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ABSTRACT

‘ Exper:ments are described in which the pulse wave
veloclty is found to be linearly relaited to diastolic
blood pressure. The ultimate objective of thim sitndy is
to provide data on the feasihility of wiilizirs this
relationship to develop an instrument which will monitor
diasitolic bleoed pressure in ambulatory patients, 1t was
found, in experiments on dogs, that this relationship
holds over a wide range of blood pressure and in the
presence of such physiological perturbations as vasocon-
striction, vasodilation, sympathetic stimilation, and
changes in cardiac contractility, cardiac output, heart
rate, and blood volume.
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I. ILTRODTUCTION

The clinical assessment of the blood pressure in
ambulatory patients as usually carried out may not give
a complete picture of the patient's usual cardiovascular
status, Although the traditional auscultatory method
[Gilfora (1954)] gives accurate resulds at the time it is
performed, the physician is provided with only a single
data point under test conditions which may significantly
alter the variasble being measured, Stress, both physical
and emotional, is known tc alter blood pressure, [Friedberg
(1956)] Tor some individuals the visit to the doctor's
office is traumatic in itself. Moreover, the physician
cannot assess the degree of lability of blood pressure due
to gtressful situations which may occur during the day,
Ideally he wants to measure blood pressure throughout a
usgual day's activities. The physician is concerned about}
cardiovascular complications due to blood pressure which
are related to 1.) average pressure in the sysiem over
long periods, and 2.) maximum and minizum excursions. The.
average pressure in the sygtem ig related to the amount of
work performed by +the heart. An increased average pressure
will cause an increased cardiac workload, and hence, hyper-
trophy of the heart. [Friedberg (1956)] Excessive maximum
excursions of blood pressure are related to cerebral
hemorrhage and dissecting aneurisms, On the other hand,

excesgive minimmm excursions may cause dizziness, fainting
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spells, or even sivokes. [rriedberg (i9536)] a recora oz

the Dlood variations durinsg normel daily activities would
also be of key importance in assessing ﬁhe effectiveness

of drugs used in the itreatment of hypertension, Therefore,
long-term monitoring of blood pressure in ambulatory patients
would be an importanht clinical tool.

The need for long-term hlood pressure monitoring has
been recognized for some time, and there have been numerous
attempts to devise systems to do this. [?oupe (1939),
@Gilson (1042); Lange (1943)] Arterial blood pressure may
by meas gither directly or indirecitly. The direct
method - a needle or cannula inserted inito the artery,
[HUHIOPOL 0s (1963)] This method provides continuous,
accurate information, but has a number of disadvantages.

- The introduction of any foreign body into the artery is
traumatic and may cause ischaemia, thrombosis, infection,
hemorrhage, etc, It is certainly not a suitable method for
ambulafory patients. |

The only widespread method of indirectly measuring
blood pressure is the auscultatory (sphygmomanometric)
method mentioned earlier. The ausculitatory method makes use
of a cuff, atiached o a manometer, which is placed around
the arm., The cuff pressure is increased zbove the systolic
pregsure in the artery zo that the vessel is completely
occluded. The cuff pressure iz then slowly decreased.

When the cuff pressure drops to systolic pressure, there

exigts a time at which the level of pressure inside the



artery emmalr dthat af tha nreasnre ontaide, This avertes
an ungtable mechanical situation, and tlj2 vibratlons
preduced by the suddeon rogoxpansicon of the compressed aritory
with each pulse generates audible sounds (Korotkoff sounds)
which mey be heard by placing a stethoscope over the artery.
As the cuif pressure is decreased, the point is reached at
which the intra-arterial pressure always exceeds cuff
pressure., Thus, no Korotkcff sounds are heard. The cuff
pressure at the disappearance of the sound is the diastolic
pressure. | Gilford (1954)]

Nearly all indirect methods for coniinuously moni-
toring blood pressure have made use of the ausculiaitory
method, [Corell (1939)] Instruments which automate the

gphygiomanomeric method are of two types. The firat

. type provides the physician with a recording of the cuff

pressure and the corresponding arterial eveni (sound,

radial pulsations, or volumetric changes) and leaves the

. interpretation of the data toc the physician. The second

type makes the interpretations electronically or mechani-
cally and displays +the corresponding pressures directly.
[eilford (1954)]

The principle objection to a&ll of these systems is
their use of a cuff to occlude an artery intermittently
over a long period of time. This may cause damage +Ho the
extremity, and is certainly not comfortable. Furtherisore,
antometed cuff devices require a source of compressed air

to0 inflate the cuff., They tend to be bulky and inconvenient

ORIGH\T AL P
OF 2008, gpmns
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for auwbulatory patienis.

The various problems with these methads have prevented
their widespread use. Because of the exiensive work done
on these approaches with less ihan optimal iresuits, a new
approach is suggested. Previous work has suggested that a
systematic relationship exists between pulse wave velocity
in the arterial sysitem and arterial pressure. In this
project we have 1.) reviewed the literature for both
mathematical models and experimental results, and 2,) per-

formed experiments on dogs to verify this relationship.
1i. REVIEW OF 7HE LITERATURE

A, Mathematical Model

The pulse wave may be thought of as a ripple on
moving water with the arterial wall exerting an elastic
constraint on the fluid. Thus the pulse wave velocity is
the sum of the velocity of the pulse relative to the blood
and the veloeity of blood in the artery. [Bramwell and
Hill (1922)] Although a complete theory of pulse wave
transmission is very complex, Bramwell and Hill have
simplified it by assuming 1.) the wave is propageted over
relatively short distances; and 2.) because of the elas-
ticity of the arteries, there are no sharp discontinuities
in the waveform, so only the lower frequencies musat he
considered. More complete itreatments have been carried
out, but will not be reviewed here. [Morgan and Kiely

(1954), Womersley (1957), Atabek and Lew (1966)] With the
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above simplifications, the formula of Moens (1878) (see
Anpendix A} may be used to relate velocity 1o properties
of the artery:

1/2
v = (Ea/2pr) (1)

Where:
v = velocity of the onset of the
pulsge wave
E = medulus of clasticity for
lateral expansion of the

artery

a = thickness of the arterial
wall

@ = density of blood

r = radius of the artery

A transformation of this formila was dons by
Bramwell and Hill (1922) to relate pulse wave velocity to
more easily measured properties in vivo.

Consider a segment of elastic tube of thickness a,

" padius r, and length dz, with an applied tension per unit

length T, as shown in Figure la.,. The same segment,

rolled out into a thin sheet, is shown in Figure 1b.
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Tron Noohe's Law appllied (U vitw olicol:
dl/l1 = (1/E)) dTdz (2)
Substituting A = adz and 1 = 20 into equation (2) gives:
dr/r = (1/Eadz) dTdz = dt/Ea (28)
From Laplace's Law for a c¢ylinder, Pr = T where P = pres-

sure, equation (2a) becomes:

dr/r = (1/Ea) d{(Pr) = (1/Ea)(rdP+Pdr) {2b)
Since Pdr is small compared to rdP, equation (2b) becomes:

dP = (Ea/r>)dr (2c)
Iintroducing the voeolume per mnit length:

7 = wr? (3)

V/dr = 2w (3a)

av/dP = (3V/3r){(dr/3P) (&)
Combining equations (2¢), (3a), and (4) gives:

av/aP = 2wr(r?/Ea) = 2%ro/Ea | (5)

| From equations (3) and (5):

av/dP = 2»V/Ea (8)

From equations (1) and (6):

v = (V/(edV/dP)):{/z (7)
Equation {7) is the Bramwell-Hill Equation Bramwell and
Hill (1922} which, if v is in meters per second, P is in
millimeters of mercury, 4V/V is a percentage increase in
volune, andQ= 1.055, may also be expressed as:

v = 3.57 (ap/(av/v)) /2 (72)

The Bramwell-Hill Equation may be used to calculate

pulsge wave velocitiezs from pressure~volume curves measured

experimentally, and hence, to derive a relationship beiween

ORIGINAL PAGE 35
OF PCOR QUATITE
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pulss wovse volecity and arterial pressurs. rigurde 2a is
a pressure-volume curve from the excised thoracic aorta of
a dog. Eﬁallook and Benson (193?j] The vessel was first
filled with saline solutiocn, the radius was measured, and
the volume was calculated for zero arterial pressure. The
pressure in the artery was then increased step-wise, with
a two minufé pause hetween steps to allow equilibration,
and a pressﬁxn—volume curve obtained. Data taken from
Hallock and Benson (1937) is plotted as the percentage
increase in volume versus the pressure in the vessel
(Figure 2a). Figure 2b is the derivitive of the pressure-
volume curve iun Figure la with respect +to percentage
volume, and is plotted against pressure. The equation of

the curve is the equation of a parabolas

oH
AP/ {aV/V) = 2.9x10~¥p2-,68x10"2Ps Ml (8)

ar/ (av/v)

Equation (8a) combined with equation (7a) gives:

(1.7x10~2p-.21)2 (82)

v = 6.,08x10™%P-,75 (9)
For & diasitolic pressure of 100 mm of Hp, equation {9)
gives a pulse wave velocity of 5.23 m/see, which compares
favorably to values found in other studies. [Bramwell and
Hill (1922}, Hallock and Benson (1937}, Haynes, Ellis,
and Weiss (1936), Nye (1964), Schimmler (1966}, and
Steele (1937)]

Bt £
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Several papers have dealt with the pressure-velocity
relationship empirically. One of ithie moss complete early
studies was dono by Steele (1937). Othér workers [ ¥ye
(1964), Haynes, Ellis, and Weiss (1936)] have found that
date taken from & number of individuals gives no significant
correlation between pulse wave velocity and diastolic pres-
sure, Steele illusitrates thet individual differences are
large, but that for a given individual the relationship is
linear. From curves taken from the brachioradial arteries
of four individuals it can be seen that each of the curves

- is approximetely linear, but there is a significant differ-
ence in their slopes, with larger slopes for curves taken
from older individuais. In a set of four curves taken from
the same individual over a six month period, Steele shows
that the relationship for a given individual remaing
relatively constant,

Schimmler (1966), however, found that it was possible
to generalize data across large numbers of patients if age
is used ag the parameter. First, plotting pulse wave veloc-
ity against the age of patients for a given mean arterial
pressure gave a curve of positive slope. A family of curves
were plotted in this manner, each curve for a different
pressure, with curves of sfeeper glopes taken at higher
presgures, From this family of curves, Schimmler plotied
the values of pulse wave velocity againgt mean pressure for

a given age and generated a straight line relating velocity

b 1 P k. <ha e g R

8 L G e
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ST o, nwiLor Sl Lels,
Schimmler obtained a family of straicht lines with age as
the parameier, andi lines for greaier age had steeper
glopes, Since age is regarded as a rcuéh index of elas-
ticity, this observation, also noted by Steele, is expiained
by Moens' formula., As can be seen from equation (1), pulse
wave velocity is proportional 4o the sguare root of the
elagtic modulug; stiffer arieries, which are associated with
older people, have higher velocities for the same pressure.
Schimmler (1966), in contrast to Steele (1937),
releted pulse wave velocity fto mean arterial pressure rather
than diastolic pressure; there has been ambiguity in the
literature as to which is the significant variable, Siteele
(1937) resolves this problem by a serics of experiments on
. dogs in which a,) the systolic pressure is altered without
changing the diastolic pressure, b.} the systolic pressure
is increased while the diastolic pressure is decreased,; and
c.) the gystolic pregsure isg ﬁot changed while the diastolic
pressure is altered. 1In all cases the pulse wave velocity
followed changes in the diastolic level, These results led
Steele 0o conclude: W"The pressure upon which the speed is
dependent is not systolic, mean, or pulse pressure but

unequivocably diastolic pressure." [Steele (1937)]
ITi. EXPERIMENTAL WORK

A. Objectives

The ultimate objective of our research is to develop’
0
FOOR gpr, zﬂm?
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a deviee which will utilize the pulse wave velocity as a
measure of diastolic Dbhlood pressure in ambulatory patients,
Ixperimental daia was necessary t0 answer several aouestions
relating to the feasibility of such an instrument. First,
could we verify the earlier exmeriwmental data and mathe-
matical model which predicted a linear relation between
diastolic pregsure and pulse wave velocity? Would this
relation hold even in the presence of such physiological
perturbations as vasoconstriction, vasodilation, sympathetic
gtimulation, changes in cardiac contractility, cardiac
output, heart rate, and blood volume?

' In measuring pulsc wave velocity, one needs to
measure the time interval hetween pulse wave arrival at two
separate points in the elagtic portion of the arterial syg-
_ tem, An ideal reference time, t,, would be the onset of
the pressure wave in the proximal aorita which corresponds
to the onset of venitricular empiying, OClearly it is
difficult to measure this time directly in a non~invasive
mamner. However, if the onset of ventricular empiying
(opening of aortic valve) were related in a predictable way
to the elecirical depolarization of the ventricles, the QRS
complex of the EKG could serve as a reference time in
computing pulse wave velocity. The critical question to be
answered is what is the variability in the latency,j",
between veniricular depolarization and sortic valve opening.

It is Imown that J is on the order of 100msec. [Braunwald

(1955)] which is comparable to the pulse wave transmission,
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time rrom the aorta to the femoral artery, The variability
in T muet therefore be very small 4o permit the use of the
EXG as a timing reference. The literature indicates, how-
ever, that J may vary subgtantially, even for consecutive
cardiac oycles. In a study done by Agress (196%4), the
standard deviation in J for ien consecutive cycles was

4.6 msec, TFor values taken two weeks apart, the average
standard deviation was 7.3 msBec,

On2 might therefore expect congiderable variability
in the latencyj”,;particularly under conditions of blood
volume changes, changes in sympathetic tone, and wide
variations in blood pressure. One of the objectives of
our experiments therefore was to examine ihe variability

of T with various hemodynamic manipulations.

B. Methods

Three dogs weighing approximately 45 pounds each
were used in the experiments. Each was anesthetized with
nembutal injected intravenously at a dosage of 1 mg per
5 pounds of body weighit., The chest, neck, and groin were
shaved and prepped. The right common carotid artery and
the left femoral artery were surgically exposed. The chest
was opened by a transverse intercosital incision extending
acrogs the sternum, The left common carotid artery was
expored just distal fo its point of origin at the arch of
the aorta. (see Figure 3)

Pressures were recorded from the right carotid, the
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Right Common Carotid
Right Subelavian Left Common Carotid
///}/:::i:) Left Subclavian
x
<::j> Descending Aoria

Ageending Aoxrita the Aorta

Left Femoral
Right Femoral

FIGURE 3. The aorita and its major branches,
(x indicates locations where pressures were
weasured)
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model P23Gb sitrain gage pressure transducers were used
(P23Db for aoria), and were coupled io the arierial lumens
by uniform 18.5 om lengths of no. 220 polyethylene tubing.
Aortic cannulation was accomplished via the left common
carotid, In Experiment III the femoral pressure was recorded
from the right femoral artery.

Sanborn carrier amplifiers (model 350-1100B) were
uged to amplify the pressure signals., The amplifiers were
calibrated against a mercury manometer. Pressure wave forms
were recorded on FM tape, and a mmltichannel chart recorder.
Frequency responses of the componenis of the sysiem are
given in Table 1, The frequency response of the over-all

gystem was limited by the pressure transducer and catheiler,

- and wag Tlat from 0 to 50 Hz.

In the third animal, mechanical movements of the left

femoral and right carotid arteries were measured by means

- of transducers wade from ceramic phonograph cartridges,

{Figure 4) In order to obitain low frequency sensitivity,
8 very high input impedance voltage follower stage was
used as a2 buffer bheitween the cartridge znd the recording
gysten amplifiers, The LM302 was used, with an input
impedance of 109 ohms,

Outputs from pressure transducers, mechanical trang-
ducers, and the EEG were recorded on both a chari recorder
and FM {tape recorder. .Both & Sanborn hot stylus

recorder and a Brush model 260 ink recorder were used in
ORIG AL
# pg EH
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\\xmmmmlfmr

Artery

PIGURE 4., Meohanical transducer used to detect mechanical movemenis
of the left femoral and right carotid erteries in Experiment IIX,
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Table 1

Frequency Response of
Pressurc Recording Components

Statham model P23Db and P23Gh
pressure transducers and
catheters

Sanborn carrier amplifiers
model 3,0-110B

Sanborn FM {tape recorder
model 3907A

Sanborn hot stylus
chart recorder

Brusgh dhart recorder
model 2560

22

0-50 Hz
{estimated)

dB down at
80 Hz
0-625 Iz
148 deown at
70 Hz
(full scale)

0-50 Hz
{full scale)
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these exveriments. Tvpical exverimental data are illustrated
in Figures 5 and 6.

Blood pregonure was menipulsted using & variety of
druecs and also through inducing hypovolumia. Vasocon-
striction was produced by Levophed, increased cardiac output
by epinephrine, vasodilation by Isuprel, or Isuprel in
combination with Regitine. Hypotension due to hypovolumia
was produced after removing 600 cc of blood from the femoral
artery (Experiment I) or vein (Experiments II and III).
Table 2 is a list of the drugs given io each animal, their

dosage, and their cardiovasclar effecis. Merck (1968)

C. Results

As can e sesn in Figure 5, the shape of the pulse
changes as it is propagated down the sysiem; +the riging
vortion of the wave, from onset to peak, sharpens, while
the falling portion broadens, Therefore, the ongets of
pressure waves, and of mechanical displacements, were used
to determine transmission times., The first sharp rise
after the QRS complex of the EEKG was taken to be the onset,

Transmission time, At, was determined from the chart
recordings to an accuracy of 5 msec with the aid of a
straightedgae. In some cases, particularly during hypo-
volumia, the accuracy of the transmission time was less
than this because of ambiguities in the determination of
ongets, resulting in errors of up to 10 msec, FPressures

were also measured with the aid of a straightedge with an
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Table 2

2L

Drugs Administered During Experiments

Name

Epinephrine

Levophed
(1~norepinephrine)

Isuprel
{ Isoproterenol)

Regitine
(Phentoamine)

Effect

Sympathetic
gtimlation,
Increased

heart rate,
Increased
cardiac output,
Vasoconstriction

Yasoconsiriction

Cardiac
gtimilation,
Vasodilation

Vasodilation,
Increased
heart rate

Dosage Experiment
ice, Injected I
intravenously
boe/250ml, I
Intravencus IT
drip in 5% III
dextrose

solution

{drip rate

adjusted to
produce degired
effect)

img/250mi, 11
Intravenous 111
drip in 5%

dexirose

solution

(drip rate

adjusted to

produce desired
effect)

S5mg, Injected I1
intravenously IIL
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"Begt-fit" lines were calculated for the plots of

1/A% versus pressure (Figures O0=18) uwing bhe melhod of

&
least squares, [Devies (1961)] (Data fiom which these plois
were constructed are given in Appendix B,) The standard
deviation in measured minus calculated pressures for each
plot was calculated from the following formula:

[Davies {1961)]

& = (L(Py=Pyy )2/ (3-2)) 12

there:
Pi = measured pressure

Pop1 = calculated pressure

N = nmumber of date poinis

Figure 7 is a plot of the itransmission +time from the
' arch of the aorta to the femo;al artery versus carctid
diagtolic pressure, and is from Experiment I. The graph
iz both gualitatively and quantitatively similar to one
publisbed by Hamilton, Remington, and Dow (1945) from a
neariy identical experiment in which diastoliec pressure
wag manipulated with epinephrine and transmission +imes
were measured from pulse wave onsets at the ascending aorta
and the bifurcation of the iliacs.

