &= If E is con-
R , a. a
R - , s1dered COnsyant (as 1t“|~s,m ‘marfy s1tuat1ons), ‘Equation (4.22) becomet
T ~
. . dvi ?‘ . - . ‘s . ' .
. Py = P2 e L W o ¢4.23)
“. ' - 2 ‘ ; ‘
. . . ' i H . N
‘ where K s a constant to be determmed\at cahbratmn .and P, has = ¢
, san a]mqst constant Value since it .is sma]] compared to normal ,
. < . . o . : : o '
- \v\a'lues of,Pc. .- .- K o o
*T ,Q .. The use of Equations (4.22) and (4.23) permits,the estimation of
. P the arterial systoh'c blood pressure from a single easily measdrable

primary var1ab1e—~the change in microvascular volume AV —after cali-

q
-

bratmn agamst a standard systohc pressure measurement " The estima-

-0 tion is made w1th each heart beat so that continuous momtoring is
Lposs1b1e. e :
A \ . : T
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0 ‘ ‘ CHAPTER V Z
B ) TECHNIQUES OF MEASUREMENT :
¢ p‘\ L . . ' ‘ . - . . : ‘ A
5.1 Introductwn 3 . ) . T _ . -

In the prekus chapter an expresswn (4. 22) was der‘wed to. give

" the systolic pr‘e?s?sm% -Ps in terms of a numbgr -af canstant and variabTle

T s fac,tory P S 4
L. & : T . ‘oo «.

o =. 39_ Ex\P[- E T{l’ E.Ry avy |
s R T R 1"2“ . -
» * ‘} i( ‘x\’ . . : E | R’ . d\v‘ ( -
3‘ 4 where Es» k], k2’ and T*are cbnstants and t and r are the variables
. a .
to' be measured. Y ) '
o - . Sl A
S1ho \Pa 3 kZ\Ps’\‘- ! ' .
& o T+ JE. R, dv | - ¢ o
R = P_ EXP|- = t. , . s v (5.1).
L, 8. 8 [T]*’LEkk d:\'\b ST )
- ‘_ 172 \
" o dv - ;
= P, * KT Y : (5.2)
1 L a},—t— . gy .
. H . - . ‘ 41» l -
where S T e .3
& s » - 4,
c = f_t_ = Time constant in seconds.
1 \ ‘ Ea . 2 ! :
Ky = 5i_ = Cconstant
' ]. ’ k q o ¢
. . ]‘ 2 . ' -
[ »
ARl
P Py = Pg EXP [— I )
c L,
.. LS ’ . ."‘ ) ' b
. Y - v . \ - K ‘n"-:‘; -' . »
- .‘ » £ ! , . ) ‘ \ ' .‘\6 v \,
£ \ ’ ' :




‘H . . *ﬁ‘%é" - ’
- ¢ \ . -~ - *
- . )-
'(l . - ‘67 M ‘>
: & ‘ : © tor 2!
v . . . . , <
T apq dV.' are now the two variables to ge measured for obtaiiu‘nd~ ’
. : - 3dt .«
T Ps; Equat1on (5. 2? can be used for fol]ow1ng the changes in the
- ) ‘

systo]1c preésure P by the fo]]ow1ng calibration procedure. )

’
~ . . . . -

S 1) Determine the systolic p#ﬁssure PS by standard means, such

¢

_ 1 as auscul tation. ! - ‘ ‘
¢ . s
. ' ’ ‘ T+ Voo, ’ | " " )
7 T 2) Set PS EXP]- T_'],== P]'to an initial_xa]ue using Ps as '
. ! N ) . LN
. determined above and an appropriate valye of T+.
B -< ; 3)'Adjust K, "in such a way as to make P, .+ K T dvj'equa] to ﬁ‘i
1 . 1 1 Ca-a—_ S
. . 4 e . ' . l'" .
Y Now by upddfind the values of T and dyi'in Equhtion (5.2) for .each
. - atf e .
SN heart cycle, the changes. in P can be cont1nuou§ﬂy fo]Towed Aﬁ

e1ectron1c instrument may be deve]oped to fo]lowy/uch changes in P

\

/S
accord1ng to Equat1ogr(5.2). The qn/y quant1t1es to be measured are,.

, ay

: Coe , -
i and.Ic. In the-following two sectipns, the techniques of medsure-
- ‘ dt ', ez: . 7; . _ LY
ment of .these variables i3 explained. o I
¢ < - " % 4 D A '
* . . L L . s, <

o

+ 5.2 Meastrement of Rate of bhgnge of Miéﬁbvascu]an.Vo]ume Vi ' '}

-~ \ .

N ‘. A ' @ . ‘i 7 .~ l
- There are'a number“of ways pﬁ measuring blood volume change in.a

[25] Iy

vascular bed Two methods, nameTy, e]ectrwcal 1mpedance pgethySmo-

7

graphy and photoe]ectr1c plethysmograpH& are d1$tussed below.

o r

ol
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L ) . . ®
. L, ok .
5.2.1 Electrical Impedance Plethysmography

¢
-
v [

. The eTectrlcaT 1mpedance pTethyimograph measures t?pe imped= ‘
ancessn var(wus parts of the body A schematic d1agram of an*
1mpedance pTethysmograph applied to an arm is shown in ?ig 5 T. A
high frequency constan}: current generator passes current from

o . el‘ectrode T‘lo 1 through the tissue of ‘the armm to eTectrode No.-4. Y,

a2

! “ The frequency of the current usua/Hy lies between 20 and 100 kHz and

e o

1ts magmtude somewhere betwe;n 'IOO m1croampéres and 1’ rn‘l'lhampere s
Yo J The constant current produces‘é voltage across the tissue it traverses *
B This vo]tage is "tapped" off b_y electrodes No.. 2-and No; 3‘(rec,e1v1ng
oo eTectrodes) wh1ch lead it to a detector amphﬁer. The detector- -
“amplifier produces an output signal wh‘ich is. proport1ona1 to the g )
. : impedance of the tissue betweeri electrodes No. 2-gnd No. 3. e
“’} ‘ : - Changes .in t1ss.ue 1mpedance between the receiving eTectrodes s
. ¢ & ____,*
- taken to correspond to changes in ;&ssue blood voTume [_25]. The change
1n 1mpedance produced By the blood volume pulse in the arm is/illustrated
w & in Flg 5.2. The impedance var1es betw en'a m1mmum and a maximum with
- a waveform s“mh“lar to ‘that shown in Fig. 3 4. The rate of change of ?:“
o ‘ - <
: ' the blood volume is proportmnaT to the t1me derwatlve of the 1mpedance t
- ' ' 14‘ wave Z(t) o . PO ‘ . -‘ -_“ \‘ ". ‘ . !\;“-’ ," .
s [ . (,' \7 N \
. P e N . 4
. Cdb(e) N T
L Ny TS L dZ(t) a0 T . :
- ) | _l_-_b___'_ . s , i ._‘ . . . . . B ) ‘ ) ._. .
Do dt L. 9t S 3 C ‘ e .
LT g ° oo : . ' .o ' ‘ '
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'tisgue blood volume, this method can be used to find fﬁi. However,
dt

¢ it is useful on); if 1he patient or subject, whose systolic pressure

A

, ' 4s be1ng monitored, remains fairly motionless. Movement of the

‘/fece1v1ng electques relative to the_sk?n will produce transiént
signals (artifacts). Almost any movement of the arm will phoauce some
electrode movement. This method is not suitable in any situadion

- .
where the subjeot does not remain quiet. ’ ' + 5

;:5.2.2 ‘Photoelectric P1ethysmography

The photoelectric plethysmograph is another method used for

absorptlon of llgh; as it passes through body tissue and the blood
flow1ng in it, dr the\ref1g9t1on of light when it is incident on bloqd
;/carry1ng tissue. Both these éases will bh described below.
-a) Transmission Type Photoe]ectr1c Plethysmography

l

The schematic of a\transmlgs1on type plethysmograph js shown in

or .
dv _ ~ dZ 4 ¢
T Tc]a}'
dt .
P / ,
/. where
tt) = Tissue 1hpedance in ohms.
- VT(t)»f = Total volume.of tiésue in ml )
C] = Proportionality donstant v
Since the changes ﬁn_tiééue impedance are caused by ch;kg?s in.

b 1nd1cat1ng b]oqd volume changes This method is bésed either on the -




o

-~

_intensity as shown next. 0

.
q

Fig. 5.3a. A low pcwer Tamp operating on two or thgee volts passes,
Tight through.a suitable portion of body tissue. Since some light
must emerge from the tissue, the tissue cannot be too thick. ' Suit— .'
able body tissues are fmgers toes,pinna and lobe of the ear.
In the figure, the light is shown passing through the ear lobe t1ssue.
The eme;;ent light fal]s on a photocell whose output is fed to an
amp11f1er "2 The intensity of emergént 11ght depends on the opt1ca1
dens1ty qf the tissue. Changes in opt1ca1 dens1ty are taken to be
proportional th\changes in the amount of blood in the opt1ca1 path.
A plot of optical density versus time is‘shpwn in Fig. 5.3b. The )
optical density has a minimum and a maximhm within each %eart cf%\eu

4
slope of the curve will gwe the rate af which the bbod ydblme is .