If the inverse of the itransmission fime, which is
velocity in arbitrary units, is ploited against carotid
diastolic pressure (Figure 8), the straighit-line relation-

ship observed by Steele (1937) becomes apparent. Even
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under various conditions, there is no systematic departure
from linearity with any of the drugs or hypovoiumia. This
was observed to be itrue for data from all experiments, as
can be seen in Pigures 8-18,

A minor exception to this observation was found in
the plots of carotid and femoral mean pressures versus
aorta~femoral velocity from Experiment II. (Figures 14 and
15) As mentioned earlier, Steele (1937) carried out a
geries of experiments illustrating that pulse wave velocity
is rela%ed to diastolic pressure rather than mean pressure,
even though Schimmler (1966) had found a linear relationship
between velocity and mean pressure. This was explained by
observing that mean pressure is unsually linearly related to
diastolic pressure, so velocity would vary in the same way
with both. When Isuprel was given in Experiment II, the
contractility of the heart, and hence the pulse pressure,
increased, resulting in a larger difference than normel
between the diastolic and mean pressures. Conversely,
during hypovolumia, the pulse pressure was decreased, hence
the difference between mean and diastolic pressures was
smaller. As can be seen from Figures il and 15, the poiﬁts
taken under Isuprel tend to lie above the line, while the
points talen during hypovolumia lie below the line, Although
this effect was small, it agrees with Sieele's conclusion

that pulse wave velocity follows diasstolic pressure.,

The velocities measured in Experiments I and II were




plottcd agzoinst both carctid and fomoral pressures, (Fi
8 and 9, 10 and 11, 12 and 13, 1% and 15, and i6 and 17)
As can be seeh from these paigs of graphs, the relationﬁhips
shown do not depend on where the pressure wes measured., The
best example is from Experiment II with aortic-femoral
diastolic pressures. (Figures 12 and 13) The slopes of the
lines are 1,107 x 104 and 1,06 x 104, the intercepts are
«70.31 and ~70.96 and the siandard deviations are 11.85
and 11,04,

Note that the slopes of the curves of Figures 9 and
13 are very gimilar across animals, This finding implies
great similarity in the properties of the dog's vascular
gystems,

As noted above, it would be desirable to find a way
to detect the onset of pressure in the aorta. This would
provide a maximum distance over which to measure velocity
in the large vessels, and therefore give more accurate
results. This can be seen by comparing Figure 13, which
is a plot of femoral diastolic pressure versus aorta~-Tfemoral
velocity, and Figure 17, which is a plot of femoral dia-
gtolic pregsure versug carotid-femoral velocity. Thg graph
in Figure 13 has a standard deviation of 11.04, as compared
to 16,00 for the graph in Figure 17.

The standard deviation for femoral diastolic pressure
as a Punction of caroﬁid-femoral velocity was improved by
the nre of mechanical transducers in Experiment III (Figure

18), ziving a sitandard deviation of 13,96, This can be

JRIGINAL PAGE IS
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attribnted to the sharper initisl rige of the mechanical
transducer wave form as can be seen in Figure 6, giving a
more difinitivo onset, and hence more consistent resulis.
These resultsg, however, are still not as good ag those
measured over a longer effective distance,

A possible method already mentioned would be use of
the QRS complex of the EKG as a timing reference for the
ongset of pressure in the aorta. This could only be used
if the variability in the time interval (T) between the
EKG and the aortic préssure onset were small, Figures 19
and 20 are plots of T versus carotid diastolic pressure
from Experiments I and II, If there were not variability,
one would expect the plots to be vertical lines. A= can
readily be seen from the graphs, the variabilivy in T is
large, comparable to T itself observed under normal
conditions,

The effects of the drugs and reduction of blood
volume in ﬁhése experiments can readily explain the effects
observed onJ, Under normal conditions, J” varies from 80
$0 90 msecs, which is congistent with the previous studies
digscussed earlier. During hypovolumia, the veniricles are
not allowed to fill compleiely, resulting in a decreased
cardiac output and lower blood pressure, Since the veniri-
cles are not completely filled, they contract more rapidly
against less resistance, resulting in the smaller values of
X obmerved, with T decreasing as the effect becomes more

pronounced, ané blood pressure drops. Isuprel stimulates

m L3 e 1 A e e e
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heart mmeecla, canging more vigorons contraciion and
therefore reduced values of 77, The combination of
Regitins, which is & vasocidilator, aud Isuprel produced a
marked furither decrerge in hlood pressuﬁe ard = alight
decrease in7T, Epinephrine also stimulates the heart,
increasing both cardiae output and heart rate, also resuli-
ing in more vigorous contraction and reduced values of T,
Levophed, which is mainly a vasoconsirictor, had a smaller
effect on J° than epinephrine, but also reduced T as the

pressure increased, This reduction was most probably a

function of the observed increase in heart rate.
IV. DISCUSSION

i. There is a linear relationship between puise wave
velocity and diastolic pressure under the following
conditions:

&, Vasoconstriction, increased heart rate (Levophed)

b. Vasoconstrietion, increased heart raite, increased
cardiac output (epinephrine)

¢, Normal |

d. Increased contractility of the heart and vaso-
dilation {Isuprel)

e, Increased contractility, increased heart rate,
vasodilation (Isuprel and Regitine)

f. Hypovolumisa

2. Pressures measured in the femoral or in the carotid

arteries give similar curve ﬁ&rameters, indicating the-



3.

5.

hé

nraaanraeval nnity relationshin donsa not danend snbe
stantially on where the pressure is measured.,

moasurcd bodweon tho arch of the morta and

- cis
Valocitio

a1

the femoral artery cive smaller standard deviations in
pressure than do velocities measured hetween the carotid
and femoral arteries,

Plots of mean pressures versus velocitly show small
systematic departures from linearity under conditions
where the difference between mean and diastolic pressure
ig higher or lower than normal, These departfures are

in the direction expected if velocity follows diagtolic
pressure,

Data from mechanical +transducers in Experiment III give
pressure~velocity curves similar to those fron pressure
transducer data with a smaller st:.ndard deviation for
gimilar variables, This is exrlained by a smaller onset
ambiguity due to the sharper initial rise of mechanical
transducer wave forms.

The variability in the EKG to aorta pressure onset delay ;
time is too large to make it useful as an indication of

the sorftic pressure rise.

It has been seen that there is & linear relaticnship

between diastolic pressure and pulse wave velocity over a

wide variety of conditions, The parameters of the relation-

ship are functions of the properties of the artery and vary

between individuals. Therefore, they must be determined
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empirically for each individnal, This conld most easily
be accomplished by measuring iransmission times between
two points and measuring pressuro with the iraditional
auscul tatory method, If this is done fér at least two dif-
ferent pressures, the physician could obtain the slope and
intercept of the curve relating the inverse of transmission
time (velocity) to diastolic pressure for that patient and
thbse transducer locations, With just a record of trans—
migsion times, the physician would have enough information
to determine the patient’s diastolic pressure throughout a
day's activities,

With this scheme in mind, there are a number of
areas for futute investigation:

1. The possibility of using the second heart sound
&s an indication of pressure onset in the aorta,

2., The development of a transducer to deiect the
arrival of a pulse wave without artifacts which
does not interfere with an ambulatory patient's

: usunal activities, .

3. The design of a portable electronic system to

process transducer input and siore transmission

fimes or their inverses. -

e M e
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APPENDIX 4

Derivation of ‘the Moens Formmla

Consider & visco-eglastic
tube of radius r and crossg-
sectional area Q. When a
pulse passes through the
tube the radius changes,
therefore:

r = 2{z,t)

Q = Q(Z,'{i)

[Hardung (1962)]

Figure 1

48
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Consider as an element of volwie a2 smnall disc of thicimess

dz, If P is the pressure in the tube, the force on it is

given by:
dFz = =(Q+P), 3, + (AP}, = ~(3(Q-F)/3z)dz (1)
dF, = -Q-(3P/3z)+dz - P+(3Q/dz)+dz (1a)
Since dqQ/Q is small, dQ/dz is also small and:
| aF, X -Q+{3P/3z) -dz (1b) -

The masgs of the dise dm =E1de where ? ig denmity. From

Newton: F = ma, therefore:

p *(322/3%2) = ~(3p/32)

Intreducing flow volume i, = q{d=z/at),

3ig/dt = -(q/p) (32/32)

From the continuity eguation, the intake of volume minus

(2}

(3}

the ouiflow egquals the increase of volume of the disc or:
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%o ]
diy(z,t) = (9i,/d32)dz = =i, (&)
Where:
ir = raglial current
ip = (dr/dt)2¥rdz (5)
From Hooke's Law:
2vdr/27r = (1/Bea«dz) d(P.r)dz
Where:
a = wall thickness
Per = T, tension on the
wall, from Laplace's
Law
de/r = (1/E+2)(Pdr + 7dP) (6a)
Since Pdr is small compared to rdP,
dP = Ea/r? . dr (6h)

Differentiating equation (6b) by %+ and combining with
equations (4) and (5):

~(3P/3t) = 1/2™ (3i,/dz) (Ea/x3) ?)
Differentiating equation (7) by z:

~32p/3z + = 1/2% (32i,/322 Ea/r3 + 3i,/dz Ea dr°/dz)

(7a)

Sincedr/dz ig small:

-(32P/0td2) ¥ (Eea/2W27) (3%1,/52%) (7b)
Differentiating equation {3) by z twice gives:

031,/a%02° = ~(Q/p) (6°8/327) (8)
Differentiating equation (7h}) Wy =z:

~(83p/ at322) = (Ea/2¥ed)(c3i,/01,) (9)
Combining equations (8) and (9):

(0/p) (9%8/02%) = (27e7/Ben) (o%R/0%7) (10)

or finally:

ol e ke e i e g et
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32p/3t2 = (E+a/2rp) (3°P/377) (102)
Equation (10a) is the wave equation from which comes the
characteristic velocliiy:

T = (Ea/2rp)1/2 (1i1)

Equation (11) is the Moens formula.

S
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APPENDIX B

Tables oif Experimental Data

The following data were used to construct the
pressure-velocity curves in Figures 8-18. This data
includes: 1.) the experimentally determined velocities
{(i/At, where At is the transmission time, and 2,) the
observed pressures (either Py, the diastoliec pressure,
or Pp, the mean pressure). P(calc) is the pressure
celculated for a given value of the velocity using
the equation of a "besgt=fit" line determined by the
- method of least squares. Pglor P) - P(calc) is the
vertical distance between the observed pressure and
the "besit-Tit" line.

Drug-induced chahges in cardiovascular status are
denoted in the table by the drug name, (Regitine was
always used in combination with Isuprel, but is listed
in the table as Regitine,) Normal and hypovolumic

conditions are ligsted as such,
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Table I

Caroitid Diastolic Pressures and
Aorta=Femoral Onset Velocities from Experiment I

1/At Pg P(enle) Pa~¥P{calc) Conditions

(msec™l) (mm Hg)  (mm Hg) (mm Hg)

0.0143 83 9lt, 6 11,6 Normal

0,0143 90 ok.6 - 4.6 Normal

0,032 210 185.3 24,7 Epinephrine

0.0217 190 i70.0 20,0 Epinephrine

0.0099 25 9.8 -24.8 Epinephrine

0.0111 50 62,0 ~12,0 Epinephrine

00,0091 L5 L1,6 3.6 Epinephrine

0,0091 45 1.6 3.6 Epinephrine

0.0095 by 5,7 - 0.7 Epinephrine

0,0133 32 8.4 - 2.4 Normal

0.0143 85 oly, 6 - 9,6 Normal

0.0133 87 8Lkl 2.6 Normal

0.01466 115 118.1 - 3.1 Epiner’s. ine

00,0175 120 127.2 - 72 Epinemnrine

0.,0189 125 141,5 =16,5 Epinephrine

00,0217 150 170,0 =20,0 Epinephrine

0.0192 140 14k, 8 - b,5 Epinerhrine

0&01"}? 95 98.? - 3-7 NO].‘B]E.].

0.0175 116 127.2 ~11.2 Levophed

00,0135 108 86.5 21.5 Levophed

0,0130 87 81.4 5.6 Levophed

0,0125 73 76.3 - 3.3 Levophed

00,0179 132 131.3 0.7 Levophed

0.0176 135 128,2 6.8 Levophed

0.0213 157 165.9 - 8,9 Levophed

0.,0222 173 i75.1 - 2.1 Levophed

0.0159 128 110.9 17.1 Levophed

0.,0164h 90 116.0 -26.0 Wormal

0,0147 87 98,7 -i1.7 Normal

0.0108 70 59.0 11.0 Normal

0.0106 70 56.9 13.1 Normal

0.0104 70 54,9 15.1 Normal

0,0100 67 50.8 16.2 Normal

00,0111 75 62.0 13,0 Normal

0,0100 55 50.8 h,2 Hypovolumia

0,0087 37 37.6 -.0.6 Hypovolumia

0.0075 25 25.3 - 0.3 Hypovolumia

0.0083 2l 33.5 - 9.5 Hypovolumia o
0,0086 2L 36.5 ~12.5 Hypovolumia §
0,0091 45 1.6 3.6 Hypovolumia i
0.6125 80 76.3 3.7 Normal i
¢.0250 205 203.6 1.4 Epinephrine ;
0,024 204 197.5 6.5 Epinephrine ¢
0.0222 182 175,.1 6.9 Epinephrine q




Table II

Femoral Diastolic Pressures and
Aorta~Femoral Onset Veloeities from Experiment I

1/A% Pg P(calc) Pg-P{calc) Conditions
(msec—1) (mm lg)  (mm Hg) (mm Hg)

0.0143 8% 86.2 - 1,2 Norma.l
0.0143 87 86,2 0,8 Normal
0.0232 210 18k b 25,6 Epinephrine
0.0217 178 167.8 10.2 Epinephrine
0.0099 27 37.6 =10,6 Epinephrine
0.0111 Ls 50.9 - 5.9 Spinephrine
0.0091 Lg 28.8 17.2 Evinephrine
0,0091 L6 28.8 i7.2 Epinephrine
0.0095 Ly 33.2 11.8 Epinephrine
0.0133 72 75.1 - 3.1 Normal
0,0143 77 86,2 - 9,2 Normal
0.0133 82 75.1 6.9 Normal
00,0166 118 111.6 £.1 Epinephrine
0.0175 123 121.5 1.5 Epinephrine
0.0189 127 136.9 - 9,9 Epinephrine
0.0217 153 167.8 -14,8 Epinephrine
0,01i92 140 140.2 0.2 Epinephrine
0.0147 oly 90,6 3.4 Mormo
0.01753 147 121.5 25.5 Levophed
0.0135 109 773 31.7 Levophed
00,0130 80 71.8 8.2 Levophed
0.0125 63 66,3 - 3.3 Levophed
G.0179 130 125 g o1 Levophed
0.0196 133 o -11.7 Levophed
0.0213 150 163 b ~13.4 Levophed
0,0222 165 173.4 - 8.1 Levophed
0.0159 127 103,8 23.2 Levophed
0,016 70 109.3 -39.3 Normal
0,017 65 90,6 ~25.6 Normsl
0,0108 Lo L7.5 - 75 Norma,l
0,0106 37 Ls.3 - 8.3 Normal
0.0104 35 3,1 - 8,1 Normal
00,0111 30 50.9 -~20,9 Normal
0.0250 203 204L,3 - 1.3 Epinephrine
0.0244 200 197.6 2.0 Epinephrine
0.0220 180 1?3.@ 6.6 Epinephrine
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Table I1I

Carotid Diastolic Pressures and
Carctiamf'c“l“““‘ n.-.,-..-.+ 1rn1 nn1+‘| oo 'P-nnm pvﬂﬂ“‘l'ﬂcﬂ

ad SAadnr SAmah  Adele et wf e e nn -

-

1/A% Pg P{onle) Pa-P(cnlc) Conditions
(msec—l) (mm Hg)  (mm Hg) mm Hg)

00,0200 83 89.8 = 6.8 Ncrmal
0,0111 90 24,1 65.9 Normal
0,0345 210 196.7 13.3 Epinephrine
0,0333 i90 187,9 2.1 Epinephrine
0,0185 25 78,7 ~53,7 Epinephrine
0.0189 50 81.7 -31.7 Epinephrine
0,0167 bs 65,04 ~20,4 Epinephrine
0,0167 45 65,4 -20,1t Epinephrine
0.0161 L5 61,0 ~16,0 Epinephrine
0,0200 82 89.8 - 7.8 Normal
2,0182 85 76.5 8.5 Normal
0.0200 87 89.8 - 2.8 Normal
0.0250 115 126.7 -11,.7 Epinephrine
0.0250 120 126,7 - 6,7 Epinephrine
0,024 125 i22,2 2.8 Epinephrine
0.0250 150 126,7 23.3 Epinephrine
0.,0222 140 106.0 34.0 Epinephrine
0,0156 95 86.8 8.2 Normal
0,0213 116 99 .4 16.6 Levophed
0,0200 108 89.8 18.2 Levophed
0.0185 87 79.7 8.3 Levophed
0.0217 73 102.3 -29.3 Levophed
0,0250 132 126,7 5.3 Levophed
0.0250 135 126,7 8.3 Levophed
0.0286 157 153,2 3,8 Levophed
0,0323 173 180.5 - 75 Levophed
0,024 128 122,2 5.8 Levophed
0.,0222 90 106.0 ~16,0 Normal
0,0227 87 109.,7 -22.7 Eormal
0.0167 70 65.2 4.8 Normal
0.0167 70 65,2 14,8 Normal
0,0167 70 65.2 4.8 Normal
0.,0159 67 59,5 7.5 Normal
0,0179 75 74,3 0.7 Normal
0.0119 55 30,0 25.0 Hypovolumia
0,0118 37 29.3 r&ydé Hypovolumia
0,0133 25 4o.4 -15.4 Hypovolumia
0,0143 25 hp b -22.7 Hypovolumia
0.0161 24 61,0 ~37.0 Hypovolumia
0.0167 b5 65,4 -20,4 Hypovolumia
0,0179 80 74,3 5.7 Normal
0.0357 205 205.6 - 0.6 Epinephrine
0.0370 20k 215,2 ~11,2 Epinephrine
0.0256 132 131.1 50.9 Epinephrine

i v - ek S
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Femoral Diastolic Pressures and

Table IV

55

Carotid-TFemoral Onset Velocities from Exveriment I

1/t
(msec—1)

0.0200
0.0111
0,0345
0.0185
0.0189
0.0167
0,0167
0.0161
0.0200
0.0182
0,0200
0.0250
0.0250
0,024,
0,0250
0.0222
0.0196
0.0213
0.0200
0.0185
0,0217
0.025¢C
0.,0250
0.0285
0,0323
0.024L
0.0222
0,0227
0.0167
0,0167
0.0166
0,0159
6.0357
0.0370
0,0256

Pq
(mm Hg)

85
87

P{cale)
{wmm Tig)

83.7
15.0
195.8
186.5

&

CO0 ORI
LWNDIW OO0\ N
* & & & n L}

L]

NN OO NN

58,0

Pa~P(calc)
(rm Hg)

72.0
ig.z
- .5
-1;5.2

1 { i1
e = . IR A S AV LW
» e & # o & % & v =
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OVWO O INWWO QWD O LI -
L]
WONOOAOWD OWNWN N GVENI NS

Conditions

Normal
Normal
Epinephrine
Epinephrine
Epinephrine
Epinephrine
Epinephrine
Epinephrine
Epinephrine
Normal
Formal
Kormal
Epinephrine
Epinephrine
Epinephrine
Epinephrine
Epinephrine
Normal
Levophed
Levophed
Levopherl
Levophed
Levophed
Levophed
Levophed
Levophed
Levophed
Normal
Normal
Normal
Normal
Normal
Normal
Epinephrine
Epinephrine
Epinephrine
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Carotid Diastolic Pressures and

Table V

Aorta-Femoral Onset Velocities from Experimont IIX

1/A%
(msec~1)

0.0152
0,0149
0.0156
0.0159
0.0200
0.0196
0.0189
0.0179
0.0233
0.,0227
0.,0167
0.,0167
0.01i59
0.,0143
0.0125
0.0122
0.0122
0.0112
0.0116
0.0143
0.,0152
0.0154
0.0140
0,0161
0,0141
0.0125
0.0111
0.0113
0.0103
0.010L
0,0098"
0.,0106
0.0089
0.0093
00,0091
0,0102
0.0098
0.0088
0.0090L
¢.011L
0.0099
0.0115
0.0103

Pa
(mm Hg)

110
112
115
115
129
140
148
132
200
163
120
115

P(calce)
(mm Hg)

97 <9
ol 6
102,3
105.6
151,0
146,6
138,8
127.8
187.5
180,9
11,2
114,2
105,6
87.9
68.0
6,7
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Conditions

Normal
Norme.l
Normal
Normal
Levophed
Levophed
Levophed
Levophed
Levophed
Levophed
Normal
Normal
Isuprel
Isuprel
Isuprel
Isuprel
Isuprel
Isuprel
Isuprel
isuprel
Formal
Normal
Normal
Normal
Nermal
Regitine
Regitine
Regitine
Regitine
Regitine
Regitine
Repitine
Regitine
Regitine
Regitine
Regitine
Regitine
Regitine
Regitine
Regitine
Regitine
Regitine
Regitine
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Table V

(continued)
1/ A% P P(calc) Pg-P(cale) Conditions
(msec~t) (mm Hg)  (mm Hr) (mm Hg)
0.,0143 . 95 87.9 7s1 Normea.l
0,0179 101 127.8 -26.8 Kormal
0.0139 85 83.5 11.5 Normal :
0,0154 93 100,12 - 7ol Normal §
0.0152 100 97 .9 2.1 Levophed !
0.0161 100 107.8 - 7.8 Levophed
0.,0172 100 120,0 -20.0 Levophed
0.0156 82 102.3 -20.3 - Normal
0,0161 83 107.8 20,8 Normal
0,0132 72 75.8 - 3.8 Hypovolumia
0,0095 Yy 34.8 1.2 Hypovolumia
0,0100 39 . 40.3 - 1.3 Hypovolumia
0,0102 4o h2,6 - 2.6 Hypovolumia
0.0100 25 0,3 15,3 Hypovolumia
0.0083 19 21.5 - 2.5 Hypovolumia
0.0083 18 21.5 - 3.5 Hypovolumia
0,0093 15 32.6 ~17.6 . Hypovnlnmia
0,0087 7 26.0 ~19.0 Hypovolumia



1
(mégc"l)

0.0152
0,0149
0,0156
0.0159
0.0200
0,0189
0.0179
0.0233
0.,0227
0,0167
0,0167
0,0159
0.0143
0.0125
0.,0122
0.0122
0,0112
0.0116
0.0143
0.0152
00,0154
0.0149
0.0161
0,0141
0.0125
0.0111
00,0113
0.0103
0.0115
0.010

0,010

0.0098%
0.0106
0,0089
0,0093
0.0091
0.0102
0.0098
0.009%
0,0088
0,009k
0.01il

Table VI

Femoral Diastolic Pressure and
dorin~Feworal Onset Velocibies feow Experiment II

a
{mmn Hg)

106
109
111
112
120
134
137
120
188
150
111
110
1085
90
66
60
60
L8
L6
87
97
106
103
110
850
65
52

a?

?{calc)
{mm lg)

90.1
86.9
9"“.”:"
97.+5
141,0
136.7
129.3
118,7

(" P(Cwlc)
(mm Hg)

15,
22,1
16.6
1u.5
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Conditions

Normal
Normal
Normal
Kormal
Levophed
Levophed
Levophed
Levophed
Levophed
Levophed
Normal
Normal
Isuprel
Isuprel
Isuprel
Isuprel
Isuprel
Isuprel
Isuprel
Isuprel
Tormal
Normal
Normal
Normal
Normal
Rezitine
Regltlne
Regitine
Regitine
Regitine
Regitine
Regitire
Recitine
Regitine
Regitine
Regitine
Regitine
Regitine
Regitine
Regitine
Regitine
Regitine
Regitine
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Table VI

{continued)
1/at Pg P(eoalc) Pg-P(cale) Conditions
(msec’i) (mm He) (mm He) mm He)
0001“’3 ?? 80;6 bl 3.6 NOI‘ma.l
00,0179 - 87 118.7 -31,7 Normal
0.0139 ol 76.3 17,7 Normal
0.0154 90 92.2 - 2,2 Normal
0.0152 95 90,1 b,9 Levophed
0.0161 95 99,7 - b,7 Levophed
0.0IZE 102 111.3 - 9.3 Levophed
0,0143 73 80,6 - 7.6 Normal
0.0156 72 ol Lt ~22,U Normal
0,0161 73 ol 7 ~26.7 Normal
0,0132 60 68.9 -~ 8,9 Hypovolumia
0.0095 38 29.7 8:3 Hypovolumia
0,0100 32 35.0 - 3,0 Hypovolumia
0.0102 31 - 37 .1 - 6,1 Hypovolumia
0.0100 20 35,0 -15.0 Hypovolumia
00,0033 16 17.0 - 1,0 Hypovoluuia
0,0083 15 17.0 - 2,0 Hypovolumia
0.0033 13 17.0 - 4,0 Hypovolumia
0.0037 5 21.2 ~16,2 Hypovoluwnia

Y
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Table VII

Carotid Mean Presswures and
Aorto~Temoral Onset Velocities {or Eaperiuend II

1/A% Py P{calc) -G—D(cﬂlc) fonditicns
(msec™1) (mm Hg) {mm Hg). (mm Hg)

0,0152 117 11,2 2,8 Normel
0.0149 125 110.7 1.3 Normal
0.0160 131 123.5 745 Normal
40,0155 132 122.4 9,6 Normal
0.0200 141 170.1 ~29,1 Levophed
0,0196 170 165.4 -~ 1.k Levophed
0.0179 160 1L5.7 14,3 Levophed
0.0233 240 208,5 31.5 Levophed
0,0167 140 131.7 8.3 Nomal
0.0167 131 131.7 - 0,7 Normal
0.0122 90 79.3 10.7 Isuprel
0.0116 83 72.3 10,7 Isvprel
0.0152 120 - 118,.2 5.8 Normal
0.0149 126 110,7 15.3 Normal
0.0161 126 124,7 1.3 Normal
0.0125 93 82.8 10.2 Regitine
0.0115 70 71.2 - 1.2 Regitine
00,0106 55 60,7 ~ 547 Regitine
0.0091 53 43,2 14.8 Regitine
0.0102 65 56,0 9,0 Regitine
0.0098 65 51,k 13.6 Regitine
0.0099 6L 52,6 11.4 Regitine
0.0088 by 39.8 5.2 Regitine
0,0004 56 6,7 9,3 Regitine
0.0114 90 70,0 20.0 Regitine
0.0143 107 103.8 3,2 Normal
0.0179 105 145,.7 ~10,7 Normal
0,01i54 115 116,6 - 1,6 Normal
0.0152 116 11,2 1.8 Levophed
0.0161 120 124.7 - L7 Levophed
0.0172 130 137.5 - 7.5 Levophed
0,013 104 103.8 0.2 Normal
0.0156 100 118.9 -18.9 Normal
0.0161 ol 12,7 ~30.7 Yormal
0.0095 60 &7 9 12,1 Hypovolumia
0.0100 50 53.7 - 3.7 movﬂlmia
0.0102 58 56.0 2.0 Hypovolumia
0,0100 31 53.7 —22.7 Hypovolumia
06,0083 27 33.9 - 6,9 Hypovolumia
0,0083 27 33.9 - 6.9 Eypovolumia
0,0093 20 5,6 -25.6 Hypovolumisa
0.0087 11 38.6 -27 .6 Hypovolumis,
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Table VIII

Femoral MNean Pressure and
Aorta~Femoral Onsed Veluvoibies from Experimens 1T

/At 1 P P(calc) Pg-P(ecale) Conditions
(msec™") {mm Hg) (mm Ig) {mm Hg)}

0,0152 119 108.6 10,4 Norme
0,0143 121 105,1 15.9 Normal
0,01:0 127 117.7 9.3 Normal
0.0139 126 116,6 O Nopnal
0.0200 135 163.4 ~28.4 Levophed
0.0196 155 158.8 - 3.8 Levophed
0.0179 150 139.4 10,6 Levophed
0.0233 225 201.1 23.9 Levophed
0,0167 133 125.7 73 Normal
0.0167 125 125.7 - 0,7 Formal
0,0122 85 7.3 10,7 Isuvrel
0.0116 71 67.5 a.s Isuprel
0.0152 113 - 108.6 ) Normal
0.0149 121 105.1 15,9 Xormal
0.0161 120 118.8 1.2 Normal
0.0125 88 777 10.3 Regitine
0.0115 65 66.3 - 1.3 Regitine
0.,0106 L3 56,1 - 8.1 Regitine
0.,0001 50 38.9 11.1 Regitine
0.0102 59 51.5 7.5 Regitine
0,0098 60 b6,9 13.1 Rezitine
0.0099 58 48,1 9.9 Regitine
0,0088 37 35.5 1.5 Regitine
0.0094 bs 2.4 2,6 Regitine
0.0114 85 65.2 19.8 Regitine
0,0143 101 98.3 2.7 Normal
0.0179 102 139, -37 .04 Normal
0.0154 112 110,9 1.3 Normal
06,0152 113 108.6 b Levophed
0.0161 117 118.8 - 1.3 Levophed
0.0172 125 1314 - 6.1 Levophed
00,0143 100 98.3 1.7 Normal
0e0156 96 11391 "'1791 Norma.l
0.01i32 80 85.7 - 5.7 Hypovolumia
0.0095 56 43,5 12,5 Hypovolumia
0,0100 lyz bo,2 - 2.2 Hypovolumia
0.0102 b5 51.5 - 6.5 Hypovolumia
g.0100 30 49,2 ~19,2 Hypovolumia
0.0083 27 29.8 - 2,8 Hypovolumia
0.0083 26 29.8 - 3.8 Hypovolumisa
0.009%3 18 41,2 -23.2 Hypovolumia
0.0087 10 34, -2h L Hypovolumia
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Table IX

Carotid Diastolic Pressures and
Carotid-~Femoral Onset Velocities from kxperiment II

1/at Pq P(calc) Fa-F{cale) Conditions
(msec-l) (mm Hg)  (mm Hg) mm He)

0,0238 110 108.4 1.6 Normal
0,0233 112 104,6 7.0 Normal
0.0233 115 104,6 10,4 Normal
0.0217 115 92.5 22.5 Normal
0.0263 129 127.4 1.6 Levophed
0,0222 140 96.3 43,6 Levopbed
0.0303 148 157.5 - 9,7 Levophed
0.0263 132 127. L,6 Levophed
0.0333 200 180.4 i9.6 Levonhed
0.0238 120 108,4 11,6 Normal
0,0222 115 96.3 18.7 Normal
0,0233 107 104,6 2.4 Isuprel
0,0208 104 85.7 18.3 Isuprel
0.0179 82 63.7 18.3 Isuprel
0,0175 72 60.7 11.3 Isuprel
0.0179 72 63.7 8.3 isunrel
0.,0169 58 56.2 1.8 Isnnrel
0.0200 100 79.6 20,4 isuprel
0.0204 105 82,7 22,3 Normal
00,0204 110 85.7 24,3 Normal
0,024LL 112 113.0 - 1,0 Formal
0.0250 115 117.5 - 2.5 Normal
0.0213 o7 89.5 7.5 Normal
0.0200 8L 79.6 bb Regitine
0,0167 65 54,6 10,4 Regitine
0.0172 58 58,4 - 0,5 Regitine
0.0159 41 18,6 - 7.6 Regitine
0.0169 hé 56,2 -10,2 Regitine
0.0167 39 54,6 ~15.6 Regitine
0.0152 29 43,3 ~10,.3 Regitine
0,016L 3 52. b -17.4 Rezitine
0.0149 2 41,0 -17.0 Regitine
0.0143 28 36.5 ~ 8.5 Regitine
0.0154 Ly 4,8 - 0,8 Regitine
0.0156 Ly 46.3 - 1.3 Regitine
0.0161 Ls 50,1 - 5.1 Regitine
0.0149 19 41,0 -22,0 Regitine
0,0159 22 bg,6 ~26.,6 Regitine
0.0159 76 48,6 27.4 Regitine
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Table IX

{continued)
1/at P3 P(cale) Py~-P(cale) Conditions
(msec~1) (mm He) (mm He) mm He)
0.0185 95 68.3 26.7 Levophed
0.,0172 101 58,4 Le,6 Levophed
0.0233 95 104,.6 - 9.6 Levophed
0.0227 100G 100.1 - 0.1 Normal
0.0233 100 108.4 - 8.4 Normal
0.0250 100 117.5 ~17 .5 Normal
0.0217 78 92.5 -14.5 Normal
0.,0217 82 92.5 ~10.5 Normal
0,0200 83 79.6 3.4 Normal
0.0139 /2 71.3 0.7 Hypovolumia
0.0130 Ly 26.6 20,4 Hypovolumia
0,0154 39 L8 - 5.8 Hypovolumia
0.0154 4o - Ly, 8 - 1,8 Hypovolumia
0.0133 25 28.9 - 3.9 Hypovolumia
0.0137 19 31,9 -12.9 Hypovolunia
0,0137 18 31.9 -13.9 Ilypovolunia
0,0147 15 39.5 -24.5 Hypovolumia
0,015 7 Li:,8 ~37.8 Irpovolunia

- _,,,,,._..._.
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Table X

Femoral Diastolic Pressures and
Cerotid-Femoral Onget Velocitiea from Experiment I

1/at Pa P(calc) Pa~-P(calc) Conditions
(msec~1)  (am Iig) (ram IIg) (inn Ig)

0.0238 106 107,.6 - 1.6 Kormal
0,0232 109 1024 6.6 Kormal
0.0233 111 103.3 77 Normal
0.0217 112 89.5 22.5 Normal
0.,0263 120 129,2 - 9,2 Levophed
0,0222 134 93.8 Lo,2 Levophed
0.0263 120 129,2 - G.2 Levophed
0.0333 188 189,7 - 1.7 Levophed
0,0233 111 107.6 3.U Normal
0,0222 110 93.8 16.2 Normal
0.0233 105 103.3 1.7 Isuprel
0.0208 20 31,7 8.3 Isuprel
0.0179 66 - 56,6 2.4 Isuprel
0.0175 60 53.2 6.8 Isuprel
0.,0179 60 56,6 3.k Isuprel
0.0169 Lg 48,0 0.0 Isuprel
0,0172 L6 50,6 - 6 Isuprel
0,0200 a7 75,8 12,2 Isuprol
0.0204 o7 78.2 18,7 ‘ormal
0.0208 106 81.7 24,3 Normal
0,024% 108 112.8 - 4,8 Normal
0.0250 110 118,0 - 8.0 Normal
0.0213 80 86.0 - 6.0 Normal
0,0200 65 4.8 - 9.8 Regitine
0.0157 52 6.3 5.7 Regitine
0,0161 37 Li.1 - 4,1 Regitine
0.0152 26 33.3 - 7.3 Regitine
0.01i64L 32 43,7 -21,7 Regitine
0.0149 23 30.7 -~ 77 Regitine
0,0143 25 25.6 - 0.6 Regitine
0.0156 30 36,8 - 6.8 Regitine
0.,0154 33 35.1 2.9 Regitine
0.01356 39 36.8 2,2 Regitine
0.0161 40 L1.1 - 1.1 Regitine
0.0149 21 30.7 - 9.7 Regitine
0.0159 26 39.4 ~13.4 Regitine
0.0159 61 39.4 21,6 Regitine