'The waveform is similar to that of the impedance b]etpysmograph The ~

changing. That is:

D dV(t) . o L _ o .
dt . dt .o
where o ' }) ]
N D = Oatica) density of tissue and blood
: % yﬁhf%ﬂq = Total volume of;iissue and blood in optical path

»
e
e

. Actua]]y, the transm1tted light and 1ts variations’ are detected by the

photocell. Therefore, the optical density must be expressed in terms
of 1ight intensity. Or, mere prec1se1y,\the rate of " change of the

‘absorption path s to be expressed as the rate of change of 1ight
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The transmission of 1ight through an absorbing medium is '

governed by the Lambe

I =+ I, EXP [ aCx]

v

where
e

X =
Y

\

or °

In %o‘ = 2.304 Togyo 1

L

Incident light

~ Amount of absérbant per unit volume

i

,"t

126

J
Ed

rt-Beer Law

4

Intensity of transmitted light

]

Coﬁstant

'Atteriluatioh caefficient (1ight atten‘uat’ln

per-unit concentration per unit length)

L]
'

Length of absorbigg path

- Taking natural logarithms of both sides oh:equat'idn’ (5.3)

. v

“In 1 =1nly -aCx )

or

I . . t
In l'-I‘o = -aCXV |
¥
} .:’ ., ) )
The* optical density D is qefined as o
. "1 or 1] |
D "= r logie 1. - +0.434 1In+ .
] n 0 , Io . ‘

I,

R

ya




Substjtuting Equation.(5.5) in Equation (5.4)

N Al
! .

2.300 Toguy , = -otx
\-a‘( ' 1 * * . . , , )
1og10 T, = ~0.434 gfx . ‘ (5.6)
or, ) ' - . N ‘ " .
Togig I = Tlogis Ip - 0.434 aCx T A .. (5.7)
Differentiating . -
) ’\. o a { - .
. d(]OglO‘ I) =- -0.434 aC w 1 " ‘ (5.8) .
_“d‘T:‘_" ’ ' dt . ' .
. , ’ , ~
0 . ' ' .
. '

This means that the time rate of change of the length of the absorbing
mediuw is proportional to the time rate bf change of the logamthm of .
the 1ntens1ty of the transm1tted 1ight> An expression for the rate of

change of the light 1ntens1 ty gi can be obtamed d1rect]y by d1ffer-

ent1at1ng Equation (5 3) ' o -y
RN

. d r - T ) . -

dl = -aCg Io EXPl-aCx] / : o o
dt “ [ 3 » A .

. . ,r , ¥ -
or oo ) e - ‘ A ‘
Al = ot ‘ AR (5.9)
dt i. . o 4 ..
‘It will now be shown that in ?Equation"(s.g‘)":. I can be considered 4
constant. S . T ‘ |

v’ <




" volume of tissue in_the path of the light. "These" changes are due to .

) blood vo]ume pu]se of 12.4 cu.mm. in 5 cc of t1ssue in fingers, toes

.
6.9 cu.mm, in 5 cc of tissue g('o.\m percent change’. : ’ )

_be about 1 8 times the percent change in optical path Tength (tissue

_ .
Changes in transmitted Tight intensity are due to changes in the -

\

variations in blood volume in the t1ssue Measurements of the b]ood
volume pulse in relation to total trssue volume have been done by

Burch[27]. Tests carried out on twe]ve subJects showed a maximum
and ears. lThe percent’ vo]ume change is 0.25. The mean volume pulse -was

The aptical degsity of well diTated ear tissue is about 0. gl28l
At this optical densrty the percent change ‘in 11ght 1ntens1ty I wﬂl

volume seen by tﬁansducer). Thus.for a 0.25 percent. cha_nge in-tissue

f

volumg the transmitted 1ight intensity will change by 0.46 percent.

nSince‘ this. is less than 1.0 percent, I can be considerged constant.

Equation (5:9) can ngw be written as - »
* . '
1 =-atr & ' . : .
dar dt | e , »(5.10)
where : S o ' o !
L e C e S -
I < Constant Y o .

', Changes' in the linear dimensions x are assumed to¢ be proportional to

s

changes in t1ssue vo]ume [40].

. &

Smce the photoelectmc plethysmograph

is used to detect changes in blood vo]ume, this, assumptmn is 1mp11c1t

)
1;Jts use.” Now d_V_1 can be subst1tuted for (cjit in Equation (5.10)
A ’ " dt ) | Y . )
giving: .. : 4 _' L ’ , .
’ LT ' ‘ Y S
» . Fd Y. R
4 . .




\KZ—,V K3 = Cons,tant§ |
. ‘ " ) ’ ,‘

/ b) Reflection Type Photoe]ectriq\P]e‘ghysmograp\h_y.

o ' . ' . R
The schematic of a}lecgance type plethysmograph is shown in

Fig. 5.4a; In this case, fhe amp and photocell are di‘?the‘ same Side -
1mos

of the skin and can be p]ace&\ snywhere on the body. Ligh‘t S

¥

ofrom the 1ampo1s reflected partly from the sk1n and partly from the a

vascular bed immediately beneath the ,;k\ Some ,of the ref]ected

hght faﬂm photocell p\roducmg a signal. -
As in’ the case of thg tran dYmission type photoe] ectnd\ plethysmo- :

graph the changes in reﬂected 1ight 1ntens1ty a)re taken to be pro-

portional fo ‘b]pod volume changes.[31 01 that is,

v X f_I_r IR ‘ .o o
“ = . 4 gt ~'.. ,, .. . o . “(5.13);
L S o,
where : ’ ' . \
o I; = Reflected 1ight Tnflensity '
K4 = Cons tant . )
! N ﬁ}?" , . t

e N ’ \'/ . \ ‘ '\»':

* »
- ’ I
, .
where . : N . .
\ . i3 r »
. . N :“, "
1 . ) .

Yo
’_‘.
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L Voo ~ - ‘q ’ ' ’ ) ‘
S .o Tﬁe photoe,lectrlc plethysmog:raph 1§ sm‘d)le and mexpenswe tq
use. Its electronlc -circultry is less cmm that of the mped- -
la ., > ' \, .I
- K ance plethysmograph "It is easy “to apply th\transducer to the body. o
' SPVEIN Body movement produces artefacts in this case also 'but these are not ‘as a
- t
seyere as those experlenced with the impedance method. Therefore, the .
-  photoelectric plethysmograph is well $uited to measure dv;., . v
-0 Lo . « . . ) ‘ dt " A \
= b _ i . . . N4 L
T T s, Measflreméht_ of Time Constant of Large Arteries. ’ o
. The time Constant of the large arteries 'is: . . NG .
‘ . T .‘= Rt : ) ' ) . .\ - S
(o . —E—- . .o , . e .
' . ~Ta Gt ,
From Equation ,'(4.5) \ . _ . ) _ ’
* % * o _ x o ‘ .
Py =kiPy = E;(V - Vi) = B,AVi= BV o .o
(o where vg-—= value of V; at start of diastole in a particular heart cycle.
A s B A . T S D
. R b \ o ) .
. N 1 ! . v - . . . ‘ [y .
) o Accofding to Equation (4.19) M \ "~ * ’
NG - . ;
T ' ‘ . “a t N . ; L f ) - ‘
.subst‘ituting EiV for P i "”_. o - ' ) "~ 4 B |
“ . - E- b a b
‘.- ~ . - ) 1*‘ B . - . . -

] A - 4 .
.* . t » . . l ~ B . i ) ‘ .
Vb‘(t) == vb ‘Expj[. TZJ . . ' . ' ' 4 - . o 4




|

>

. In order to measure txme constant T it is on]y necessary to'measure

T = T

‘AVB and Vg aiid make the caléu]ation us1ng a su1tab1e value of Tk-say, ‘

\

1d0 m1111seconds. o B Y o

L : By measur1ng\ b‘t) at tWo instants T and. T2, T. may be detérmined

" Suppose’ T - T] = T ‘i Constant Tf/start1ng time TT - 0 .