R R
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Tahle X

(continued)
1/at Pg P(calc) -P(ca1c) Conditions
(msec™l) (um Iiz) (aun ilg) ?uuu He)
0.0185 77 61.8 15,2 Normal
0.0172 37 50,6 36.4 Formal
0.0233 ol 103.3 - 0.2 Normal
0.0227 20 98.1 - 8.1 Kormal
0.0227 05 98.1 - 3.1 Levophed
0.0233 95 107.6 ~12.6 Levophed
0,0250 102 113.0 -16.0 Levophed
0.0217 73 89.35 ~16.5 Normal
0.0217 72 39.5 =175 Normel
0.0200 73 74,8 - 1.8 Normal
0.0189 60 65.3 - 5.3 Hypovolumia
0.0130 38 143,2 23.7 Hypovolumia
0.015L 32 35,1 a.i Hypovolumia
0.0154 31 35.1 .1 liypovolumia
0.0133 20 16.9 3.9 Hynovolumia
0.0137 16 20.4 -l Hypovolunia
0.0137 15 20,4 - 5.4 Hypovolumia
0.0147 i3 20,0 =16.0 Hyvnovolumia
0.0154 5 35.1 -30.1 Hypovolwnia

RTS8 Pt e it = kit i s =S



Femoral Diastonlio Pressnreas sand

Table XI

Carotid-Femoral Onset Velocities from Experiment III

1/a%
(méec"l)

0.0161
00,0167
0.0200
0.0204
0.0217
0.0250
0.0250
0.,0227
00,0208
0,0222
0.,0172
0.0185
0,0175
0.0164
0.0185
0,0217
0.,0217
0.0227
0.0154
0,0160
0.0137
0,0130
0.0132
0,0118
0.,0118
0.0121
0.,0122
0.0122
0.0122
0.0123
0.015%
0.0149
0,0154
0.0119
0.0123
0.0125
0.0123
0,0119
0.0122
06.0115
0,0118
0.0130

Paq
(mm He)

98
100
129
132
136
123
17
174
150
160
1hdy
112 .
117
106
127
121
166
160
191
82
80

P(calc)
(mm Hg)

87.8
05.0
134,35
139.3
154.8
109.3
19"1‘-3
194,53
166.8
14,0
160.8
101,0
116.5
10%,.6
91,4
1165 5
18,8
154,8
166.8
79.4
86.6
59.1
50,7
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Conditions

Normal
Kormal
Levophed
Levophed
Levophed
Levophed
Levophed
Levophed
Levophed
Levophed
Levophed
Levophed
Levophed
Levophed
Levophed
Levovnhed
Lovophcd
Levophed
Levophed
Isuprel
Isuprel
Isuprel
Isuprel
Isuprel
Isuprel
Isuprel
Isuprel
Isuprel
Isuprel
Isuprel
Isuprel
Kormal
Normal
Kormal
Regitine
Regitine
Regitine
Regitine
Regitine
Regitine
Regitine
Regitine
Regcitire
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Table XI

{continued)
1/a% Pq P(calc) Pg~P(calec) Conditions
(msec~1l) (mm He) (mm He) mm He)
0.0143 78 66.3 11.7 Normal
0.0152 88 77.0 11.0 Normal
0.0132 59 53.1 5.9 Hypovolumia
0.,0119 Ll 37.6 6.4 Hypovolumia
0.0100 33 1%.8 18.2 liypovolunia
0.0111% 22 28,0 - 6,0 Hypovolumia
02,0102 20 17.2 2.8 Hypovolumia
0,0122 25 11.1 -16.1 Hypovolumia®
0.0125 19 L, 7 -25.7 Hypovolumia*
0.0119 20 37.6 ~17.6 Hypovolumia*
0.0121 15 35.9 -2, 9 Hypovolumia*
00,0115 18 32.3 -1, 8 tiypovolunia*
0.,0109 13 25,6 - 7.6 Hypovolumia*
0.0122 17 i1 -2 ,1 Hypovolumia*
0,0115 18 32.8 ~14,8 Hypovolumia*

* Jguprel given during hypovolumia
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ABSTRACT

Experiments are described in which diastolic blood prassurs
is found to be lin=zarly ralated to arterial pulse wave velocity,
Tha final goal of this study is to provide data on the feasibilty
of utilizing the relationship in a deviece to measurs blood prassurs
non-invasivaly in mbulatory v»atisnts. It was found, by exper-
iments orn humans. that this r=slationship holds over a moderats
ranze of pressurcs in normal, young, males. The feasibility of
using the second heart sound as a timing reference was explored,
and discarded.
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I. Introduction

Theps are prassantlv two common methods for measuring blood
pressure: the common inairect or ausculatory method, and the
direct method via arterial puncture. The direct method involves
directly coupling an external pressure transducer to the arterial
system via a Tluid-filled cannula., The output of the pressure
transducer is an electrical signal which, when appropriately
calibrated, indicates instantaneous arterial pressurs,

Tha ausculatory method entails placing an inflatable cuff
around a limb, The air bladder incide the cuff is attached to a
pressure transducer, The cuff is first inflated to a pressure
wall ahove svstolic pressurs, thus completely occluding the artery
throughout the cardiac cycle. As the cuff is slowly deflated,
'blood flows through the artery whenever arterial pressure excesds
cuff pressure. As long as the blood flow is discontinuous, it is
accompanied by ¥orotkoff sounds; a characteristic snapping of th=e
artery. These Korotkoff sounds are used to signal systolic pres.
sura (evidanc=d by the first appearence of the sounds); and di-
astolic pressure {(svidenced by a muffling of the sounds).

Neither of these meathods is suitable for long term use in
ambulatory patients. The direct method, while providing beat
to beat pressure, introduces the dangers inherent in placing a
foreign object into the high pressure arterial system; ia,
infection, hemorrhage, and thromvosis.

The ausculatory method requires at least pzriodic occlusion
of an artery, which is at best uncomfortable, and may cause damage

£0 the 1imb used. It requires either a source of compressed air

ORIGINAL PAGREIS
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or requires the natient to periodically pump the cuff. The
cyciical infiation and deflatlion of the culf 1s obvious to the
patient, and may introduce pyscholgical factors which may not
be eliminated, It would not indicate blood pressure on a beat
to beat basis, and would tend to be bulky,

The desirs to develop a useful method for measuring blood
pressures in ambulatory patients has led to a new approach. It
is suggmsted that blood pressure is proportional to pulse wave
velocity (Steele (1937), Bayett & Dreyer (1922), Hafkesbring &
Ashman (1943), Sands (1924), Beyerholm (1925), Nyve (1964),

Haynaes et al (1936) )., In this project we have reviewed both

the theoretical and experimental basis for this theory, and tried

to verify this relationship in humans,

-



II, Review of the Literature

The flow of blood through an elastic artery may be thought
of' as the supervosition of two seperate flows; the flow of a
pulse wave, and the mean of the steady state flow. The vel-
ocity of_the pulse wave is between four and ten meters per sec-
ond, while the mean flow is about .75 m/s in the szorta to about
.25 m/s in the carotid artery. As there is great fluctuation about
this mean, the mean flow, which is small, but not negligible,,
may be ignored {(Bramwell and Hill (1922)). Blood flow through the
arteries is modeled then as a pulsatile flow through an elastic
tube,

The first work relating pulse velocity throush an elastic
tube was done simultaneously and independently by Foens (1378)
and Koritweig (1578), 1iloens, relying on sxperimental data, found
that pulsatile tlood flow could be related to properties of
the artery in the following manner:

v =K(Ea/2wd)2 (12)
Where: '

v=valocity of the onset of the pulse
wave

E= Young!s modulous (modulous of lateral
expansion of the artery)

wadeansity of fhe fluid
d=diameter of the tube
) a=thickness of the wall
K;.9 to .95
Kortweig performed a theoretical study and found: _
v= (Ea/2wd)% (1b)
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vhich, exceot for HMeens' constant K, is 1denticé1 to 1a,

The Maeans . Yortwaeisr eauation iz hased on many 285sunm
1) the'vessel is culindrical and has radial symmetry; 2) thespre
is no lonmitudinal extension of the tube; 3) the elastic wall is
homogen=ous; 4) the amount the wall is axtended laterally is small;
3) Hooke's law applies to ths vessel; 6) the thickness of the wall
is small compared to the diameter of the tube; 7) the fluid is
non - viscous (Horeman and Noordsgraff, (1958) ). Are these
assumptions valid?

The first, while not strictly true, is a valid assumption
(Horeman and Noorderraff (1958) ); althourh advanced cases of
arteriolsclerosis do introduce large amounts of tortucosity which
cast coubt on this (Sands (1929) ).

The second assumption causes a paradox in the initizl
eduations; they have been solved assuming longitudinal exteri
sions. Taking lonegitudinal extensions into agcount Yields a
corraction term that is not larger than 59 of the total (Horeman
and Noordegraff (2959},

The third has been found to be wrong, but also found to
contribute negligible error (Hallcck and Benson (1937) }; as
has the fourth (Bemington, et al (1948) ).

Hooke's Law definitely does not apply to an artery.(Hallock
and Bnson (1937), Stesle (1937), Bramweil and Hill (1922) ). The
deviation frco Hooke's Law has been reported variously as a
"hysterassis®, 'eslastic "after action"!. Basically, arteries,
1f stretched quickly, tend to continue expanding slightly

after all force has been removed. However, Hocke's Law does

ORIGINAL PAGE I3
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hold il the stretching is thought of as going from diastolic
pressure to systolle prassure; rather than zero pressure to
svstolic pressure (ie., if the amount stretched is small) (Horeman
and Noordgraff (1958)).

Although not negligible 1in the small arteries, the thick-
ness of the wall can be igrored in the larger arteries. (McDonald
(1960)).

Blood is definitely a viscous fluid, although the effect
is larger in the smaller arteries, McDonald has found that the
viscous property of blood tends to reduce its speed by 5 to 10i;
and attributes this fact to ioens constant of ,§ to .$5.{HcDonald
(1960)). This is in qualitative agreement with Wormsley, who
also took into account the viscous nature of blood (Bargainer,

J. D. {1958)).

. The Moens - Xortweig equation relates blood pulse velocity
to several variables which are difficult, if not impossible to
measure in vivo, A transformation of this formula was done
(Bramwell and Hill (1922))in order to relate pulse wave valocity
to more easily measured properties. This transformation makes two
simplifying assumptions: 1)the distance traveled by the wave
is short and 2) the waveform has no sharp discontinuities, there-
fore, only the longer wavelengths must be considered. Both of
these assumptions are reasonable, and the result:

v = 3.57£dP/(dV/v)]% (2)
Where:
v =velocity of phe blood pulse

P =pressure in the artery

e . e - oo PR ———
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(For derivation, see

appendix B). V = volume in a section of artery
is accepted by most workers, It allows one to use pressure
volume curves derived experimentally to obtain pulse wave
velocity as a function of prec-ure. Bramwell and Hill did this
work for several discrete points using work done previously by
Roy (1880), and found that above 80 mm Hg, pulse wave velocity
was proportional to pressure.

1t is also possible to verify the Kortweig - Moens equation

for the conbinuous case if one has a function relating the
radicand in the Bramwell - Hill equation to pressure. 3Such a func-
tion can be derived in the following mann2r: obtain a pressure /
volume curve of arn artery, (There are several such curves in the
literature, Perphaps the most useful sel can be found in Hallock
and Benson (1937)). In this study, an excised artery was filled
with the minimum amournt of saline solutinn needed to keep the
artery normally distended., This initial volume, VO, required a
pressure of 7.3 mm Hg. The pressure was then slowly increased,
and the percentage change in volume, {(as compared to Vol (V-Ya)/Vo,
is plotted against preasure, An example of a pressure - volume
curve is shown in Pig., ia, One then finds the derivative of tne
line with respect to pressure to obtain (dV/Vo}ﬁP vs. P, This

is done by finding the tangent to the line, If this is done for
several points, and the inverse of the tangents are plotted versus
pressure, one ob%ains a new curve (si.own in figure ib). This new
curve, which is the vest it of a quadratic equation, represents
dP/{av/¥r}as a function of pressure, This parabola has the

equation;

o
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apr/{av/vo) (2.53x10 )P -(l.2°xl2 )P -~ .21 (3=2)

i

which is approximately

~2 2
dp/(av/7o) = (1.59x10 P - .3) (3b)
By substituting Equation 3b into Equation 2, one obtains:
-2
= 5.67x10 P.- 1.17 (4)

which suégests a linear relationship between blcod pressure and
pulse wave velocity.

There are several different blood pressures which are in
common usesage; diastolic, systolic, mean, and pulse. There is
some question in the literature as to which one of these corres-
ponds to the prussure in the Bramwell-Hill equation (eq. 2).
Pulse wava velocity has been variously reported as being pro-
portional to: 1) diastolic blood pressure (Stesle (1937) ); 2)
either digstolic or mean pressure {(Bayeti & Dreyer (1922) };

3) both diastolic and systolic blood pressure in women; neither
diéstolic nor srstolic pressure in men (Hafk sbrlnc é& Ashman (19“3) )3
L) diastolic blood pressure in healthy subjects, nothing i
patients with heart or circulation difficulties (Sands (1924) );
5) systolic blood pressure (Zeyerholm (1925) ); 6) mean blood
pressure (Nye (1964) ); and 7) pulse pressure (Haynes, =llis,

& Weiss (1938) }. The fact that mean pressure and pulse pres-
sure are proportional to both diastolic and systolic pressures,
and a rise in one is usually accompanied by a rise in the othcr
three, makes it difficult to decide on which pressure, if any,
is the best determinant of pulss wave velocity: tﬁis i=s probably

a major reascon for the inconclusiveness of the literature,

EY&L_P
OF Pogp U, ﬁ?ﬂﬂrg : i
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ITII. Experimental VWork

A, Objectives

The final goal of ocur group 1s Lhe developnent of a desvice
to measure diastolic blood pressurs, Thea devicc sliculd be both
non-invasive, and easily adaptable Tor use on ambulatory ﬁatients.
It will utilize the supposed fact that diastolic blood pressure
is monotcnically related to pulse wave velocity. Although
there has been much work done on the relationship between blood
pressufe and prulse wave velocity, it has besen inconclusive, Pre-
vious work done in our group has verified a linear relationship
in degs (La Bresh (1970) ); the question now becomes: does it
hold for humans?

To measure pulse wave velocity, one nesds to mezsure the
time difference between the arrival of a single pulse at two
separate points in the ealastic arterial system, Ong can also
determine pulse velocity by measuring the time beatween onset of
ejection of blood from the heart and the arrival of a pulse at a
single point. It has been shown that the ECG is useless for ﬁre-
dieting the time of ejection of blood into the aorta, due to the
larpge variability in g, the time interval between { wave and pres-
sure onset in the aorta (LaBresh (1970)). It has becn suggested
that the second heart sound (signaling closure of the semilunar
valve {(Lewis (1952} )might t¢. ~relate better with onset of cjéction.
So in addition to verifying the relationship of pulse wave vel-
ocity to diastolic blood pfessurc, we wishad to ascertain whether
there was z2 corrslation between blood pressure and the time

- betwean the onset of the second heart sound anl the arrival of

R B e e

1
At ST
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a pulse at a particular point.

B. Methods
The following apparatus, desipgned to detect and record sev-

eral pysiolorical sirnals, was acsembled., The entire systen is
shown in Fig. 2.

A pair of piezo-electric transducers (see Figf, 3a & 3b)
were used to detect arterial pulses in the carotid anu femoral
arteries., A change of pressure is applied to the device by means
of a ﬁiiable plastic membrane stretched across a hollow disc.
This disk, termed a Marey's capsule {(Elema-Schnonder model EMT 521)
is connected tn a length of tygon tubin~., The tubineg s=rves to
transmit the changes of pressure to the c¢rystal transducer (ENT
510C), The trensducer consists of a hollow cylinder, the inner
wall of which is a metal membrane, The signal from the ![Marey's
capsule enters che cylinder through a small orifice. The change
in pressure causes movement of the metal membLrane, which imparts
movement to a piszo-electric crystal which 1s coupled to the mem-
brane, Thus the electrical output is proportiocnal to the change
in pressurse on the Marey's capsule. The manufacturer specifies
the frequency response of these transducers as [lat to 30 Hz.

{Two other methods for detecting blood pulses were looked
into and Aiscarded. It was orisinally . proposed to us=s trans-
cutaneous Dovpler flowmeters in this experiment. They conform
to many of the requirsments of the ultimate blood pressure de.
vice sought by our group, énd have been used in many applications

requireing detection of blood flow., Unfortunately, the two in-

struments available to us were not sopnisticated enough for our
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purposes, and were discarded,

It was also found to be possible to detect pulses by placing
an inflated air bladder ovaer an artery, and applvin: slight down-
ward pressure, The bladder is compressed as a blood culse ap-
plies pressure upward through the skin. A pressure transducer can
detect the pulse wave il attached to the bladder via a tube.
However, this method was not as simple to use as the ZMT equip-
ment previously described,)

Heart sounds were detected by a sensitive microphone de-
signed for this purpose (EMT 253), It was secured by a rubber
strap over the apex. The fregu=ncy response of the microphone is
governed by a filter network that must be used with the micro-
phone. (EMT 22),., As the second heart sourd is primarily high
frequency sound, the filter network was cet to a center fre-
quency of 400 &z, with & db points at 200 and 800 Hz. This
sefting served to accentuate the second heart sound,

Cne channel of scalar 2CG wzs obtained by placing electrodes
on all four limbs. Amplification for the ECG signals, heart
sounds, and pulse pickups was supplied by EMT 13 amplifiers. The
output of all four channels was at a ndminal level of 100 mv.

Arterizl bleood pressure was measured by a catheter inserted
into the brachial zrtery. Its inner diameter was .045" and
outer diameter was .062", The tubing was partially filled with
sterile saline solutionrn to act as a buffer, and was coupled to
a Statham model P23Gb straimn guage pressure transducer, A
Sanborn 350-11008 carrier amplifier was‘uscd to amplify the sig-
'nal to its' maximum level of 2V, which was sat to corresrond to

a pressure of 200 mm Hz, As the Sanborn amplifier had its 3db



point at 430 Hz, the frequency response of ine pressure neasuring
sub-system was limited by the transducer, whnicn is flat to 50 Hz.

All five channels of data were recorded simultaneously on
both a Brush model 260 chart recorder, and a Sanbern medel 3907a
7 channel analog magnetic P.M. tape recorder, All channels except
arterial pressure required approximately 25 db of additional
amplification prior to beinz recorded on t-e tape recorder. This
was supplied by & Fairchild 741 operational amplifiers, The
Brush recorder has a full scale frequency response of 50 Hz,
and the tape recorder was flat £ 1db 625 iz.