. . S ‘ -
2 Cot ' ' .- ¢ -

- .

.then ? . ‘ S - ; ' o
x}* Exp[o] - v* EXP i_g} A T /o (5.a8) N
D T . ' ’ - . ¥

bz
* .

-

»

R A Lo e ' L
vb[1 EXP[-";?_]] =T . t.
c ) "

.. . . .r

“ .t ’~‘ . . 4

R AR U AVE : Do
0 Teeee|- Bl =8 / .
°- ’ ¢ ) T‘c K V * ’

Taking Togarithms of both sides, .- -
L. Lo , ~ : )
2. = 'In(— - 1) o T~ )

.
c % . oo Y o >~ N
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. -as an indicator of the state of the arterial system:

,54_5_____1‘\ ‘ "'. ‘

. development of appropriate instrumentation. .

!

In' additiof to being used in Equation (5.2), Tc“cou1dfbe used

®

. In some sxtuat1ons, as when the subJect 1s s1tt1ng or lying
down,. the arter1a1 stIffness E and total perlpheral resistance R

vary very little. In these cases Tc can’ be cons1dered to be constant..

/’/S1nce P EXP[-];JTS of the order of 20 mm Hg, (Chap. IV, Subsection v

T
i, c o . N N ,

4 4.2) an error of 20 percent in its value W111 cause an error of

_only about -3 percent when the systolic pressure is 125 mm, Hg. If ~

v s -

in add1t10n the“var1at10ns in PS oo not exceed * 25 percent, Ps

T.

EXP (l;— -Ej can be -considered constant, since%an accuracy of t Sn‘percent g
c
1s consi

ered. qu1te adequate for most blood pressure measurements.

Therefore, Equation (5. 2) can now be written _
. ¢ dv s . ’ - ro . a '
P. = P, +K a ’ : ‘ - (5.16)
s 2 5 dt = .

This leaves only one variab]e to be measured, dvi, and simplifies

s’

8 . ' dt
cons1derab1y the 1nstrumentation ~ ~ P

" In this chapter the techn1ques of measur1ng the var1ab1e quantities

-,

dv1 and Tc have been discussed, thus 1ay1ng the groundwork for the

dt~

*
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/ ~ . PROPOSED BLOOD PRESSURE FOLLOWER . -,  -*

6.1 Infroductién S : ' o

e . ‘ . dvy .
In Chapter V techniques for measuring, —a%- and T_ were
. . , c
presented and the use of Equa{ion (5:2;\;Br following. the varia-
" tions in systolic pressure, after calibration using a known value
of Ps’ was discussed. In-this chapter the electronic implementation
of Equation (5.2) is dealt with. The general features of a Blood

Pressure Folloﬁer (BP?) are discussed in relation to a bfock diagram.

= . -~

S . \

"~ 6.2 Blood Pressure Follower (BPF)

, A functional block diagram'of a Blood Pressure Follower is
- shown in Fig. 6.1. By following the blocks and signal fl'ow the

operation of the Blood™Pressure Follower can be understood, I

At the Igft x] is a photoelectric plethysmograph, similar to

‘ that described in the previous chapter. Tran?mittgd light, I, froﬁ

the tissue under test falls on the photoconductfvé cell in the trans-'.

. . -
v ' ducer and produces voltage variations across it, proportional. to

' the variations in I. These voltage variations are small, uﬁually

. ¢ .
+ only a few millivolts, and must be amplified.  This is done in

[N

amplifier A, where the signal level is raised to several volts. The

L 4

waveforms give the waveshapes‘ci the varfouszdesignated points. The
hrqugh capacitor C in order to‘remové'

L output of Xi ig'gpup]ed to A,

“ the DC component of datum of the input signal, which is not needed.

* - ‘ = ‘ ! ) . n
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R : . .83
o ] < The output of A] nod‘passes througpta bandpass filter Af, which
| limits the bandpdss to between 1/2 HZ and 12 HZ, apprpximate]y. .The
fijter is needed to remove "the 60 HZ:interference and the high and low
frequency trans‘nents above and below the bandpass A vol tage‘m'vider

R] between A1 and Af adJusts the overa]l gam of the circuit. Next

. - the signal from A, is d1fferent1ated in differentiator A so.that” the

. output signal of Ad,is proportional toh the rate at which jts input is

-~

changing. Théen during diastole

/ ;‘; f ] _—
’ - de dv 4
- ed o __f. - 4 -(ﬂ o ,.__1.
. dt dt dt
- . | S
where . eq = output voltage of Ad, in volts
.e¢ = output voltage of A, in volts.

= The maximum va]ue‘of.ed during d1ast01e is sampled and held by

; sample and hold circuit A Samphng is done once per heart cycle.

4
Ll

initiated by a signal from A The output of the sample and hold )
. . circuit is-a 'DC voltage E wh'lch is updated once per heart cyc]i\e:H By
means of vemabje resistor R2 the samp]e and hold circuit may be ad-
justed swo. that its output follows changes in the input quickly or
slowly. The ou&:put of A is fed to temperaturs compensator A A2

.is an amplifier whose gain depends on the resistance of Thermistor X2

. . ‘ .

;, “© It was poi‘nted out in Chapter II that activity of the sympathetic
® nervous system alters the calibre, and thus the volume, of the blood
vessels in the microvasculature -'e.«cept the capi]]aries.‘ Thehnge

. - "in calibre alters the fluidl resistance R. and volume V].. This causes

]




)

] : . _ o 84
C - dVi_ '
; - changes in Tt unrelated to changes in systo11c pressure and con—

- sequently errors in indicated pressure. " (This phenomenon. is d13cussed .

indgreater detail in Chapter VIII under Sources-of Error).

«r v R ~

Changes in the volume of the blood Vessels of the skin produce
Ehanges in the rate of heat transfer from the blood through the ;
skin, to the a}r or surface 1n contact w1th the skin. The sk1n temp-
erature-thus depends on the rate of heat trgnsfer across it and thé_:

¢ , .. temperature of the air in contact with it. For constant air temp-
erature (room tempergﬁure = 22°C); the skin temperature depends on
. its bloqd vo]ﬁmeklgncreasing when the-volume increases and vice:
- | versa. |
' Changes an.skin;temﬁerature under transducef Xf can be'used to qi\
compeqsate —a% for errors inﬂitﬂdue;;0fslow:changés in skin bTood '
voiume,;caused by activity of khe syppathetic nervous’ system. Ampli- °

fier A, is the compensating circuit, with thermistor X2 contacting

' the skin under X,.

- . N . . M [ . dv ) ‘/
T The output of A2, which is E2, is proportional to —a%- and is .
fed to input #2 of Multiplier Ah. The- #1 input of Am is connected to o
Offset circuit Ao' A0 receives inputs from A] and'édder Aa and

S . . computes voltages Eff and Eb; thch are p;obortional to Tc and P] )
¢ : .

. respect1ve1y Ep, ‘is fed to A ;anq/gé to the # input of A..
' - ' 1
The product ET E) is’ formed by A and fed to the #2 1nput of A

dV.~ \ .
lied @o the™—~—

2 is proportional to TC dt The_output of Aa is app

E. E

Te
outbut meter M, which is calibrated in mm Hg. The Offset circuit

- finds T according ‘to Equation (5.15) and forms a voltage proportional

+

. o R ) L - o :
to P EX? [ Tc'] -EP]‘ R3 and R4 are contro]s‘whose function wi]l‘




) S

., 6.3 Calibration of Blood Pressure Follower *

_(agder»k"1s connected to the w1per of‘Vo]tage divider R3 R

v -

be describeq in the next sectidn on Calibration.

~

A smaJI e]ectrica1 heater H, may be app11ed to the tissue under

’ transducer X], in order to produce and sustain a thh degree of dila-

.