Five subjects were connscted to the above system, They wers
all males between the ages of 18 and 23, and were not known to
have any cardiovascular disease, Their blood pressure was varied
by several meant, Their tlood pressure was raised by lsometric
contraction of one arm, This was accomplished by having the sub-
jécts squeeze a hand grip dynamometer; a device which measures
the force appliesd by gripping its handle, The literature
implied that this might raise pressure by about 15 mm Hg (Hurwitz,
et al (1971) ). It was lowecred by both the inhalation of amyl
nitrite, a vaso-dilator; and by verforming a valsalva manouver
(2 strzining of the thoracic muscles coupled with closing the
clottis),

The Marey's capsules wersa placed over the femoral énd CcArc-
tid arteries in order to obtain pulse transit times in the avrta.
The two pulse transducers were connected to their respective
Marey'!s capsules via identical lengths of tubing., It was verified
That the crystal transducers do not introduce a time differeqcc

by themselves by tapping the two Marey's capsules together, and
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observiny simultaneous outnuts.

C. Results

As shown in Fig. 4a, a signal proportional to brachial
arterial blood nressure was obtaina%le wria the cathstar, Slscd
pressure was readable to an accuracy of 2 mm He.

After the second experiment, it was decided to usz lead III
(left arm-left lsg) of ECG to mininmize muscle noise during iso-
metric contraction of the right arm. For timines purposes, it was
decided to use the minimum in the 335 complex, identified in the
figure with an (a}.

As shown in Fig. U4c, a good heart sound signal was obtained.
The first heart sound is defined as the first complex occuring
affter the QRS complex in the ECG; awud the second heart sound is
the second complex after the QR3, The berinnings of the various
hedrt sounds were defined as being the first large negative going
pulse in the complex, In Fig. 40; the beginning of the first

heart sound is identified with a (b); and the second heart sound

"=

has its beginning marked with a (c¢).

As shown in Pigs 44 and Le, good pulse waveforms wers ob-
tained at both the femoral and carotid locations. It was found,
as was expected, that the pulse tends to be distorted as it
travels further away from the heart, due to different parts of the
wave traveling with different velocities, This is assumed to be
due to the different pressures that the different parts of the
ane‘"see“. In addition, the foot of the wave 'sees’ a2 hardser
wall, due to the viscous resistance to expansion seen in arteries;

as the tail sees a softer wall, due to a viscous interference
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with recoil (Hamilton, Remington, % Dow (1945) ), It seems lo~-
ical that the portion of the wave most related to diastolic blcod
pressure would be the onset, for this is the parti of the wave

that "sees" the diastolic pressure as it proé{éatcs down the art-
ery. Thus, the onsets of the pulse pressure waves were used in
determining transmission times,

It was important that consistancy te maintained when de-
fining where on the wave the onset was, To this end, it was de-
cided arbitrarily that the onset be defined as that point at which
the tangent to the curve forms an angle of hso with the horizontal,
If a lencth of the curve possesed a slope of -1 (such that it
would make an angle of 450 with the horizontal), the midpoint of
that section was defined as the onset, ©Once oncets were defined
(as identified with (d) in Figs, 4d and 4e), transmission times
were measured to an accuracy of 4 msec, It is impossible to deter-
mine the magnitude of the errors introduced by definition or
determination of onset.

It was found possible to raise diastolic blood pressures by
as much as 40 mm Hg by means of isometric contraction of one arn,
Examples of arterial.blcod pressure during contraction are shown
in Figs. 5a and 5b. The discrepancy between this result and pub-
lished reports that isometric contraction can raise blood pressure
in healthy subjects by an average of 12 mm Hg (Hurwithz, et al
(1971) ) is explained by the fact that our subjects exerted
maximal effort for as long as possible, while Hurwitz prescribed
1/3 maximal effort for 3 minutes. The one problem with maximum

effort is that it produced bodily movement in some subjects,

jarring the crystal transducers.,
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Valsalva manouvers wereleffecéive in lowering blood_pﬁes-
(1) -sure by as mﬁch as 30 mm Hg, However, the drop in pressure is
short lived, and the bodily movement needed to ?arry oud a'man-..ﬁ . .
ouver was invariably accompanied by tissue movements of suf-
ficient magnitude to cause the transducers to lose their signal; ;
particularly in the femoral area. Thus, the valsalva manouver
_was-unsuccssful as a method to lower blood pressure in the éx—"
vperimenh Examples of blood pressure during valsalva ﬁéﬂouﬁer-aré
shown in Pigs. 6a and 6b,
Amyl Nitrite (whose effect on blood pressure is shoﬁn in
Fige 7a and 7b) is a vasc dilator which was foupd useful in lov-
ering diastolic blood pressure as much as 35 mm Hg dus to one in-
halation. | _
, The time delay between the onset of the carotid pulse and
QJ> - the onset of the corresponding femoral pilse is deﬁined'asc
Aby {ses Fig, 4f), The inverse of this transmission time is pro;:
portmonal tc velocity, thus Atl provides one with the means uf
determining if pulae wave velocity is proportional o dlastolle
blood prcssurc.. Graphs were made of the 1nygrag;qf,A;1 versus . .-
diastolic blood pressurs for all fivs subjects‘(FivSa 8~10v14ww
18,22), Using the method of 1east squarss, lvnns w"re drawn
reprasenting the 'best-it! line of the data, The samplc d‘Vla- B
.tion-was_also<calculat€d, and is showa along wlth,thc-¢QEath+ '
of each graph on the fi?ures.‘ The aimost lincar~reléti6h$ﬁip,.
as predlctnd by several authors (Steele (1937) Baycvt Dreyer 'LH".
(1922) ) is apparent i }

. Bpom an cngineerlnF standpoint, 1t Would be dc51rar' f%ﬁ?ﬁ* T
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Pigs. 8 thrcugh 27
Aty is the time interval between carotid pulse onset and the

corresponding femoral pulse onset.

At2 is the time interval between the beginning of the first heart
sound and the beginning of the second heart sound

¢3t3 is the time interval between the most negative point of the
QRS complex, and the beginning of the first heart sound

Aty is the time interval bestween the beginning of the first heart
sound and the onset of the correspondirg carotid pulse

At5 is the time interval between carotid onset and dicrotic notch

x = points taken 'mmder normal conditions

@ = points taken while the subjesct was isometrically contracting

one arm
¢ = points taken while the subjsct was under the influence of

Amyl Nitrité

Pressure represents brachial arterial blood pﬁessure
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as the inversa of tha time delay botween one artsrial nulse and

the ejection of blood from the heart, as signaled by an easily |
obtained physiologiczl signal. To this end, the famoral pnlsza- |
second heart sound time delay was measured, as it was thoueht
that the gecond heart sound would predict ejection, The inverse
of this time was plotted against pressure, By comparison with
Aﬁl, no comparable linsar relationship was observed,

To understand why the second heart sound - femoral arterial
pulse delay did not work, a knowledge of the sequence of events
prior to and during ejection of blood from the left ventricle is
required, Briefly, the first event is the electrical depolar-
ization of tne ventricle. This is marked by the QRS complex in
the ECG. After this, the ventricle starts to contract. Wwhen
pressure in the ventricle rises anhove th: pressure in the atrium,
the AV valve closes, This is signaled by the first heart sound.
The vantricle continues to¢ contract; no blood is ejeéted, as the
aortic valve is closed., WYWhen ventricular pressure rises above
aortic pressure, the aortic valive opens, and blood is ej=cted.
Ejection continues until ventricular pressure falls below aortic
prassure (du= to the halt of contraction), at which point the
aortic valve closes, causing the second heart sound. Closure
of the aortic valve is also marked by the dicrotic notch in the
blood pulse wave,

The event that would be of use in measuring blood pressure

via the inverse of transmission time method is the beginning

. of ejection of blood from the ventricle, The time difference

between ejection of blood and the onset of a blood pulse would

clearly be the inverse of velocity. Unfortunately, there is no
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physiolofical sicral marking the oﬁening of the aortic valve,
Howaver, if there s a constant time interval bebtwean aortic valve
opening and some other event, than that second cveht can signal
ejection of blood from the heart,

In order to explors the various time relationships Dde-
tween the several events, a group of time differences was defined,
as shown in Fig, 4f,

Ato is the time difference between first and second heart
sounds, This represents the time between the closing of the AV
valve, and the closing of the aortic valve, As such, it consists
of two components; is%ﬁ&%ric contraction, and ejection of blood
from the heart,

At3 is the difference between a fixed point in the QAS
complex, and the first heart sound. It denotes the electro-
mechanicall delay between electrical depolarization of the heart
and onset of ventricular pressure,

At, is defined a~ the time difference betwesn the first
heart sound and the onset of the carotid nulse, As such, it gives
a rough indication of isometric-contracticn time, (Exaé%ly, it
represents isometric contraction time and transmission tims be-
tween the heart and the carotid artery. However, the entire aoftic
transmission time, as d=fined by _t,, is on the order of 30
msec, with a total range of z 20 msec, The distance ovetween the
heart and the carotid artery is about 1/5 the carotid - femoral
distance, thus the delay due to the carotid is about 15-20 msec,
with.a total variance of only - 4 5 msec, Thus the error introduc=d
by transmission through the carotid artery is small.)

AF5 is defined as the time between carotid onset and oc-
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curance of the dicrotic notch (for location of aicrotic noteh,
", sen Fig. fJe,)., This represents the total tims of ejection of
blood from the heart, Unfortunately, the dicrotic notch was
not visible when the subjects were under the influence of Amyl
Nitrite, If one subtracts At5 from.Atz, the difference is equal
to 1somet£ic contraction time,

Graphs of At3 versus pressure were made for all subjects,
and are whown in Figs. 9, 12, 16, 20, 24, Graphs of both At,
and Atd ware made for all experiments except the first, where
poor quality of the heart sounds prevented accurate analysis,
These are shown in Figs, 11, 15, 19, 23, and figs 13, 17, 21,
25. Atg for the last experiment is shown in Fig. 26, and _t2-_t5

is shown in Fig, 27,

As seen in the graphs °f<At3, the electromechanical delay
was relatively constant, with a range of usually no more than
20 msec, ’

The graphs of At, show a wide range of time differences.
The span of delays is on the order of 80 msec, which is Eomparable
to the total transmission time in the aorta.

As seen in the graphs of At), the isometric contraction
period also pos»sses a wide variability in measured times; on
the order of 40 mssc.

(Both At, and At, show a similar elbow shape. This is
thought to be dus to an interaction of two factors. Increased
pressure is accompanied by ;n increase in volume, thearefore,
contraction takes longer. In opposition to this, increased pres-

sure leads to increased contractility, which causes quicker con-
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traction time, This iacrease in contractility is non linear, ani
increases most rapidly in a middle range of pressures, Thus at
low vressures, th~ first effect is dominant, and the time delays
increase with increasing pressure, At higher pressures, the
contractility increases, and the time delays decrease with an
increase in pressure,

The one= graph cf Aﬁ5 (Fig., 26), shows a clear decreass of
time delay with an increase of pressure, The graph of‘Atzfdts
shows an incresase of delay with increasing pressure, However, the
rise is not too clear cut.

Analvsis of the above shows why the necond heart sound
cannot be used., The time difference between opening of the aortic
valve and its closing is not constant. 7This is shown both by the
single graph of pgtg, and by noting that “he spread of values in
Atg is only partly accounted for by the ctoread of values in‘Atu.
Thus there is a clear variability in ejection time.

Although there is a fairly constant deslay betwesen ECG and
closing of the AV valve, the spread of vaiues in isometric
contraction period make the QRS complex useless as a predictor
of ejection of blood from the heart. This finding agrees with .

the findings of La3resh (1970).

mev
- %1?254%

/

-l



IV. Discussion

It has been shown that diastolic blood pressure is closely
related to arterial pulse wave velocity in normal male subjzcts,
The relationship holds cver a range of pressure of about 50 mm
Hg. It has also been shown that neither QiS, first heart sound,
nor second heart sound is a useful estimator for ejection of
blood into th= aorta.

The sample deviations for the lines drawn showing the almost
linear relationship between pulse wave velocity and diastolic
blood pressure are 7.67, 7.2, 6.62, 4.9, and 3.45, This implies
that a pressure measuring desvice utilizing this relationship
would, in the worst case, read within .4 15.3 mm lg 997 of the time,
and within ¥ 7,67 mm Hg 67% of the time, In the bast case, ths
device would resd within % 6.9 mm Hg 99% of the time, and read
within % 3.45 mm Hg 677 of the tims,

It is possible that the best. fit for the data is a curved
line of some sort; perhaps an "s" shape, If true, then much
better accuracy could be obtained. 5

The inaccuracies inherent in processing the data should be
mentioned, It is unclear as to whether the criteria of defining
onsets as being the first point posessing a slope of -1 is just-
ified, Vnile this criteria supplies consistant onsets for ident-
ical waveforms, it is probably not totally accurate for differing
waveforms, It is possible that a larges per cent of the error is
due to inaccurate definition of onsets, It has been suggested
that onsets be defined as the first point before the pulse

that has & slope of 0, However, some waveforms show a large .
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length of mently sloping points prior to ths pulse, I doubt
i the second criteria would be accurate in these cases,

As it has been shown that veloecity is a good predictor of
diastolic blood pressure, the groundwork for a deavice to measurs
blood pressure non-invasively in ambulatory pztients is partly
done, The device would consist of two transducers to datect
the arrival of pulses, and suitable electronics to detect the on-
sets and compute tha inverse of transmission time,

Every parson should have a uniqus linear relétionship
between diastolic blood pressure and pulse wave velocity. The
slope and intarcspt of this relationship srould probably stay
constant over a long span of tinme, as it is a function of art-
erizal 1ength and condition.

With the above fact, the use of the device would be simple,

" After determination of a person's unique velationship(fFhis

could most easily be done by measuring trunsmission times at
two different pressures, These two poinits would define the
equation of the line relabing the inverseof transmission;time
(vélocity) to diastolic blood pressurs for that patient.) the
device would he attached to the patient. The record of trans-
migsion tim=s would specify diastolie blood pressure,

With this scheme in mind, there are two chann=ls still
open Tor investigation,

1. The development of a suitable zmbulatory transducer to
easily debect arterial blood pulses,

2. A continuation of my study to see if the oressure/velocity
relationship holds over a wider range of both pressure and pétient

condition, SpEGifically, people with disecases of the arteriss,
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thOSc most likely to use such 3, dcv:Lce, may not -hxhw:.t ‘the
usual relatlonshln. Thm may be dune to a tort :

(sands (1924) )




©

(33

vy oLl PSR X 500
o Equc;tluu (n'd..l'.'U.m}-" \L 9U2))

I-IJ
o
iy
»
H
Q
H
of

he Kortuwsig
Consider a visco - elastic tube, radius r, cross - sectional area
Q, width a (fig. 1) “hen a pulse passes through The tube, the

radius changes, as does the area:
,,?. — dz

r = r{z,t)
@ = Q(z,t) Q )) ?

Consider a small element of volume, a small disk of thickness

dz, If P is the pressure in the tube, the force on the disk is:
4B = -(QP)gugz + (3P)p = -@(P)Bz)az 1
dF = ~RQPEMz)dz -~ P Os)dz ia

Since lateral extension is assumed to be small compared to r,

d.Q/Q and d2/dz are small:

= -Q@PLz)dz 1b
The mass of the disk dm = wadz (w= density), As P= ma:
W(E')zzfatz) = -@pPz) 2
Flow volume 1is def‘ined. as i = q{dz/at):
i/t = —(Q/w} @r/pz) = 3

From continuity, the intake volume minus the oubtout volume équals
the increase of volume of the disk:

Deffine radial currsnt -ir

difz,t) = (ai!ﬁ‘z)dz = -1, 4
= (dr/dt)2nrdz 7 5
FromHooke's, faw: _
‘ 2rrcir'/2rrr = (1/Eadz)d(T)dz o 6. |

From Laplgce's Law for a cylindé_r T = Pr, where P = pressure _

2ndr/2mr = (1/8adz)d(Pridz C6a

®

. __
KT
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dr/r = (1/Ea)(Fér + 4P
As lateral extension is assuned ho he'snull coapzred to r,
PdrecrdP

dP ={Ea/r2)dr o 6e
Differentiate equation 6c, with respect to t, and combing eguations

k and 5

-P@P/Ot)= (Ea/ZITr:BJ(BiZ/az) 7
Differsntiate equation 7 with respect to z

-BePf2Dt = E%r %%;%L . %% *g%%h 'Eaé%%?) 7a
Since r/z is small: _ '

~@r/et2) = (E2g3) @Pie?)
Differentiates equation 3 with respsct to z buice:

P02 = -(a/w) (Fr/o2) :
Differentiate equation 7b with respect to z:

~©2/2t522) = (EBa/25r3) B33/23z) 9
Combine equations 8 and 9

(Q/w) (8°2/92%) = (27r/Za) @°P/Ot?) 10

32p/ot2 = (Fa/2rw) (E2p/022)  10a
Equation 10a is the characteristic wave equation, which-defines

V= (Ea/Erw)% .- 11

Equation 11 is the Kortwelg equation,




Appeﬁ&ix B
Derivation of Bramwell - Hill Equation (La Bresh (1970))

Define a length of elastic bube of thichness a, radius r,

and length dz, with an applied tension per unit length T (Fig 1a).
Unroll the tube to define a sheet of height a, width dz, length

1=2 r and cross - sectional area adz. The tension is as shown in

e

Fig. 1
frﬁxcis}
T 7
7 A P
f
Fig, la Fig. ib -
The Kortweig equation is:
V = (Eafzer% 1
Apply Hook's law to the sheetb:
dl/1 = (1/Ba)dTdz ‘ 2
A5 A T adz and 1 = 2 »: '
dr/r = (1/Eadz)dTdz = dt/Ea 2a

Laplace!s Law for a cylinder states Pr =T; P.Z pressura;
| dr/r = {1/Ea)d(pr) = (1/Ea) (vaP } Pdr)  2b
Since the amount the wall is extended laterally is assumed to be
émall, Pdr rEP: | | A |
dr/r - (1/8a)(rdP) 2¢
dP,= (Ea/v®)dr _ 7-." i.2@‘ ..

_Introduce volume per unit length:




Combine equations 2e, 3a, and e

Combine equations 3
Combine equations 1

_As w = 1,055:

Wheare:

av/ap

2 .3
2Mr(r /Ea) = 2ur /Ea

and 5:

av/éP = 2Vr/Ea

and 6:

v

{V/de/dP))%

3.57{v/{dv/dp) )%
3,57 (dPAAV/V) )

velocity in meters per second
pressure in mm Hg

Volume i ml

o ol L

&

7b

7c .

s
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Apuvendix C | .