‘tation. . )
: B T .o . .
.~ A suitable power supply provides power for the various electrical.

and electronic circuits. . S ' :

- . . . -

}5.3.1 Calibration wi'th‘T Variable (s‘2 'in-Posi‘tion 1) L
» \ ' -~

In operation, the 1nstrument is. turned on and allowed to warm_
-

up for a few m1nutes with the photoe]ectr1c p]ethysmograph attached
to the subaect Néxt voltage’ d1v1der R] is rotated to zero and .
switch S] 1s set at pos1t1on 1. In this position the #1 input to
3 is
,supp]ied ‘with a f1xed vo1tage Ep] max, from whxch Ep] is derived

4

. The diastolic pressure is measured w1th a sphygmomanometer and R3

adJusted to make EP] equal to 1/3 the5:1astol1c pressure on Meter M.

. Now thevsysto1ic pressure is measured “and R] is adjusted to make

1 4

Meter M indicate the systolic pressure, Pg. Sy is next set;to |

position 2 and contro}l R4 is adjusted to make Meter M read Py again’

if it has changed. R4 determines the value of T+ in the computation .

of the voltage proportional to Fg,EXP - %;f]. The BPF is;now'calib- :
: T :

rated and'shou1d‘fo¥ﬂow changes in the systolic pressure Ps.
) R LN

6.3.2 Calibration with T_ Constang (S, in Position 2)

a

a

When"? can be considered‘constant and'PS does not vary by more

than about * 25% Equation (5.16) can be used as the basis of 1nstru- )




\«k St

> b o - E. : clV1
= - k—-k—l n+1l
. Sn+1 * 5p l: Tt: ] C n+l dt

r\ b :( - 86,1/

.men‘tati'o'n as discussed in sectiq'n 5.4, In this c_ase’
’ ‘, L4 ety N

’ - ' dV'i . v : R ’
P o= Py ¥k WL . (838) .

. ‘& v - *‘2\/-' -
e v - : 4

"Now SW1tch 52 is. set to position, 2 at the ‘start of ca11brat1on.
: Th1s applie$ a fixed voTtage Jk to 1nput #1 of mu]tip]ier A |

Cal1brat1qn is. nﬁw Carr1ed ‘on as 1n sub-sectxon 6.3.1 above, except oo
. S
that Switch S] remains at Ipositwn 1 and no adjustment of R4 is
@ * . . ' , ’ . .

" '

requ1red.

6.4  Summary’ ~ L » .

\'

« The genera] features of an instrument td‘fo]]ow changes in

L3

systohc pressure have been’ deséribed Th1s instrument is based

N

“on gquat1on (5.2) but hqs not actually been bu11t However a test ~

circuit based on Equation.(5.16) has been'bu‘il'i: and various t/est's g

. have been carkied out with it. The results of these tests age -

- . N -

gwen m the next chapter

In aﬁ actual instrument the mplementauon of Fquatlon (5. 1), x

-

(or Equatlon 5.2) is in a recursnre form

n+1
N |
)
> [ 1
r . . *

" where the caiculated value'Ps " from ,,.tﬁe previous heart cycle is used -.
o n .t .

to help calculete'\ the new 'valu? Ps for the current heart cycle.
, b . ntl ! - . NS




| CHAPTER WII - - . :

o  EXPERMENTAL -RESULTS - '
7.1 Introduction , o , ‘
C, S SRl Y
In Chapter"v a s1mphf1ed re]ationsmp between P and -—%—t was - A.
- ‘given in EQUation (5.16) as ] ‘
! ) . dvi - ) : \ v o, ) . .
R T AT

. - . , v -
L . . N

- An- experimental electronic circulit based on thi's equation-was built

; ‘ . 'and used for testmg whether changes 1n systohc pressure could be

fo]lowed m this way In order to estabhsh its feasibihty,

. e number,of tests were car‘ried out on. two subjects. These are reported A
Amr-this chaptee, = . ,ﬂ ; T
" ' 7‘.2‘°Exp'er1'mehtal ,Ffroceci'ﬁre R oo Y.
; 7.2 \Pyeli_miner& . ‘ ) IR T |

[ . -

| ' " The experipehta] procedure followed was to simultaneously measure
“ blood pressure in a subject by a Standard ;means (auscultatien) and by
| the uew test circuit. Two mtddle -aged subjects, R.G. and S.M. were -
“‘~used In, pract1ce the test 1nstrument ‘'was turned on and the photo-

o | electric p]ethysmograph (earp1ece) was attached to an earl obe of "the

‘ patient and a]]owed to "warm up" for 15 m'mutes. This permitted heat \

from the sma]] earpiece lamp to produoe a vasodi 'Iatatwn of the bl ood

vesse'ls of the ear. A sphygmomanometer cuff was plat‘.ed on the contra-

-

lateral arm (arm oppos1te to ear w1th ‘eanpiece attached) After' )15

minutes of warm up, the test circu1t-was calibrategi to g‘lve the same- —

indication as the standard means.~ -

. "
IS . .
. 4 N \ . .
S Y . - !
[ “ . . . - W { -
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three different physiollogical

i B " 88
7.2.2 CaTibration Procedure. \ .S

' .
., 7 . . A
'/

The cahbratmn pr‘ocedure consisted of adJusting P and K5 in

2
the electmcal equwalent of Equatlon (5 16). and was as fonoWS’

I

1. P,’and K, were sét to zero. . » i

\' ‘i.xy ) /
2. The arterial diastolic pressure was /measured by.the X

sphygmomanometer. L P .

3. P2 was set to\indi’cate 1/2° the diastolic pressure on the

. pressure meter.

»

4, The arterial systolic npressure/'was measured by the .

SPhys]morpanometer ;
i
-5 K was adjusted to. make the pressure meter indicate

N

" the same reading as obtainec! in step (4) Labove. RN

This completed the calibration of the test circuit,
\ L :

-~

7.2.3 Og-)eration'al Procedure

Simultaneous pressure readings were periodica’1 ly made from the

test circuit and the sphygmqm ometer. Pressure was monitored during’

14

»

i) at rest
\1 i) et 10wered pressure produced_by Va]sa]va_ manoeuvre
11i) et increased pressures produced by exercise.
Pressures. were also monitored. |
.‘a) with and without compensation for activity of the
sympathetic nervous system (as "described in 4 1
(::haptel" vI). -

. " b) with ind without heating of the barlobe in addition

to that produced by the .earpiece lamp.

Vi




minutes the éorrespondence (after Ca11brat10n) between test-ci cu1t \g
" (Test) réading and sphygmomanometer (Sphygmo) readings,were fairly ~—

. i .
~—In—spite of this divergencg it is to be_noteg-that the Test circuit

_d11atat1on (or progress1ve constriction) in the earlobe.’ That 1s.

_gradually lost and bnly tﬁat produced by earpiecg heat remained theré- : o

the eat1obe was not rubbed. Again there is a progressive decreade in -

7.3 Exberimentai Results v

A) First fest, Fig. 7.1,

-

The résults of the f1rst test made are shown 1n Fig 7. ] ‘In
this test the ear]obe was well rubbed, before installation of’ the

earpiece, in order to promote'\hsod11atation For the first fifteen

good, but show a gradually increasing divergence. The divergence

becomes farger with time and is ponsigerable\after forty~-four minutes.

follows rises of p;éssure (after exércise) and falls of pressure

(during Valsalva manoeuvre). The fall of test circuit pressure

s

relative to Sphygmo pressure is due to a progressive loss of vaso-

_the.init1a1 vasodilatation produced by rubbing the earlobe was.

vs

after. .Obviously earpiece heat did not produce as much dilatation as
earlobe rubbing.
This inplies that the fluid resistance, R, and stiffness E., did

not remain constant, or, refeyring to Equation (5.16), K¢ did not

: .dv ‘
remain a constant, and changes in —a%- were not always due to changes’

Y
‘

< '
-

in pressure P.. o ' -

~

B) Second Test, Fig. 7.2

The resullqts ‘of the next test are shown inm Fig. 22. In this test

~

test circuit readings.- But then there is a reversal, and thé test

circuit readings go'much higher than the Sphygmo readings. ‘The fluid

< -n -
TN + w
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| O .
l~J> 'resistance and st1ffness»must be changing again, since the Sphygmo
read1ngs are fa1r1y constant throughout the test period Fluid
resistance and stiffness changes are brought about by.activity of -
the sympathet1c nerjzus system which acts on the smooth musc]e of
- 5 " the sma]]er blood vessels (except capil]ar1es) to chaﬂﬁ% thelr