Tables of Experimental Data

The following data were used Lo construct the curves in
Figurss 8 through 27. This data includes: 1) P - brachial arte
erial blood pressure; 2) _bt, - the time difference between
carotid pulse ouset and femoral pulse omset;,. 3) _t, -~ the
time differsncs beotween the Tirst and second heart sounds;

4) _tg - the time difference between ECG and first heart sound;

5) _ty - the time diffsrence between first heart sound and carotid

onset; and 6) bz = the btime difference between carotid omset and

dicrotie noteh.

Induced changes in blood pressure are nobed in the final
colum. Hormal indicabtes no induced change, Amyl Ritrite in-
dicabes irhalabticn of Amyl Nitrite, and Isomeitric indicates

jxzometric contraction of one arm.
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Table I
- Transmission Timoo and Sracuicl Arie
Qw) from Experiment I
P Atq At, Conditions
67 80.0 7.6 Mormal
65 82.’4’ 95-2 Normal
66 80.8 84,8 Normal
67 82.4 91.2 Normal
69 80.0 91.2 Normal
69 78 .4 82,6 Normal
.68 76.8 80.0 Normal
59 7L b 104.0 Amyl KNitrite
51 80.0 93.6 Amyl Nitrite
et 84,0 89.6 Amyl Nitrits
50 gh L 84,0 Anyl Mitrite
50 96.8 80.0 Anyl Nitrite
Lg 98.4 87.2 Amyl Nitrite
L3 93.6 84,0 Amyl Mitrite
La 92.0 83.2 Amyl Nitrite
Lg 06,0 83.2 Anmyl Nitrite
Ly, 95.3 86.4 Amyl ¥itrite
h3 98,0 80.0 Amyl Nitrite
L3 93.0 88.8 Amyl Nitrite
S 98.0 ag.0 Amyl Nitrite
4o 99,6 89.6 Amyl Nitrite
t LOo 1004 90.0 Amyl Nitrite
40 96.8 80.0 Anyl MHitrite
Lo 96.8 90,0 Amyl Nitrite
L2 99,6 76,8 Amyl Nitrite
55 4.8 89.6 Anmyl Nitrite
64 76.0 90.8 Normal
63 75.2 89,6 Normal
62 77.8 84,0 Nermal
78 72.06 88.8 Isometric
79 69.6 95.2 Isonetric
79 68.0 84,0 Isometric
80 76.0 88.9 Isometric
81. 664 76,0 Isometric
80 69.5 05.2 Isometric
80 68,0 84,0 Isometric
82 71.2 91,2 Isometric
83 64,8 91,2 Isometric
85 68,0 87.2 Isometric
98 64,8 77 .6 Isonmetric
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Table II .
|
|
|

(;9 Transmission Times and Brachial Arterial Ricod Pressures
from Experiment II
P Ati Atg amB Aﬁu Conditions
90 624 259.2 28.0 49,6 Isometric
90 60.0 259,.2 30,4 52.8 Isometric
91 58.4 256.0 39.2 52.0 Isometric .
92 p1.6 257.6 30,4 51,2 Isometric o
91 1.6 2624 3.4 © 49,6 Isometric
.20 62 .4 264.8 33.6 53.6 Isometric
g0 57.6 268.0 32.0 49,6 Isometric
86 62.4 257.6 36.0 49.6 Isometric
87 64,0 260.8 24,0 52.0 Isomebtriec
9 90,4 2384 25,6 49,6 Amyl Nitrite
L8 90 .4 230.4 28.0 - 43.8 Amyl Nitrite o
Lm 95.2 229.56 28,0 49,6 Amyl Nibrite '
50 92.0 225,6 32.8 Lo .0 Amyl Kitrite
51 oL L 240.0 32.0 4o.0 Amyl Nitrite
Lo 96.0 236,0 35.2 a5 Amyl Hitprite
43 95.2 230.,0 10,0 40,0 Amyl Kitrite
53 93.6 243,0 30.4 b1.6 Amyl Nitrite
56 89.6 254 .4 32,0 51,2 Amyl Hitrite
57 90.4 257.6 35.2 hé b Amyl Nitrite :
.38 80 268.0 0.4 52.8 Amyl Nitrite |
- 60 78.4 261.6 33.6 56.0 Amyl Nitrita |
62 76.8 269.6 31.8 63.2 Amyl Nitrite |
64 72,8 273.6 28,0 66.4 Amyl Nitrita 4
65 76.8 274 4 28.8 63.2 Amyl Nitrite |
66 64,8 280.0 33.5 59.2 Amyl Hitrite |
68 72 .8 284.0 40,0 71.2 Normal |
70 2.0 290.4 27,4 65,8 Normal N
72 67.2 290,.4 24,0 69.8 Mormal.
72 72,0 - 296.8 35,2 73.6 Normal -
65 73.6 284.0 40,0 66.6 Normal
é5 72.0 290, .4 25.6 71.6 Hormal
74 69.8 202.2 31.8 76.8 Normal
80 63,2 324,0 28,0 80.0 Normal
79 64.0 320.0 35.2 80.0 Kormal
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Table ITI

Transmission Times and Brachial Apterial 2lood Pressures

from Experiment III
P A%y A6, AhB Aty Conditions
60 80.0C 290.% 25.5 71.2 Amyl Mitrite
55 93.6 292,.0 24,0 88.8 Amyl Nitrite
52 8%.8 304.0 27,2 101.6 Amyl Fitrits i
50 92.8 304.,0 31,2 £89.6 Amyl Fibtrite . »
Ig 97,6 328,0 22.4 56.0 Amyl Nitrite |
L3 92.8 340,0 27.2 101.6 Amyl Hitrite .
50 90 .4 320,0 264 70.4 Amyl Nitrite ;
68 76.8 357.6 12.8 73.5 Normal ;
69 b 357.6 14.b 76.0 Normal
6? ?6.0 351;2 12.8 85&6 HOI’E'ﬁal‘
&7 72.8 360,0 144 84.0 Eormal
68 26,0 35 L 12.8 8.0 hormal
&7 79.2 363,2 15,2 75.7 Zormal
51 L7 316.0 25,6 77.2 2 ¥l Hitrite
51 G4 4 3144 22,4 76. anyl Mitritae
52 93,4 303.8 27.2 7h, Amyl Nitrite
53 47,6 311.2 26,4 76.0 Apvl Hitrite
52 23,6 306, & 24,0 S Anyl Nitrite
53 92,0 306.4 26.4 7h, b Awyl Hitritx
75 alk, 0 31z2.0 31.2 6a.¢ Isomatric .
80 6.4 311.2 29,6 Lh 0 Iascmetric ﬂ
81- 59.2 300.0 28.0 49,4 isometric
83 62 4 312.0 27.2 L5,3 Izometric
85 a4 0 309.6 27.2 40,0 Isonetpic
o0 576 290.4 29,6 37.0 Icometric
87 5902 276,0 33.6 38.4 Isomstric
90" 2.0 264, 0 26.4 76.0 Isomatric
91 1.5 262.4 26,4 4L I«ometric
92 21,4 264.8 26,4 76€.0 Tuometric
95 71.2 259,2 18.4 70.4 Isometric
99 29,2 260.8 24,0 8k.0 Isometric
101 20,0 254,.0 20,0 80.0 Isometric
103 784 2704 16.0 93.6 Isometric
101 30.0 264.0 20.0 78.4 Isomstric
60 72.0 318.4 18,4 T1le2 Amyl Mitrite
6l 71.2 330.4 21.6 64,0 Amyl Mitrite
65 72.8 360.0 25.2 62 4 Amyl Nitritas
62 71.2 329.6 24 L 64.0 Amyl Nitrite .
61 75.2 328.0 16.8 72.0 Amyl Nitrite
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Table IV

Transmission Tim=s and Brachial Arterial Blood Pressures
from Experimsnt IV

P é‘tl Atz AtB Aty Conditions
84 6%.0 294 b 31.2 5h.4 Normal

84 65.6 299.2 27.2 54 4 Normal

84 63 .2 309.2 24,8 52.8 Normal

85 60.8 303.2 33.6 ho.b6 Normal

84 6545 302.6 29.6 52.0 Normal

82 67 .2 3Ch.0 32.8 50.% Normal

32 65.6 304,8 29,6 57.6 Normal

83 65.6 300,8 30.4% 60,0 Normal

91 63.2 307.2 29.6 584 Isomatric

94 50,0 311.6 28.0 57.6 Iscmetric
ol 59,2 311.6 28.38 55.2 Isometric

96 62.4 313.2 28.0 37.6 Isometric

96 6l.6 308.8 25.5 57.6 Isomesric

97 2.4 300.0 238.8 56,0 Isometric

99 64.0 204 4 27.2 56.0 Isometric
100 58.4 290.4 238.8 544 isometric
105 54 4 297.6 28.0 57.6 Isometric
106 552 303,2 26.4 60.8 Isomstric
108 5746 301.6 27.2 57.6 Isometric
110 61.6 297.6 29.6 55,2 Isometric
107 52.0 300,0 30.4 60,0 Isometric
106 56,0 3C00.0 30.4 55.2 Isometric
113 50.0 288,0 29.6 51.2 Isometric
116 57.6 284,0 30.4 51.2 Isometric
116 52,4 285.6 32.0 Lg.0 Isom=tric
116 52 4 282.4 33.6 Lo, 6 Isomesric

76 vl b 276.0 30.4 45,5 Amyl Nitrite
74 . 68.0 269.6 31.2 9.6 Amyl Nitrite.
70 72.8 264, 30.4 Lh, 0 Amyl Nitrite
67 76,0 259,2 33.6 36.4 Amyl Nitrite
65 73.6 252,0 32.0 40.0 Amyl Mitrite
65 76.0 248.0 32.0 36.0 Amyl Nitrite
83 72.8 249,86 30.4 1.6 Amyl Nitrite
61 76.0 244 .8 33.6 37.6 Amyl Nitrite
61 78.4L 20424 2.8 32.8 Amvl Hitrits
60 BlL.6 2346.8 32.8 A7.6 Amyl Nitrite
40 82.4 240.8 32.0 38.4 Amyl Nitrite
75 704 220,0 30,4 32.0 Amyl Nitrite
75 69.6 214 .4 31.2 36.4 Amyl Nitrite
75 68.0 218.4 31l.2 37.0 Amyl Nitrite
77 68.0 222.4 28.0 33.6 Amyl Nitrite
80 664 217.6 1304 29,6 Amyl Nitrite



Tabla v

Tpransmission Times and Brachial Arterial Blood Pressuras

from mxveriment V

85 79.2 370.4 13.6
85 80.0 374 L 15.2
87 80.0 368.0 15.2
84 80.0 368.8 13,6
82 0.0 357.2 16.0
86 8l.6 467.2 17.6
87 78,4 370 .4 12.8
89 77.6 375.2 14,4
86 79.2 373.6 144
90 76.8 360.0 16,8
89 b 365.5 4.4
Qi) 82.4 360.8 12.8
95 7h b 3584 13,56
100 £9.6 355.2 12.0
100 Fh b 357.6 15.2
103 66,51 36,4 156.8
103, 67.2 38,8 15.2
105, 75.2 k5.6 12.8
105, 68.0 348, 4 10.4
106 64,8 340.8 12.0
113 71.2 332.0 12,0
110 67 .2 335.2 10.4
112 65.6 353. 6 8.0
76 80.8 47,2 15.0
7l 80,8 349.4 10,4
65 89.6 L6404 13.6
64 84.8 339.2 13.6
63 80,0 339.2 12.8
61 83.2 336.8 14,4
60 89.6 322,64 16.0
56 9l L 330, 4 17.6
56 96,0 320.8 19.2
55 32.0 325.6 19.2
gl 02.h 316.8 12.0
53 106.4 317.5 17.6
52 104.0 320.0 16.8
53 105.6 316.0 19.2
68 83.2 2oL L 12.8
68 86.L 292,0 14,4
70 80,0 296.8 18.8

73 84,0 296.0 24,0

Aty
26,8
102.%

90.0
96.8

lll 2
104,8

.
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Conditions

Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Isometric
Iscometric
Isomstric
Isom=etric
jsometric
Isonetric
Isonmetric
Isomatric
Isomesric
Isomntric
Isometbric
Isom=tric
Isometric
Isomestric
Amyl Nitrite
Amyl Nitritn»
Amyl Nitrite
Amyl Nitrite
Amyl HNitrite
Amyl Nitrite
Amyl Nitrite
Amyl Nitrite
Amyl Titrite
Amyl Nitrite
Amyl Nitrits
Amyl Nitrite
Anyl HNigrite
Amyl Nitrite
Amyl Nitrite
Amyl Hitrite
Bmyl Hitrite
Amyl ditrite

|
|
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ABSTRACT

There is a great medical need for new techniques for noninvas-
ively determining blood pressure on a beat to beat basis. Other research-
exs have proposed that the diastolic hlood pressure mav be proportional
to the aortic pulse wave velocity, the speed the arterial pulse propagates
from the Leart. To determine pulse wave velocity accurately, sensors are
needed to determine the arrival time of the pressure pulse at two points
of the arterial svstem.

. In this paper, past methods for monitoring blood pressure and
the proposed method are reviewed. Then, the various types of transducers
for determining arterial pulse arrival times are considered. The presently

. available transducers are not ideal for monitoring arterial pulsations on

moving patients, since noise and artifacts limit the usefulness of these
devices. It was felt that two devices, the doppler ultrasonic blood flow
meter and the photoelectric transducer were most promising for long term

‘pulse sensing on uncooperative patients. However, commercially available

sensors of these types were not considered. to be adequate.

‘ A doppler ultrasonic transducer was built with a beam width
greater than commercially available. This device shows improved ease in
positioning over the carotid and femoral arteries. However, the device
is still not adequate for monitoring of uncooperative patients. h

The photoelectric vlethysmograph was also tested. A dual chan-
nel, differential photoelectric plethysmograph is described.® Tests in-
dicate that no great increase in signal to noise ratio is possible from
this technique. A single channel plethysmograph was also built and tested.
The device was adequate to monitor surface arterial pulsations and hlood
influx into the skin capillary bed in most regions of the body. For use
on ambulatory patients, a system is proposed for monitoring aortic pulse
propagation time bv sensing arrival times of the blood volume pulse in two
reglons of the back. Experiments performed indicate, however, that there
is little, if any, correlation between aortic pulse propagation times.and
the difference of pulse arrival times in two reglons of the back. A plot

. of carotid pulse to back time delavs for various regions of the back showed

that in general, the time delay inereased with distance from the top of
the shoulder. The origin of the photoelectric pulse signal and some pos=-
sible applications of the photoelectric transducer are also mentioned.

THESIS SUPERVISOR: Dr. Roger Mark |
TITLE: Assoclate Professor of Flectrical Engineering




) -

ACKNOWLEDGEMENT

My most sincere thanks to my thesis advisor, Dr. Roger Mark,
for his guidance and encouragement. Also, thanks to Professor Steve Burms,

Barry Gaiman, and Joe Walters for help with the equipment used. Of

course, all my friends warrant acknowledgements for their support, but
I'1ll just mention those who were patients (and had patience) for my ex-
periments: Lynette Linden, Fran Beaumont, Jerry Bonn, John Myers,
‘Shirez Daya, Tom Lynch, Bruce Anderson, Charles Louy, and Paul Roth.
And let us nof forget my typists and friends, Diane Horner and Maurecn

Forte.

O



- .tl""

TARLE .OF; CONTENTS

. Ackhowledgement :

Tdst of Tables and Figures

Tatroduetion

Past Methods for Monitoring Blood Pressure
Proposed Method

Aﬁyacts_gf a Good Transducer

Methods Used for Pulsé Monitoring

View of Device Suitability Based On Library Study

ﬁlﬁﬁgiﬁét‘ Ultrasonic Transducer

PHotoplethysmograph

Photoelectric Transducer

“Experdients -

1. 7Pulse Sensing in Major Arteries

101

ot e e s e e 1.




Figure

W 0o~ ot S W e R

SR I
w N = O

14
15

1
17
18
19
20
a1 .
22
23
24
.25
éi
2%
30

~5ee

LIST OF TABLES AND FIGURES

Description
Principle of Dopple: Ultrasonic Probe
Femoral Pulse from Doppler Transducer
Angle Jig
Differential Device
Differential Photoplethysmograph
Photodiode Circuit
Red and Green Filtered Finger Pulse
Stomach Pulse
Back Pulse
Photoplethysmograph
Phototransducer Circuit
Finger, Upper, and Lower Back Pulses

Photoplethysmogram of Sarotid Pulse,
Transduc er Loosely Attached

Photople thysmogram of Carotid Pulse

Comparison of Doppler and Photoelectric
Transducers .

Back Pulse on Walking Subject
Azterial Tree

Avteries to Skin of Back

Dglay Line Analogy

Delay Times to Back Regions
Measurement of Delay Times

Filter and Differentiator

Filterad and Differenviated Signals
Back Plot of Time Nelavs - Subject 1
Back Plot of Time Deiays -~ Subject 2
High~Low Back and Respiration Plot
Hpper Back Pulse Variation with Respiration
Gomp?rison of DC and AC Signals
Finger Pulse and Respiration

Finger Pulse and Respiration

65
65

66
66
69
70
71
73
74
76
77
83
- 84
.86
88
88
89
89



Figure
31

32
33

34

35
36

Table

o W

Plot

0~ O B W R

6

Description '

Effect of Clamping Veins
Effect of Valsalva M: neuver

Comparison of Carotid, Femoral, and
Back Pulses

Graph of Carotid-Femoral and Back
Delay Times .

Venous Drainage Experiment

Effect of Clamping Veins

Deécrigtion
Angle Experiment

Angle Experiment

'Delay Times to Back Regions

Blocd Pressure and Delay Times

Description
Pulse Time Differentials Plots

Pulse Time Differentials Plots
Pulse Time Differentials Plots
Pulse Time Differenfials Plots
Subject A Delay Times

Subject A Isometric

Subject B Delay Times

Subject B Delay Times

98

93
102
102




€

-7-

INTRODUCTION

In recent years there has been increased interest in cont tnuous
monitoring of blood pressure in humans by noninvasive means. This inter-
est is based largely on the need of NASA to monitor life processes during
space flight and in various ground-based experiments. .Honitoring of both

normally active individuals and cooperative subjects is important. Phy-

sicians also feel a need for such a device, since many times measurement

‘of a patient's blood pressure in the physician's office gives a poor in-

dication of the blood pressure variations during daily activity. A con-
tinuous record of blood pressure of a patient taken for periods of up

to a day would be important information for a physician in assessing the
actual deviation of blood pressure from normal and the effects of any
treatment {such as drug therapy) which might be administered. Another
use for such a device would be in hospitalized, critically ill patients
whose vital parameters must be constantly monitored. An ideal device
for continuous monitoring of subjects would be accurate, comfort;éle,

and relatively insensitive to artifacts induced by patient movement.