%  calibre, and thus their'resistance. ¥

o : _ C) Third Test, Fig.7.3 "

o ‘ o : In F*Q 7.3 the tempera}ure compensat1ng circuit, described in
Chapter V was used A]thdugh’the temperature compensat1ng circuit
was not optimally adjusted, it was still able to reduce the large
) vartatﬁons sefh in Figs.7.1 and 7.2. Although observations were not )
T taken continuously throughout the test period, the earpiece was in

place and a%] circuits were functioning. - However,'it is not known

how the indications were varying duri;g the time that no observations -

6 \ ,’
were being made. This test does indicate, nevertheless, that-a sig-

nificant reduction in the error due to variations of eariobe fluid

. resistance R, and stiffness E, can be achieved by using the earlobe ‘
. ‘ e .
skin temperature to compensate for changes in Ri and Ei'

D) Fourth Test, Fig. 7.4 f\g ’ _ . - f

: ,é%”f ‘In another test a vasodilator substance, Finalgon, was aoplied

-« to the earlobe. The Finalgon was app]ied to/the earlobe thtrty-two.
minutes before calibration because about tuenty—five minutes are re-

- - quired for 1t¢to produce a large vasodilation. The results of this

- test are shown in Fig.7.4; For about thirty minutes after calibration,

. . the Finajgon maintained 'a good vasodilatation. Thisfis iﬁﬁioateo by

. - .
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v

the good agreement between Test and Sphygmo readings dur’Lg this’

time. After the Valsalva manceuver the test/circuit readings dropped -

greatly ind1cating a ]oss of vasod11atat10n " This test resu]t IS

51m11ar to that of Fxg 7.1, except that for a time, the Finalgon

L

apparently maintained a more constant vasod11atat1on (probably

o [

approach1ng a max1mum) than ear]obe rubb1ng dﬁd

L

.

E) Fifth Test, Fig, 7.5

In the last test cited, a smalt efectric heater was applied to
the earlobe on the same side aS'the.eérp{ece'imnn; The maximum )
amount of heat thet'the subject couid to]era%e without feeling dis-
~ comfort was applied to the earlobe, in order to promote vasodilata- .
tion. The results of this test are shown.1n Fig. 7. 5 After an ini-
tial Hlvergence the read1ngs remain re]at1ve]y_constant up to forty
minntes. The indicated pressures rise together after e*ercise_ann
fall together during the Valsalva manoceuvre. There iéhno progressive
increase’ of d1vergence with time. The constant'heatfappears to main-
tain a more constant vasod11atat1on over. the test period. ,

., S
7.4 Discussion a : h

L]

It was assumed in Chapter iV subseetion 4.2.2, that the fluid
resistance and stiffness of microvascuiar region'Mi remains constant:
This assumption is cruciaf\ébr the validity of Equation (5.16).
Changes 1in the st1ffness of the blgod vessels of the‘miorovasculature
alter the amount of dilatation they undergo for-a given 1ncrease in
pressure. For example, if the stiffness increases, i.e., if the in-

crease in volume AVi of region M, is smaller.for the same increase

T
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I v, , v, -
in pressure APi, 3t will deerease. Such a change in It will

produce a change in the value of PS indicated by the test circuit, even
though the true value of PS remains constant., This is clearly shown
in Fig.7 2‘ where alfhough the sphygmomanometer readings- are quite’

[

¢onstant, uFe test circuit readlngs vary greatly..

These changes in test circuit readings are due to/;arlatlons in
the degree of vasodilatation in the, earlobe. Th1s_§hows up clearly |
in all of the figures except Fig.7.3, where the electronic circuit is
being man1pu1ated 1n order tp correct the test circuit readings. When-
ever measures were taken to promote vasod1ﬁatat1on, the ,test circuit
read1ngs agreed ‘well with the Sphygmo readings after ca11bration. When ]
the effect of the ‘measures diminished, the test circuit readlngs gener-
.- ally fell below the Sphygmo readings, indicatipg a decrease in -f;i . :

relative ‘to the true pressure.

-

The above effect is seen in Fig.7.1. 'The ear was rubbed prior
to the start of the test. After calibration the test\circeit readings
remained in good agreement with the Sphygﬁe readings for 15 minutes,
then gradually became smaller, with the Lassage of tiﬁk. After 18
minutes the difference was 13 mm Hg.; after 25 minute; it was 23 mm Hg.,
and after 44 minutes it was 36 mm Hg. The same effect is seen in
F1g 7 .2, where the test circuit read1ngs steadily decrease, except
’that after 77 minutes the test c1rcu1t reading showed a sudden large
increase over the Sphygmo reading. This was not an ins;rumenta]
artifact; but was an increase of vasodilatation, indicating that under

the condition of measurement, fhe blood vessels of the earlobe can

" dilate as well as constrict.




When Finaléon was applied to the earlobe it maintained an
effective Vasddilatapion for 30 minutes after ‘calibration. :During
this time the test circu}t and Sphygmo readings weré in good agree-
hent. Ag‘the effegt of the Finalgon wore off, the test circuit

reading showed a steady decrease. -

From the'above results it would Be'expected that if the blood
‘ vsssél§ of the eqr]obé could be maintained well dilated indefiﬁﬁtéﬁy
) the, test circuit and Sphygmo readings should show consistently- good‘
' ' agreement. This was the case when,constant heat was applied to thew
ear]obe The ;esu]ts for this condition are shown in Fig. 7.5.
After calibration the test circuit read1ngs become larger than those

of the sphygmomanometer " This is probabe due to carrying out the

cal1bratlon procedure before the' b]ood vesse]s of the earlobe were

sufficiently‘close to maximal dilatation. After about 7 minutes
the variations in the two readings are about the same.. In this

- . , case_the good agreement between test circuit and Sphygmo readings

continue throughout the duration of the test - 77 mﬁgutes~

After*exercise'the test circuit readings approaqﬁ closer tb
those of the sphygmomanometer. This indicates some loss o? vaso-
dilatation, proBéb]y due to the eﬁer ise. The same effect can be
seen in Fig.7.1 and in Fig.7.4, after the Va]salva manoeuvre. This
is_probably due to changes in sxmpathgtic.nervous system activity

g brought on by exercise and the Valsalva manoeuvre.

o

o~

The reduction of the discrepancy belween test circuit and

¥
\ Sphygmo readings by electronic compensation also-confirms that the -

<

major soarce of error is changes in the degree of vasodilatation of

-

4

—_— Y
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.the earlobe.
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In Chapter VI it was shown that the skin temperature of -

the earlobe varies with thé degree of vasodilation of its blood-vessels.

An increase of skin temperature thus indicates an increase of vasor .

dilatation.

e

One should then be ab]e “to use some functionpf the earﬂv

<+ .lobe skin temperature to compensate the amplif1er circuits for changes

in vasodilatation.

When‘a  simple linear function of the ear]obe skin

- temperature was used to compensate the electronic circuitry, the

result was as shown in Fig. 7.3.

The divergence between test circuit

and Sphygmo read1ngs are much smal]er than those of Figs.7.1,72 and ~

. 7.4, Compensatxon of this kind, however will only be effect1ve for

slow changes in vasodi]atation, due to thermal lags in the earlobe

and temperoture measuring circuit.

The results show clearly that the major'cause of discrepancies‘

between test circuit add Sphygmo readings is chahges in the degree

of vasodilatation of the earlobe blood vesselsa

Sphygmo readings is goad.

7./3 Summary

in order to test the valldity of thls equation..

LY

_ were carried out on two middie-aged men.

"ally constant vasodilatation of the vascular bed i% maintained, good ]

P

The resul

indicate that the .discrepancies petween test circui

standard (sphygmomanometer) are largely due to cha

of vasodilatation of the vascular bed.of the earloJe: When essenti- =

agreement between test circuit measurement and stan

achieved.

et

nges in the state !