There is a need, then, for a device which could be used on cooperative,

‘bed~ridden, or ambulatory patients for continuous blood pressure moni-

toring. Blood pressure measurements might be taken every heartbeat or
at short intervals and the results stored for future reference by tus

physician,
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PAST METHODS FOR NONiTORING BLOOD PRESSURE

The most reliable way to continually monitor blood pressure
is the direct method. This involves insecting either a needle or can-
aula into an artery. The needle or cannula is then connected to an ex-
ternally mounted pressure transducer. Another method involves actually
inserting a miniaturized pressure transducer at the tip of a catheter
into the artery. These methods give reliable, well calibrated contiauous
pressure readings for long periods. The direct method is the method
usually use& when continuous records of blood pressure from a bedridden
patient such as in the cardiac care ward are desired. Also, Bradfute
and Wright [1968] report of using a catheter in the radial artery to mon-
itor pressure in ambulatory patients. The catheter was held in place
with tape and an elastic bandage. Most patients noted dull, aching dis-

comfort from the catheter. Arterial spasm occurred in some patients

'along with severe pain. After the test, the subjects still noted mild

-

to moderate discomfort in the puncture area for up to 48 hours. Also,
there was a problem With clotting of blood in the catheter which could
oﬁly'be so@ved.hy flushing with heparinized saline every four hours.

To avoid these complications and others such as hemorrhage or
infection which ran result from introducing a forelgn body into an art-
ery, many researuhefs have develcped a:tomatic devices to continually
monitor blood pressure indirectly. These meihod; are usually based on

the common auscultatory method used by most physicians to give a quick

easy reading of diastolic and systolic pressures. This method was
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developed largely by Korotkoff [1905]. It involves placing a pressure
cuff connected to a manometer around the upper arm. The cuff is’'in-
flated while the brachial artery sounds are monitored below the cufzf.
When the cuff pressure is below the diastoliclfresting) ﬁressure, there
will be unimpeded flow of blood in the brachial artery, which is rela-
tively .quiet. At pressures above diastolie, characteristic sounds termed
Korotkoff sounds are found. These are caused by turbulence due to the

interrupted £low of blood past the cuff [Burton, 1965}, When the cuff

pressure reaches systolic pressure, the avtery remains closed, and no

Korctkoff sounds are heard. Normal proceduré for a physician is to in-
flate the cuff to a preésure aﬁove the point the Korotkoff sounds dis-
appear, and then slowl? release the pressure. The pressure at which
the Xorotkoff sounds (sharp tapping sounds) first appear is marked as
the systolic pressure. As cuff pressure is further reduced, the sounds
become louder and extended in time and then diminish. At a cuff prés—
sure slightly before the sound begins to diminish, there is a change in
character of the sound known as "muffling," which is usually takén to
be the best criterion for diastolic pressﬁre [Burton, 1965].

Mhny devices have been devised to automate the procedure of

-detatmining blood pressure using the auscultatory jidea. Gilson et al.

[1941]) devised an automatic device which records cuff pressure and Korot-—

"koff sounds simultaneously every 30 scconds. The cuff pressure is zuto-

matically controlled, and the Korotkoff sounds are picked up by a "suit-—

able device" (a Shure Stethophone) positioned over the brachial artery.

The physician is presented with tracings of pressure and sounds and must

determine systolic and diastolic pressures from the tracings. Once
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adjusted for a given patient, Gilson claims the device can be left to
run unattended for hours, recording pressure every thirty seconds, with
little discomfort to the patient.

Weiss [1941] presented a similar device which has a sinusoidally
varying cuff pressure with a period of twenty-five seconds. The Kovot-

koff sounds are recorded superimposed on the pressure tra:ing. The phy-

sician can then determine systolic and diastolic pressures as the onset

and cessation of sounds (the old method for recording diastolic pressure

‘was at the point the Korotkoff sounds disappear [Burton, 19651).

Another automated device was devised by Rose et al. [1953].
The sounds are detected by a brachial microphone, and diastolic and sys-~
tolic points are marked on a chart recorder, recording cuff preésure.
The device has a cycle speed of 3.5 winutes,

To eliminate the possibility of getting erroneous readings
from noisy microphone signals, the Aerospace Medical Labs [1959] devel-
oped a computerized blood pressure system in which Korotkoff soueds are
accepted only if they correspond to a pulsation in the brachial cuff.

Cycle time can be adjusted from one to fifteen minutes. R.A. Johnson

[1959] reports that the readouts are reliable and accurate but no com-

parative data is reported.

The National Aeronautics and.Space Administration [1964] report

tells of the system used to monitor blood pressure on the first ¥.S. or-
bital flight. A special, less cumbersome cuff was devised, so that it

could be kept contimually in place and not impede critical movements of

‘the astronaut. An oxygen tank and accompanying valves and regulators

were devised to £ill the cuff. They used a specially damped piezoelectric
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microphone, filtered to accept only 32 to 40 Hz to pick up Korotkoff
sounds. The cuff pressure'system, however, proved too difficult tc add
punp in conjunction with the microphone.

A similar system is commercial.y available [Remler Co.]. In
this system the patient pumps up the cuff at given times. The cufi pres-

sure and the brachial arterial sounds from a microphone are recorded on

‘a portable magnetic tape recorder carried on the patients belt. The doc-

tor can later play back the tape and determine the pressures recordad.
Because of the inherent limitations of using a microphone to
senge the pulsations of the artery, numerous investigators have devised
alternate systems to sense the pulse arrival below or under the cuff,
A very novel system was used by Zindema et al. [1533]. They use a water
filled plastic balloon directly over the aftery and beneath the pressure
cuff to sensé pulsations of the artery. The balloon iIs connected to a
Statham pressure transducer which indicates the pulse. Jeff Raines
[1971] has developed a similar system which extremel, ‘accurately'measures JE
cuff pressure, so that the pulsations can be seen from the output of the %

cuff pressure monitor. If this system is accurately calibrated, it can .

-éive a good iIndication of diastolic pressure by noting the amplitude of

the pulse excursions. The device must be recalibrated periodically,

egpecizily if physlologic changes, sraﬂ as vasoconstriction, occur
Another device to pick up.the pulse waé devised by R. Kirby

[1969]. He uses a doppler ultrasonic transducer to record the movement

of the brachial artery benmeath the pressure cuff. He found that the
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transducer can sense very weak signals which are impossible to obtain
with a stethoscope. The system is espzcially useful for recording pres-
‘sures from shock patients or infants. Plus or minus 2.2 mm Hg accuracy
is claimed.

Electrical Impédance Plethysmography is also used to deteirmine
pulse arrival below a pressure cuff. Mann [1937] showed that using a
1000 Hz alternating current bridge in mzasuring the conductance of a
finper, the rhythmical variations disappear as cuff pressure rises above
systolic pressure. This method has also been applied to monitor pres-—
sure in infants [Schaffer, 1955] where Korotkoff sounds are difficult
to detect.

The use of a cuff on the finger has been a useful technique
in continuous monitoring of bleoed pressure, since the cuff is not as un-
comfortable as a normal upper arm cuff. Green [1955] used a volume
plethysmograph to monitor the pulsation of a finger below a small servo
controlled finger pressure cuff, .

Traite [1962] devised a similar device which uses a piezo-
resistive sensor below the finger-cuff to monitor pulsatioms. The cuff

is inflated by a variable speed motor at 5 mm of mercury per second.

A narrow bandwidth f£ilter is used to exclude motion artifacts from the

signal., Test subjects reported that after ten minutes of use the ecycle
is largeiy ignored. Correlatiusn with standard brachial artery pressare
measurements is reported to be within five mm of mercury.

The finger cuff also has been used to continually monitor

‘blood pressure by Robinson and Eastwood [1959]. They used a photoelectric
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plethysmograph to monitor the pulse. This device senses the change
opacity of the tissue causéd by the fluctuation of blood within‘the vas-
cular network. _ -
There are a few systems for blood pressure monitoring which
do not use a pressure cuff. A system which relies on a principle very
similar to the cuff techniques was developed at the Mayo Clinie [Wood,
1950]. They found that the I.R. Pulse (pulse due to infrared absorp-
tion by the blood) can be monitored in the pina of the ear by a suitable
1ight transmission and photoelectric sensing device (photoelectric
plethysmograph). When the ear is compressed by a pressure bellows, the
I.R. pulse disappears when the bellows reaches systolic pressure. The
diastolic point can also be found by noting the pressure at which the
pulse reaches maximum amplitude. A system was built which can take
pressure readings every ten seconds. NASA further developed this idea
[Jones and Simpson, 1966] and found tie device is inherently insensitive
to motion and noise artifacts. Ame;ican Heart Associétion has shown
measurements from this device cofrelatg well with those from ind;elling

catheters. Also, the patient experiences little or no discomfort from

the device and may wear it for hours. The device, however, has not been

‘wildely accepted by the medical profession, possibiy due to the large

number of variables which may affect the signal.

- Attempts have been made by Jorell [1959] to measure blood pres-—
sure from the amount of distention of the hrﬁchi;I artery. He sealed
a pressure chamber over the artery and ﬁeasured pressure changes in the
chamber caused by the arterial pulsations, by means of a:capacitive trans-

ducer, He tried to find a linear relationship of this pressure pulse
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to the blood pressure. Difficulties were encountered with positioﬁing
the transducer, motion artifacts, and physiologic changes of the ar:zer-
jal system. These difficulties made it impossible to calibrate the .
device,

A similar system was developed by Pressman and Newgard [1952],
based ﬁn a mathematical model of the arterial wall. Their device z.erts

a pressure on the artery with an arterial rider which partially flattens

the artery. They found that the force necessary to maintain the flattened

position is linearly related to arterial pressure. They use a strain
gauge transducer system to measure the forcelon the arterial rider. The
sysﬁem showed promise, however; difficulties were encountered with posi-
tioning the device accurately over the center of the artery for long
periods.

. None of these methods for continually ﬁonitoring blood pressure
have proven to be satisfactory for use on ambulatory patients under the
influence of various drugs which have effects on the arterial system.
Also, none of the methods give satiéfactory blood pressure measurements

on a beat to beat basis.

e
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. PROPOSED METHOD .

For numerous reasons, past attemptg for developing a non- -
invasive blood pressure monitoring system, which éan be used continuv-
ously for long periods, have proven umsatisfactory. Either the device
intruded too much into the patients daily life, for instance by requir-
ing him to pump up a pressure cuff every few minutes, was uncomfortable,

or results were just not accurate enough, under various conditions to

glve a good indication of pressure. Recent work by LaBresh [June, 1970]

and Goldberg [January, 1972] has indicated that the pulse wave velocity,
the speed with which thé pressure pulse travels through the arterial
system, gives a fairly good indication of diastolic blood pressure.
Since diastolic pressure is usually considered as the more important of
the blood pressure parameters, a system which could monitor pulse wave
velocity non-invasively on ambulatory ‘patlents might prove quite useful
as a blood pressure monitoring system.

The contraction of the left ventricle of the heart causes a
surge of blood into the aorta, causing a rapid rise in the aortic pres-

sure. This pressure pulse distends the aorta and similarly to a plucked

‘string, the distention travels along the aorta prdpagating at a veloclty

which is determined by the distensibility of the arterial wall. The
velocity of propagation of the pulse wave is much greater than the actual
blood velocity. The “pulse wave velocity" can be found from the Moen's

formula:
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V= 2pr
where
pulse wave velocity

<
i

E = modulus of elasticity for lateral
expansion of the artery

thickness of the arterial wall

a =
p = density of blood (1.055)
r = radius of the artery

More practically, this may be expressed in the form v(m/sec) = 3.57/D1/2

{Burton, 1965 and LaBresh, June 1970] where D is the "distensibility",
defined as the percentage of change in arterial volume (V) per 1 mm Hg
rise of pressure. This is the Bramwell-Hill equation more frequently
written: v = 3.57(dP/(dV/V))l/2. From experimentally determined pressure-
volume curves it is possible to derive a relationship between pulse

wave velocity and pressure (P). LaBresh [June, 1970] shows that dP/(dV/Vv)
has approximately the form of a parabola for some experimental data.

This leads to the approximate rélationship V= kl (P - k2) wheré kl and

.k2 are constants that vary with age and bodily conditions. For measure-
ments over periods of a few days or weeks, the changes in these constants

for one individual are due mainly to the degree of contraction of the

smooth muscle in the arterial wall. Chang [1971] shows for instance,

that smoxing a cigarette can cause a 537 increase in pulse velocity

between the hand and the elbow, due to the constriction of the arterial

smooth muscle. Changes of this magnitude in pulse wave veloclty would

make any correlation with pressure impossible in this region of the body.

.
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Despite this, a system using the pulse wave veloclty in the arm to
measure pressure was developed by Wichmann and Salisbury [1964]. They
would measure the propagation speed ol a 10 to 60 Haz signal applied
with a noninvasive arterial tapper to the proximal part of the artery.
The signal was superimposed on various portions of the arterial pres-
sure signal, so that both diastolic and systolic pulse wave velocities
couid be determined and related to precssure.

+ McDonald [1968] indicates that the aorta has comparatively
very little smooth muscle in its wall, so that a change in pulse wave
velocity in the aorta is a more reliable indication of a pressure change,

than puls: wave velocity in the more peripheral arteries. LaBresh [June,

1970] showss that in dogs there is good linearity between the pulse wave

velocity, measured between the arch of the aorta and the femoral artery,
and the diastolic blood pressure. This relationship holds under varying
conditions such a; vasoconstriction, vasodilation and hypovolumia. Pulse
wave velocity measured from the carotid to femoral arteries shows greater
deviation from linearity, but there is still good correlotion between

Y

the diastolic pressure and the pulse wave velocity. Nielson et al. [1968]

"indicates that the pulse wave velocity determined from the carotid to

femoral region using pilezoelectric microphone transducers agrees very
well with the pulse wave velocity determined in the aorta with indwell-
ing‘catheter pressure transducers. In experiments on resting, healthy
human subjects, Goldberg [1972] shows that the pulse wave velocity between
the carotid and femoral arteries gives a fairly good indication (+ 8 mm Hg
or betﬁer} of diastolic blood pressure measured by a catheter, connected

to a pressure transducer, inserted in the brachial artery. TFor each

B
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patient, plots of pressure versus 1/At were made. Each patient's data
could be fit by a straight line, although slope and iﬁtercept were dif-
ferent for each patient. Therefore, indications-are that a device for
measuring blood pressuré from pulse wave velocity could be calibrated
for each patient by measuring pulse wave velocity'at two widely differ-
ent presgures.

Both LaBresh and Goldberg measured the onset of the pressure
puolse in the two regions with mechanical transducers which sensed the
éxpansion of the artery due to the pressure pulse. At, the time dif-
ference between the "foot" (point of raﬁid uprise due to ventricular con-
traction) of the pulses was then determined from a chart reciieding at
high speed. The delay of the pulse foot was used to determine the pulse
wave velocity, since it corresponds to the lowest point of the pressure
wave form which "sees" the diastolic pressure. Therefore, the foot of
thg wave propagates with a velocity determined by the diastoliec (rest-
ing) blood pressure level. Other points of the pressure pulse waveform

propagate at a greater speed due to the higher pressures "seen” by these

points [Burtom, 1965]. ' ' -

The results of LaBresh and Goldberg are questivned by results

-fxom other experimenters. Elizkim et al. [1971] measured pulse wave

velocity from the femoral to dorsalis pedis (foot) artery on patients
and found that the blood pressure levrl had no effect on the pulse -ave

velocity. Large beat-to-beat variations in diastolic pressure in cases

‘of atrial fibrillation and premature ventricular beats, as well as large

blood pressure changes caused by cardiac pacing at increased rates had
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no effect: on pulse wave velocity as measured between the two peripheral
sites. Malindzak and Meredith [1970] in dog experiments similar to La-
Bresh's.[June, 19701 found conflict;ng results. In Malindzak's experi-~
ments pulse wave velocity was found to inerease with blood pressure,

as was shown by LaBresh, for blood pressure increases caused by administ-
3 {né Norepinephrine. While a decrease in bloecd pressure due to a dose
of acetylcholine also caused an increasé in pulse wave velocity. Malind-
zak explains these contradictions by surmising that the refleection from
the unmatched peripheral vascular bed influences .he position of the
pulse foox. Chaﬁging peripheral resistance to alter blood pressure,
therefore, may cause a2 rise or fall in pulse wave velocity depending on
the extent of the pressure change in relation to the periphéral resist-
ance change.

+

So the problem of correlating pulse wave velocity and blood

.

pressure under various conditions remains. What is needed for studies

of this type and for completion of the long range goal of developing a

system to monitor blood pressure on ambulatory patients, is a convenient,

‘noninvasive, reliable, transducer to monitor the pulse at twe locations

(probably the carotid and femoral regions) of the body.. Such a device
would also be useful for monitoring bed-ridden as well as cooperative
subjects. An easy way to measure pulse wave velocity might also prove

useful in screening of patients for artereosclerosis, since this condition

may cause a variation from normal values for an age group in pulse wave

velocity as reported by Eliakim et al. [1971].

|
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ASPECTS OF A GOOD TRANSDLGER

Iz searching for the ideal transducer to monitor pulse wave

~arrival, it is useful to form a set of criteria for evaluating the de-

vice. As with any physiological transducer, the primary consideration
is that it does not drastically affect the event it is measuring. In
this case, it is important that the trznsducer system affect neither

the pulse wave velocity nor the blood pressure. Other criteria for eval-

uating the transducer, include:

1. POSITIONING: The.transducers must pick up signals from two regions
which'correspond to the linear pressure versus velocity region in the
arterial system. It is hoped signals from the carotid and femoral art~
eries will show a linear pressure versus velocity relationship under most

physioclogic conditious.

2. ACCURACY: The arrival of the arterial pulse wave is the target
variable. The transducer must accurately sense this arrival or a closely

correlated parameter (perhaps skin color, for imstance).

3. RELIABILITY: TFor use on ambulatory patients, the sensor must be cap—
able of giving reliable signals as a patient goes about his daily routine.
Environmental factors such as temperatvre, humidity and gravity shovld

have little effect on the device. 'Also,_artifacts from patient movements

such as breathing and speech should be small.
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4. SENSITIVITY: There should be a la.ge response from the small art-
erial sipnal so that an accurate and sharp wave foot can be located. .