When these blood

+ vessels are kept wé]] dilated agreement between -test ci#tuit and’ )
. ! : ’ -7

A;n mber of tests

S of the tests

*reading and’ ;

, :

3 +
’.
v
l"

e
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dard measurement is
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. 8.1 Introduction

IQere are a number of sources of error in the b]ood pressure

- follower. In Chapter V, Equat1on (5 1) and Equation (5 16) were

given as equat1on? on which a b]ood\pressure following in§trumgnt"

could be built. They are: :

l
11 [ER, dVi|
'Ps = Ps EXP] T | + -—

cl. Eajjkz t &
A
. ¥ 1?
P P, + K dv

l

|

= |

s 27 Yo $
“.\ ' li

dv., d
*In Equat1on (5.1), t-— T and

o+

or “

i are measured var1ab1es a
Ea dat

o ‘ , }
vascular stiffness E . ], and k2 are constanis. Apart from

'1naccurac1es in measur1ng T and v,

dt

be due to yariations in iheyva1ue of Ei'

' N \
will of course contribute to errors.
. : ¢

“'i, a major source of error may

In Equation (5.16), T_ is considered constant.

is used as ‘the basis for measurement, variations in Tc may produce
errors.

~ ‘. )

" These errors are physiologic in nature and will be discussed

L L.
| 1 /
A .

L4

micro-

(5.1) .

‘5.165

Any vgriations in k] and kz .

If this equation



]

‘mentation. _ 9

S0 kP - P 5 would va}y not only’witthig but also with R..
. s 0 - max i

‘Inasmuch as on]y(

. SRR TP 101

¢

in the following section along with sources of error due "t0 instru-
) e \ ' N ' .

A -

8. 2 Physio]og1c Errors _ _ ,

8.2.1 Errors Due to Yariations 1n M1crovascu]ar St1ffness E

In the derivation of Equation (5.1) the fluid resistance of the

microcirculation, R;» was assumed to be constant. If .this were not

-

Sl ) :
V) - is measured, variations in R, will invalidate
dt / max. , ? -
Equation (5.1), i.e. (P’ - Po)»will‘not bt directly proportional td:
/ S Al ° N [ il . N ‘ ' (
4V alone, and large errors can result.’ '
dt . ' '

Changes- in fluid resistance Ri are causeq‘by changes in the

" calibre of the blood vessels due to contraction or relaxation of the

_smooth muspie of the blood vessel walls. The state of contraction

or relaxation of ithe smooth muscle determines the stiffness Egs and
volume v, of the blood vessels of a micrdvascular region Mi' Fluid
résis;aﬁge Ri and volume Vi’ therefore, depend on the stiffness Ei of
the blood vessels. ' |

' . When a transm1551on type photoe]ectr1c plethysmograph is placed
on the ear (or toe or finger), var1ations in pu]se (blood volume)
unre\ated to blood pressure ;hanges are noted, Burch[27].‘ In addition
to a volume variation corfélated with'resp%ration (which ;lso correlates
with blood pressure change), Burch noted three other kinds of volume

changes tinrelated to pressure changes, which he des1gnated as a]pha,

24

(25




. pressure measured with a sphygmomanometer. These spontaneous volume

. . . ~
changes are attributed to the neurogenic vasoconstrictor activity on

- under measurement with a special heater reduced these spontaneous

. volume variations considerably, but did not\ehtirely eliminate them.

beta, and gamma. .
9

The alpha waves occurred at a mean rate of about 8 per»minute.. )

3

-~

The mean frequency of the beta waves was about 1 to 2 per m1nnte and
their amplitudes were on the average ;bout twice as 1erge as‘the
alpha:- The gammg;wave variations were from 1 to 8 per hour and their
amplltudes'were““ﬁns1derab1y larger than the beta waves. The alpha \
waves were' super1mposed on the beta waves, which in ‘turn were super-
imposed on the ganma Waveﬂz The alpha, beta and gamma waves are

shown in Fig. 8.1. The waves in A are the desired cardiac waves, '

whezges the.other waves are undesirable and produce ‘errors. -

These phenomena Vere present during the testing of the breadboard B

" i
|

' |
- |
|

. |
\ g
|

|

|

C
|

'
|

v

|

|

o

' |
|

circuit ment1oned in the prev1ous chapter. Errors in the indicated-

pressure were somet1mes as great as 30 to 40 percent of the b]ood
the smooth muscle of the vascular bed. Heating of (the vascular area

Heating reduces the vasoconstrjctor activity allowing the vescular
bed to.di1ate. The amount of heat.not causing disgomfort to the sub-
ject was suffidient to maintain a dilatation whidhpzermitted good .
.track1ng between test circuit and Sphygmo readlngs, as seen in F1g 7.5.

The appllcat1on of Finalgon, a vasodilator substance, to the

&

vascular bed eliminated the spontaneous volume variation. During the .

the.period of effectivelaction of the Finalgon, blood pressure was

° N [y
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' fo]]owed-accurate1y by the breadboard circuit. Unfortunately, an
app11cat1on of Finalgon is effect10e for only about one hour and,

in addition, is somewhat noxious to use (produces a burning seﬁ%a-

tion in the area to which it is applied). Some compensation for. ’ ‘<

- *
vasoconstriction and vasodilatation can be obtained by measuring the
skin temperature of the area under measurement as described in the

previous chapter. But this is on]y effective w1th slow volume changes

- and least effect1ve with rapid vo]ume changes.

There is much evidence that the forehead is_not supp]ied with
vasocpnstrictor nerves. Hertzman!®] investigated thiS‘and;found that
simultaneous app]ication of photoelectrtc transducers to the finger
tip and forehead §Qowed spontaneous volume changes tak1ng place in

Ve the finger but none in the forehead USe of a reflectance photoelec-
tric transducer on the forehead with the brggdboard circuit resulted

in vastly improved results. The error between experimenta] circuit

pressure. r ad1ngs and sphygmomanome%er pressure read1ngs averaged

I3

about 5 pe ,ent and rarely exceeded 10 percent No heat1ng or temper-

9

ature compe at1on was needed. Extreme cold can producé some vasocon-

striction and vasodilatation can occur as it.is believed that the

forehead is supplied Wwith vasodilator innervation. However, these

' mechanisms-are brought into play only in extreme situations at this
- - . ~

site. o : .

8. 2 2 Errors Due to Variations 1n Arter1a1 Time Constant T

+

! If T ( ) is.not measured but is consjdered constant, -as in
E
a

-

o
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[N ' Al ‘ ’ . .f .
Equation (5.165,,thin changes in Tc can cause errors in-measurement

of P.. When a normal subject is,at’ rest, Rt&ang%za remain constant.

When the subject exercises, Ry decreases and E, may inCresse. There-
! 7 - .
fore, T, decreases. Under conditiens of light exerc¢ise, Equation .

%

(5.16) probably holds but with hégvy éxercise, there could be a signi- _ (:

\\

 ficant error-in P.. -

. N - |
N~ " 8.2.3 Errors due to Variations in k, and k, E
!l a) In Chapter IV, Section 4.2.2, it was assumed that- the - @

4

.preSsure‘Pi, n a micrgqvascular region Mi’ is a constant, fraction of

the pressure'Pc in,fhe large arteries. Tﬁat is, P] ==k]Pc. .

. | | ~ o -
L ' ; It was Elsoia§§umed.that the region Mi was maximaﬁ]y dilated.
Changg§ in the degreelo?“%ilatat{oﬁ of Mi’ i.é;‘changes in stiffness Ei’
can produce variation§ in Pi and thus in k]. Constant 51 is thus .

really a function of E; and the errors due to it can be considered as

@ 4

¥ Dart of those due to.Ei.

%

C o~ b) Constant k2 was defined as'relaging Pa to Ps.i" the.fornﬂ

P = k,P ) R e .
a 2's _ . . ’ \ / ~°
] . N ! L ?

. [}
where

%

-

PR , . P; is the arterialﬁpreésure at the beginning of diastole. : .

Changes in the Pdiffe\r'ence between inflow to and outflow from .o

-

» o : ) oy
D - the 1Qrge arterigs can produce variations in Pa and thus in k2' Inflow™

. to and outflow from the large arteries depeXG’part]y on arterial time ,
% . &)
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constant TC. Constant kz-iS'thus a quctioﬁ of Tciand the errors

due to:1it can be coqsidered°5§ due, in part, to changes in T..

8.2.4 Errors due to Changes in Blood Optical Density

Errors can also be caused by changes in percentage oxygen satura-

)
£26]

tion of the artefia]%blood This, in turn, would cause changes

_in thé attenuation of 1ight passing throdbﬁ the blood and thus in

-the optical density. This,efféct'shoulq not be 1argé but can be
considerab]& reduced or eliminated by usingg}ight of an isobestic
wavelength for oxyhemoglobin and hemoglobin: One such wavelength is -

805 milli-microns. By using an appropriate infra-red fi]ter: this-

operational wavelength can be attained.

In addition, errors 65h’occur due to changes in the hematocrit
value of the blood. _The hematocrit valueois a measure of the con- u.
centration of red blood cells per unit of volume of blood. Changes
in concentration df*red blbod ce11§ also cau;e chinges in the attenu-
ation of light pagéing through the blood:' It %s expec;ed.that the hema-
., tocrit value will be constant in each patient under nbrmal'conditions;
In other circumstances, as during parenteral infusiops of liquids,

the hematocrit value may, change.

» 8.3 Instrumental Errors . ¢ -

)

8.3.1 Errors due to Amplitude Distortion - .

a) The principle source of error in the ins%ru@gnt is a bandpass



\

filter which filters the amplified transducer signal before. it is °
/‘7/ \/7
differentiated Its main function is to eliminate 60 Hz 1nterfer-
ence and limit the low frequency response of the amp]if1er. It
should have a passband from 0.5 to 10 or 12 Hz within -3 db. This
means that, the third harmonic of fhe highest frequency of interest
(3-Hz or 180 beats or pulses per minute) should pass without attenu-
ation.,- The lowest frequency of interest;is 1 Hz. If the gain is

not constant over this passband, waveform distortions can result and

a ’

the f!i_measured will have an error. This will also happen if too
mgchdgignal below Q.S Hz passes through the filter. By using an
Analog Devices two-pole low pass Butterworth Fi]ter Model 704L28, and
properly proportioning the amplifier interstage coupling, a satis-

factory performance was obtained.

b) 'Another'source of amplitude distortion is the photodetector.-
Pnotoconductive cells are Jeed e§tensjve1y }n"photoplethysmographs.
They are ‘small, cheap, highly sensitivelanh easy to use. However, they
have a'temperature and 1ight=history dependence whicn can affect their\
dynamip characterispits, Fine [SO]. 'The'frequency response depend§ on
the cell resistance, ‘i.e. the 1ight level at which the cell is operat-
ing. The cell resistance also qepends on the preyiouS'light history, .
f.e. the intensity of 1ighc and the length of time jt has been exposed
to it. According to Fine, a cadmium se]enide cell; after being stored .
in the dark and suddenly exposed to a light level which produced a
resistance of 70 Kohm.at time zero, exhibited a long ;erm/cr1ft to

\

‘o

I3



abgve 160 Kohms in over 100. minutes. Fine also shows that an increase
’ of temperature improved the high frequency response. Since the band-
. . ‘ : : . 3 ]
‘ width required for the BPF is not 1arge-=0.§ Hz to 10 Hz«-gﬁ,particular

difficulty was experjgﬂped with fhe-photqce]]-used. N

+
&«

LR L]

'8.3.2 Errors due to Shifting of Transducer on- Skin

Shifting of the position of the transducer on the skin changes

the"volume Vil sampled and can produce errors in g!i_if tﬁe,vo1ume S
. dt ' : "

V., in the new position is significantly.different from V.],in the

i2
- o]d posifion "The transducer can-be :stabilized to a sat1sfactory degree

\\\\?\\\\\on the ear and to a hlgh degree on .the forehead Although the errors )
‘ produced can be s1gn1f1cant, they are not 11ke1y to occur, particy-

) larly at the forehead. =

Q

. 8 4 S : | : - B ,.
A number of sources of error, phy51olog1c and instrumental,

are discussed in this chapter. The maJor source of error is spQn-

taneous blood Qo]umé\changes produced by changes in" the degfég of

, vasoconstriction or vasodilatation of the blood vessels. Changes
in vasoconstriction produce variations ip the §tif¥ness, fﬁ, of the

' ] 'blood vessels and are caused by activity of the sympathetic nervous

system. Héating of the tissue greatly reduces the:activity of the
sympathet1c nervous system.- The farehead is not éupp]ied with

: o sympathetic vasoconstr1ctor nerves and is am ideal site for the ‘BPF

| » ~
- transducer. "

-
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;kkperimental WO;k done, as well as the practical applications of

o

' CONCLUSIONS

. . . “ a,

s . - e
. ;.

-

9.1 Pré]im}narx

,

1,

A new'ﬁethod of measuring\relativé arterfal systolic blood
prgfsnre changes is presented in this investigation. The essence
of ghefhéthod is, that the rate of pulsatile blood volume change
in a per1pheral\s1te such’ as the earlobe, is .used for indicating
the magﬁifude of the'arteria1 systolic blood pressure'after cali-
é;at1on against a standard blood pressure measur1ng means. The
corre1at1on between rate of peripheral pulsatile b]ood volume - -
“change and arterial‘systo]ic blood pressure is facjlitated by »
considering these quantities only during a portioﬁ of each cardiac
cycle, i.e. the period of diastole - and for Just one 1nstant g
during this period. Further, these quantlties are considered to

¢

vary expopentia11y during this period.

A number of conditions were specified and assumptions made

in order io develop the theory behind this new technique. Dis-

, | cussion on these are provided i this chapter with remarks on -

\ el

this method. L 0 "

L 4

9.2 D%s'ch Theory and Results .
. \/ N -

In Chapter:IV, an equation was derived. to give the arterial

i .

systolic blood pressure as

. Pa -Ea . .
PS F'k; EXP[-—-R—t-T] +.

E; R :

a
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Certain assumptions and conditions were,madg in d'riying'this '

A

équation (Chapter 1V, section 4.2.2). The quantities in Equa-
: ° N N "o

tion (4.22) will row be discusged in relation to these assump-
. s o .

s

tions and condigions. C : A .

- 9.2.1 Arterial Time Constant Tc

°

E, is the stiffness of the.large arteries and Ry is-the total

a
périphérallresistance to blood flow from the heart. Eg is the g

Ea.

time constant, Tc, of the arterial system and is a quantity to be

measured. There. are no assumptions iﬁ‘relation'to thié"huantity

+

in Equation (4.22). ‘However, a simple version of Equation (4.22)

‘was also given in Chapter IV as o ;

Lo e v b
3 * PS —, Pz + K5 1\;. ) -(4¢ 23) !

4

In-this equation the arterial time constant Tc is considered to be .

a constant. If Tc js considered cdnstan?,‘as discussed in‘Chéptef'VIII,
section 8.2.2, EQuation‘(4;23) can be used, ptherwise Equation.(4,é2),
must be'u§ed. The experimental work donexwas based on Eqdétién (4.23).
Jrj As was po%nted out in Chapte; VII,when the earlobe blogd vessels wefe
3_537 . maintaiped vell dilated the resu]ts-were gopd. This jﬁaiqateq;that in
'%’éiF' these experiments, thé-aasumption of Tc\to be a coﬁstdht did not pro-

bl

duce any significant error. ]

9.2.2 Decay.Time T+' 0 - . &

In Equation (4.é2) the decay time T+ is the time for the pres§uré—

or volume wave to decay from\ its maximum value, where its rate of
. S ! '

change is large, to a value:’where'its rate of'chanée is small and ~

Y

R




vy ' _ om

and can be considered to be zero. If T+ is taken to be sufficiently long,

the rate of change can be negfected, as séen in F1g 4.4b. From empiri-

9.2.3 Stlffness E of Blood Vesse]s in M1crovascu]ar Region Under

s

cal cons1derat1ons the value of T should be such as to make P] equal to
about one-th1rd of the diastolic pressure. Since the instrumént is cali-

- é
brated on each patient with standard blood pressure measuring means, the
) ' )

-~

exact value of P] is not very important.
o
ot Measurement . ‘
| . The usefulness of Equation (4.22) depends on the microvascular
stiffmess Ei beind constant. Variations of this factor can produce large
errors as was 'described 'in Chapter VII and Chapter VIII. Var1at1ons of

Ei are due to activity of the sympathetic nervous system as previously

discussed. . Vasoactive changes due to activity of the sympathetic nervous
system can be abolished by producing a near maxima] dilatation of the
vescu]ar bed -- by the use of drygs or by heating. In the experiments
continuous heating of the ear was found to promote good agreement between

4 < °

Sphygmomanometer and Test Circuit readings. This would”1nd1cate that

Ei remained fairly constant due to the heating. Heatlng of the vascu&&%
area under measurement is therefore a sound and dependaﬂle means for
maintaining Ei constant.

Ancther approach to maintaining Ei constant. is to find a vascular
area which is not subject.to sympathetic nervous system actjvity. One
such area is the skin of the forehead. Hertzman[9] found that in the
presemce of stimuli that produce vasoconstriction in the f%ngers, no
vasoconstriction occurs in the skin of the forehead. This site therefore

i's potentially a useful one and would require little or no heating.'

{
?




\
heart, tH@‘peak pressure increases.

. 7 ‘ .
& 112
A ) 4 i
.»\' ' le
9.2.4 'Constant k] ' ' — ’
Constant k] relates the blood pressure across the microvascular
ag
bed to the pressure in the main arteries, given by N
Pi = &Pe , | (4.6)
- .

' Since the microvasculaf'regjon:is maintained well dilated, keeping‘Ei

constant, k, shouldf%lso remain constant. The experimentél results indi-

cate that this is so. - / . 3

‘ 9.2.5 Constant k2

The‘conStant k2 relates the arterial pressure at the start of

D .
diastole to the maximum arterial pressure during the cycle, i.e. the.
. N
systolic pressure and is related by ~
. : == +
: Pa k2PS (4.18a)

During diastole, the only pressure acting in the arterial system
f "

;s that due to the elastic recoil energy of the distended arterie§ --
fhg-rese}voir arteries. In, systole, however; blood is expelled at high
pressure’ fro]n the hear't into the aorta. There is an °additional pressure
in the af{eries due to contraction of the heart. Préssure reflections
occur at relatively distant parts of the arterial system due to bifurca-
tions and changes of diameter in thé‘arterial tree. These reflected
pressure‘waves travel pack toward the heart anq add to the instantaneous )
pressure at various points in the large arté;ies.K This is shown in Fig.
9.1. - As the observatién’poiﬁt'ﬁs moved‘a]ong the aorta away from the

It is obvious that k, will be different for different positions in

the -aorta. In addition,’Equation (4.18a) implies.that if Pa" decays ™

oy a
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" exponentially - which it does - then so does P . However, the arterial

pressure cannot decay exponentia]]y from its peak va]ue to thevstart

of diastole because of the pressure supplied by the heart during this
woo ' period. It was pointed out in Chapter VIII that k2 also-depends on
o the arterial time constant TC. From these considerations Equation (4.18a)
can only be an approximation. It can be assumed that the systolic
pressure Ps in Equations (4.22)‘ and (4.23) refers tp a poinf: in the .
aorta where the pressure curve is least; affected by reflection and

¢ ‘the decaymg port1on approximates best to an exponent1a1 curve Sucﬁ ,

a point will be somewhere in the upper part of the aorta

' The experimental results indicate that variation of microvascular
' sti ffnese Ei is the major qsource of error. Therefore the approxima- -
tion of Equation (4.18a) does not introduce any sigﬁ’ificant error
under the conditions of the experiments.,
]

'9.2.6 me Rate of Change of Microvascul“ar Volume ~\I‘i

As shown in Equation (4.16), \the time rate of change of the
micro!ascul'ar volume V; depends on the stiffness Ej, the constant Kk

the arterial time constant Tc and the pres:sure Pc' If all but PC are

constant, then 9—!% will be directly proportional to Pc' In the

" absence of/artifacts %’—% will elways give an dccurate proportional

value for Pc.' R >
\) From the above considerations it is concluded that Equation .(4,22)

‘and Equation (4.23) (where applicable) model the physiolegical conditions™

4B which they apply with a QeasonaMe degree of accuracy, i.e. indicate

N
1
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changes in arterial systolic bebH‘pressu;é§with reasonable ébcuracy.

The standard blood pressure'measurement means used in the ex-

periments was a sphygmomanometer. The more accurate direct means of

blood pressure measurement (as’described in Chapter III) wouid have
been preferable. However it was not possible to use such an invasive
method at the time the experiments were made.' In any case good
agreement with.sphygpdmanometer readings assures the ﬁsefulneés of

the new method.

@
Id .

9.3 Applications

Knowledge of the state of the'grterial blood pressure at frequent
intervatf iS'crucial,for:certain classes of hospital patients. People

who have had heart éd;geny often need to have their arterial blobd\'

pressure monitored continuously. Some patients who have suffered -

heart attacks may have sudden circulatory collapses.c These patients

.need to have their blood pressure continuously monitored. Patients

e

undergoing hemodialysis may also have sudden drops in blood pressure.

Such pgtients may have their blood pressure-checked every hour, or

hore often, during dialysis.

Physicians dealiné.with these patients have expressed an interest

in hdving a-simple, easyvto-operate, blood pressure monitor to use on

_these patients. In recent\years physicians are becoming more and

more concerned about the existence of:undiagnosedtand untreated hyper-
tension in the population. It has been suggested that each home be
equipped with a sphygmomanomcter and that people routinely- check

LY

their own arterial blood pressures [32],‘just as they check.their

Led
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temperatures with a clinical thermometer. When the blood pressure
does not, fall in the normal range,.a physician should be consulted,

However, use’ of the #hwomanomeﬁer., even by trained persornel,
L \ ’ )
such as physicians and nurses, is not always simple. This points up \J

the need for a s'imple, relative]y‘ inexpensive device that could be *

uséd to check blood pressure.
/ ‘ ' " -
Another fie]d_'that needs ‘a simple, fairly accurate noninvasive

continuous bloed pressure.monitoring device is biofeedback -training.
. ‘ ¢ -
People with essential hypertension are being trained by this nethod
to 1ower their arterial-blood pressure by 10 - 15 mm Hg. mercur)‘/- .

[33]

and more Available blood pressure measuring techniques are

'unsat1sfactor'y for this field.’ ‘ '

In spite of the fact that some‘hoseital patients may need to
have continuous blood pressure monitoring, it is'not alwaj(s -possible
to do so because the available instrumentation’ ls “not suitable. In
these cases, a reliable non-inyasive, non- occ]uswe contmuous, beat
by beat blood pressure monitor is needed. At the time of writing, L
such an instrument does not exist commercially. However, there is
a great need for sueh an instrument. It would not only be useful

in the cases outlined above byt also in such other fields as;

a) ,Intens,1'3e Care Monitoring "

b) Physical Education Research

*c) Sports Training . : ' ‘ p
d) Physical Medicine and Rehabilitation -

e) Phy jological and Medical Research

f) Psytbqlggical Research

Dl
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9.4 Future Work ) N

The beat -by-beat measurement of arterial systolic and d1astohc
‘blood pressure by non-invasive, non- occ]uswe means would be an impor-
) tant addition in the field of non-invasive physiological measurements.
A thorough eva]uatmn of this method in"a hospital with adequate facili-

t1es,‘ .g. means for. d1rect blood pressure measurement, is’ necessary for

proper validation. , A cathetemzatwn laboratory would be ismtable

N
L3

" place. |

The tecnnique described in this work measures relative.systolic
'blood pressure changes. It would be an important advance to develop
it-into an absolute method, i.e. no calibration necessar_y ‘between
patients. In order to do this,more precise knowledge of‘ the qua,ntw,y
E; and the constants k] and k2 would be required.

-If it were possible to measuge the total peripheral resistance‘Rt . |
separately from the arterial st‘i‘ffness) Ea‘, the caroiac output could be
computed beat-.by-beat.' The mean arterial blood pressure can be computed
from the systolic and diastolic pressures. ‘fhe cardiac gutput .is then

" given by ‘ . -
Mean Arterial Blood Pressure in mm Hg.
Total Peripheral Resistance in PRU, Units

_ Cardiac output =

This instrumentation would then be able to meaSure systolic and diastolic
' 1

pressure, cardiac output, heart rate (from the vdlume pulses) total /
per1phera1 resistance, left ventricular ‘ejection time (LVET) (from the
vqume pulse), and ‘the arter1a1 stﬂ-‘fness AH of th1s wou1d be done
fr_:om a simple measurement of the peri'phera]_ b]oqq vo]ume pulse. An
instrument with these capabilities would be of considerable value in
clinical medicine and in phy'siolog‘j‘ cab.and medical research. 1\ C

. / L R . . I
- \. © ) co R
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