Also, the signal to nolse ratio should be large even in somevhat poor

. electrical environment, for instance, aear a car with a poor ignition

system, The frequency response must allow a sharp systolic upswing,

ﬁet should not accept 60 cycle noise,

5. BASELINE STABILITY: For accurately determining the fuot of the

pulse wave, baseline drift should be at a2 minimum.

6. CURRENT REQUIREMENTS: The device must be battery operated, there-
fore, small current drain is an important requirement. It may be pos-—
sible to have the device turn on and off at regular intervals thereby

1pwerin§ battery drain.

7. TRUGGEDNESS: The transducer system must be able to withstand a cer-

tain degree of mistreatment such as being accidentally dropped. It must

be able_to withstand the wmany knocks it will encounter during a day oa

the job.

8. EASE OF OPERATION: The transducer system should be quickly attach-

able to the exact locations required. If possible, this could be done

by a non—technical person, possibly the patient himself. Controls, if

any, should be simple in operation.

3, ' COMFORT: The device must be comfortable to use for long periods.

It shouldn't interfere with normal patient activity or make him overly
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aware he is being monitored. The transducer and electronics, therefore,

should bs relatively small and light ‘n -wedlght.

10, SAFETY: The transducer should have no adverse effects on the skin
or underlying tissue. Alsc, voltage levels should not be so high that

they present a shock hazard.

1i. COST: The initial cost and the cost of maintenance and repair should
be at a reasonable level. The reasonatle cost will of course depend on
the market. Use by a patient in his home would require a device less
costly than one to be'used by an asfronaut in a space ship. Cost trade-

offs ara always possible.




@

-23=

METHODS USED FOR PULSE MONYTORING

There are many devices vhich can adequatel& sense the arrival

.of the arterial pulse wave. Most of titese have been used in systems

similar to the ones previously described for indicating the pulse below
; pressure cuff, Iin systems for automated monitoring of blood pressure.
Many of these devices sense the mechanical movement of the artery. Dif-
ferent methods have been devised to transduce the mechanical movement

of an artery to an electrical signal. Clamann, [1951] used a special
subminiature triac raqip tube CRCA—&?B#) with a projecting pin conmected
to the plate. Movement of the pin by the artery produces a change in
distance between the plate and cathode, causing a change in the circuit
gain. A modern day version of this [Gorelick and Kim, 1971] uses a
Pifran,-pressure sensitive transistor, mounted in a water chamber which
is placed over the artery. The water coupling to the skin helps al-
leviate placement difficulties as was shown by'Davis, Gilmore, and Freis

[1963]. The Davis device uses a strain gauge transducer system to moni-

tor pressure changes in the water chamber. Pressman and Newgard [1963]

. also used a strain gauge transducer in monitoring pulsations of a small

button riding on the artery. A differential transformer has also been

used [Jones and Simpson, 1966] to measure pulsations of an arterial rider.
Benjamin et al. [1962] used a device similar in principle to

Gorgll's [1959] blood pressure measuring devic; for picking up arteriél

pulsatizms. A chamber is sealed over the artery, and préssure fluctua-

tions are picked up by a moving coil which acts as the inductive part
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of a transistorized 100 KHz Colpitts oscillator. 4 stationary coil is
part of the imput circuit to a transitorized clipper amplifier. Vary-
ing the distance between the coils causes a change in coupling which
changes tine amplitude of the 100 KHz signal (amplitude modulation).

The piezoelectric microphone is frequently used for picking
up pulses. Geddes and Hoff [1960] used a.high efficiency crystal from
a phonograph cartridge to pick up pulsations from the radial and brachial
arteries. They used a .02 uf capacitor to eliminate high frequency
muscle tr:mors which were causing interference in the signal. This
microphon> has proven to be useful in studies of pulse wave velocity
by G.L. Woolam et al, [1962] and other researchers. For use on unco-
operative patients, all these electromechanical transducers have basic-
ally the same problems. They are all very prone to noise from movement
of the patient and from slight changes in the position of the device
felative to the skin. Also, speech and swallowing have extremely ad-
verse effects on traces from the carotid artery, making the pulse wave-
form almost impossible to recognize. For use on cooperative patients

in a controlled enviromnment, the electromechanical transducers are prob-

ably quite adequate. Possibly the best sensitivity and frequency response

may be obtained from the device devised by Gorelick and Kim [1971], how-

ever, in its present form this device would be difficult to mount for

long periods over an artery. Slight wsdifications in the housing design

would probably make it easier to attach over the arterzy. |
Another technique used to monitor the pulse arrival is volume

plethysmography. A part of the body such as the finger is placed in a
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rigid air tight container, and the pressure variations caused by the
blood volume pulse are monitored [M.H. Lader, 1§67]. Difficulties with
this method is that it i1s very sensitive to muscular contraction and
movement. There also i; difficulty in using such a device in the vie-
inity of the femoral and carotid artery, although a system similar’ to
Jeff Raines [1971] where pressure variations in a cuff are monitored
can be used in these regions. The cuff would still be sensitive to
nmuscular contractions and movement, however.

Electrical impedance plethysmography can also be used to sense
the pulse wave [J. Nyboer, 1970]. This methoﬁ monitors changes in the
blood content. The teéhnique can be localized to pick up the pulse from
an aftery. Again, however, this technique suffers from noise introduced

by muscle movement [LaBresh, Sept. 197C]. Even an EEKG gatad filter can-

not reduce the unwanted noise component of the signal.

Another technique for monitoring pulse arrival is the photo-
electric plethysmograph. The changes in the blood content of the sur-

face tissue causes changes in the light- absorption coefficient of the

tissue. The light absorption changes can be measured by using a photo-

cell to monitor reflected light in the 8000 to 9000 A spectrum [Weinman,

'1967] from a miniature bulb. Hertzman [1938] found thaf the pulsation

of an artery can be monitored by this technique, because the movement
of the skin surface affects the optic il characteristics of the ligh:-

skin-photocell system. In this system, however, movement of the instru-—

‘ment with respect to the skin from muscular contraction also occurs,

which results in sensing errors. A similar system was used to measure

pulse time differentials between regions of *he facial tissue by Behrendt
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and Shawaluk.[IQGB]. Théy didn't sense arterial movement? but rather
the influx of blood into the capillary bed of the tissue, They assumed
that the time for the pulse to move from the major arteries to the <ap~
illary bed is essentlally constant at all locations at which they were
measuring, so that their measurements represent, to some degree at least,
the arterial pulse wave time differential between the two points of mea—
surement. One advantage of this method is that by its nature it is
relatively insenmsitive to noise. However, Strong [1970] indicates that
there may be trouble with movement artifacts on ambulatory patients.

A relatively new technique for sensing the arrival of the
pulse wave uses é trénscutaneous doppler ultrasconic blood flow meter to
measure the arterial blood velocity. The blood flow pattern has a wave-
shape similar to the pressure pulse waveform, with the initial rise of
the pilses corresponding in time, as can be seen in a report by Freis
et al. [1966]. Thé bloed velocity is measured from the doppler shift
in a backscattered ultrasonic (2-10 MHz)} sound wave. Stegall et al.
[1966] found that they could easily monitor blood flow in the cantid

and femoral artery. LaBresh [Sept. 1970} found that good signals can

‘be recorded even when the subject is undergoing normal activities. He,

however, indicates that placement over the artery is.difficult because

of the narvow beam width of the transducer used. Doppler transducers
have been used successfully by Nippa et al. [1971] to measure pulse

wave velocity in human veins, however, the measurements were only for

short time periods. An added advantage of the doppler ultrasonic probe

is that it can monitor the pulse in very deep arteries, even the zorta

[L.H. Light, 1969] which should exhibit a higher degree of linearity
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between pulse wave velocity and blood pressufé than the more superficial
arteries [LaBresh, June 1970]. Another possible uge of the doppler
ultrasonic transducer is in measuring the actual motion of the artery

as it expands with each‘pressure pulse. The movements of the wall cause
a doppler shift in the frequency of the ultrasonic beam reflected from
the artery. Baker and Simmons [1968] and Hokanson et al. [1972] indicate
that phasz-lock techniques can be used successfully for measuring arter-
ial diameter changes ultrasonically. Placement over the artery in this
technique is extremely critical, however, so it would probébly not prove
useful on ambulatory patients. There are queétions about the safety of
ultrasonic beams, but there is a large volume of reports which indicate
that clinical use of low intensity ultrasound has no harmful effects.

So there seem to be very great indications that at the intensities
(1.0-100 mw/cmz) of . the doppler flow meter, there should be no adverse
affects. According to Alt [1966], "sufficient experiments have been

run to warrant the statement that sound levels below 1 W/cm2 are non-~

destructive as far as biological tissues are concerned." Also, Lele
g N

[1972] states that, "from all evidence available it is condeded that cur-—

rent diagnostic practices (ultrasonic) pose no short term or long term
hazard to patients."

7 Another device which measures flow velocity from doppler
shift is che laser doppler velocity mecer [Morikawa, et al., 1971].

There have been proposals for using such a device for transcutaneous

‘blood flow measurements [Fine and Klein, Nov. 19691, however, the ex~

treme attenuation of the laser light through the skin, and the opacity
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of the arterial wall makes it highly unlikely that a satisfactory device
can be daveloped for measuring flow in the major arteries, at least at
presently available wavelengths [Fine ond Klein, July 1969]. Thererore,
development of a satisfactory transcutaneous laser doppler flow meter
seems to be unlikely in the near future.

Researchers frequently use the évents in the heart as a refer-
ence to determine pulse wave velocity. Demonchy et al..[1970} used the
second heart sound as a reference, and then measured delay times to the
carotid and femoral arteries. The second heart sound, however, is very
difficult to semnse a;curately in the presence of patient movements such
as breathling, speech, and muscular comtraction. Alsb, Goldbexrg [1972]
indicates that the onset of left ventricular ejection to second heart
sound delay time is too variable to serve as a reference for ejection.
Therefore, this technique would probably not prove useful on an ambula-
tory patient.

Another reference which is.used, is the R wave of the EKG.

M. Monnier [1967] obtained variations of 3.47 in pulse wave velogity
determined from the R wave and the sharp rise in the pulse wave of the
‘dorsa” is pedis kfoot) artery., However, K. LaBresh [June 1970] indicates -
that under the effects of various drugs, the variability in the EXG to
aortic pressure onset delay time is too large to make it useful as an
indiéation of the aortic pressure rise. Goldberg [1972] further sub~

stantiates these findings.
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VIEW OF DEVICE SUITABILITY FOR
AMBULATORY PATTENY MONITORING
. BASED ON LIBRARY STUDY

8- Sétisfactof?
U ~ Unsatisfactory
? ~ Questionable

- Mech Volume Elec. Photo Doppler

Trans Plethy Tmp Flec Ultra
1. Positioning 8 U 8 S ?
2. Accuracy 8 i) l S R { S
3, Reliability i U U g g
4. éeﬁsitivity S U S s | S
() 5. Baseline Stability 5 s s 5 s
6. Current Requirement 8 8 - 8 . S 8
7. Ruggedness S 8 S 5 ?
8. FEase of Operationm ? T S S ?
8. Comfort 8 U S S E
10. sSafety s ] s s s
1i. Cost S s s 8 5

It can be seen that the most promising devices are the Doppler

"Ultrasonic and the Photoelectric Plethysmograph.

vestigated.

)

These are further in-
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DOPPLER ULTRASONIC TRANSDUCER

The doppler ultrasonic blood flow transducer is fairly simple

in principle. A pilezoelectric crystal (see Figure 1) is excited at its

~ resonant frequency by a high frequency (1-10 MHz) electric signal. The

crystal vibrates at this frequency, and emits sound waves into the sur-~
roundings. An acoustic coupling gell (Aquasonic) is uéed to acoustically
couple the transducer to the skin surface. The incident beam is trans-
mitted into the skin and reflected back by any interfaces or inhomogen-
2ities in the medium. The receiving ciystal picks up the "echoes" and
converts the acoustic signal back to an electric signal which can then
be amplified. The reéei§ed signal consists of the reflected signal from
the skin inhomogeneities, the non-moving interfaces, the moving arter-
ial wall, and the moving blood particles. Reid et al. [1969] indicates
that the red blood cells contribute by far the greatest amount to the
reflection from the arterial blood. The vreflected waves from the mov-
ing objects such as red cells will bg doppler shifted in frequency. The

A Y

frequency shift is related to the blood velocity, the angle of incidence

and reflectance and the ultrasonic frequeney used, by the following equa-

tion [Stegal et al. 1966]:

Af lf - [f(c - v cos a)/(c + v cos B)]

this reduces to

Af

[ {2f cos(ggﬁ Je]Jv  for v << ¢,

where ¢ is the speed of sound in the medium (about 1500 m/sec).

*
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Figure 1

Movehent away from the crystals causes a decrease in frequency, while

wr sement towards the crystals causes an increase in frequency. The re-
ceived signal of £ + Af is electronically detected to yield the differ-
ence frequency Af. As the veloeity of blood changes with each heart
beat; Af will vary accordingly. For no flow, Af will be 0 and vary lin-

. LY
early to about 6.7 Kiz for a flow of 100 cm/sec (which is near the maxi-

o~

cmum in the aortz) for flow directly away from the crystals at an incident

frequency of 5 MHz. The change in Af can be electronically converted

to a change in output voltage with a zero-crossing detector, see Fig-

ure 2. The output signal then, represents the velocity of blood in the

artery and the velocity of the artefial wall which can be filtered cut

since 1t is only at a velocity of about 2.5 cm/sec [Stegal et al. 1968],

which is below the normal slowest blood velocity. Since the initial

.rise of arterial pressure and the hlood velocity correspond in time, the
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FIGURE 2

.

Femoral Pulse Recorded With Doppler Ultrasonic Transducer A
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foot of the blood velocity signal from the doppler ultrasonic transducer
can be used to determine the [oot of the pressure pulse.

There are still many problems involved with the use of the

ultrasonic doppler transducer. Presently available probes have very nar-

row beam widths which make them difficult to positlon accurately over
the artery. The Parks Electronics model 802 Doppler instrument used in
the preliminary tests for instance, comes equipped with a probe hawving
crystals approximately 2 x 1 mm on a side with a 10 MHz resonant fre-
quency. Positioning of tle probe over the artery is quite critical and
even if the transducer can be firmly attached to the skin, any movement
of the aftery with reéééct to the skin as with turning the head in the
case of the carotid artery causes loss of the signal.

To broaden the beam width, probes with crystals (PTZ-5) of
5 x 10 mm were constructed [LaBresh, Sept. 1970]. These probes were
much easier to posltion accurately ovér an artery, but did not retain
an adequate signal when the artery was moved due to bbdy motion.

Another variable which was changed to broaden the beamxwidth

was the resonant frequency of the transducer. Lower frequency crystals

inherently have a broader beam width [Wells, 1969], however, the doppler

shift decreases linearly with the frequency. This is partially offset

by a decrease in the absorption at the lower frequency. Ultrasonic waves

are absorbed by tissue due to a phase lag in the tissue of the tranzla-

tional motion of the sound wave with respect to the stress. This effeéct

inéreases almost linearly with frequency. Normal values for the absorp-
1 -1

tion coefficient of soft tissue is between .5 and 3.5 db cm —~ MHz

[Alt,_1966 and Wells, 1969]. Results with a lower frequency (5 MHz)
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transducer were comparable to the previous results, indicating that a
change in frequency would not be a great improvement in performance.

To broaden the beam, convex crystals may also be used [Wells,

1969]. A convex crystal or a flat crystal with a convex lens should

" have less directional sensitivity than a flat crystal. In fact, a trans-

ducer constructed from convex 5 x 10 ma crystals was tested and proved
to be just not sensitive enough to pick up good signals except when
positioned extremely accurately.

The effect of the angle of incidence and reflection of the
beam was investigated using a specially comstructed jig illustrated in
Figure 3, A pulsatile flow pump consisting of a motor driven syringe
with a gravity feed reservoir serving as a capacitance vessel so that
flow would never reach zero, was used in a closed loop system. The cir-
gu}ating fluld used was milk, which has reflectance properties similar
to that of blood [Flax et al. 1969]. 'The milk flowed through a plastic
tube (1/4" 0.D.) in a water bath which provided a good acoustic coupling
to the transducer also placed in the water bath. The transducer‘angle
dig was placed so that there was 8 mm from the center of the tubing to
the center of the crystals. Table 1 shows the results of changing the
separation of the crystals with constant crystal angles, while Table 2
shows the optimum angles determined for various crystal separations.

It can b~ seen that the variation in output was fairly minimal over a
wide range of angles and separations. Therefore, it is believed that.
the actual angle and separation of the crystals used in the transducer

is not critical. This agrees well with results found by LaBresh [Sept.

1970]. . )
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S CRUSTALS?

PIVOT AIVOT
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TAE];E:’

ANGLE A = 39°, ANGLE B = 28°
CRYSTA'S 5 x 10 mm @5MHz

SEPARATION, L, mm OUTPUT, VOLTS
12.0 1.9
11.0 1.9
10.0 1.8

9.0 1.9
8.0 2.0
7.5 2.1
. 7.0 2.3
6.5 2.1
6.0 2.1
5.5 2.1
TABLE 2
SEPARATION, L, mm OPTIMUM ANGLES OUTPUT, VOLTS
A B
12.0 39 78 1.9
11.0 39 28 1.9
10.0 49 ° 25 2.3
9.0 49 25 3.0
7.5 50 23 2.9
7.0 50 23 3.0
6.0 45 25 3.0
5.5 45 25 3.0
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Another transducer was constructed containing two 5 x 10 mm
crystale resting at fixed angles of 45°;and 25% with about 6 mm sepeiat-—
ing the centers of the erystals resting on a candle wax backing, within
a metal hemispherical shell. ?erfo;mance over the carotid and femoral
artery was comparable to the performance of the adjustable transdu;er
set at optimum angles. This transducer had a rubber rim to increase
friction between the skin and the transducer to make positioning easier.
Also, this serves to keep acoustic coupling jell which is very slippery
from getting under the transducer-skin interface. Furthermore a special
two sided adhesive ring used for positioning EKG electrodes was placed
between the rubber and skin interface. Also, an elastic band was used
to help hold the transducer in a stable position. Difficulty was en-
countered in using a plain elastic band to hold the transducer over the
femoral artery, because the position of the artery is such that an
elastic band around the leg is too 10% to cover it. To circumvent this,
a sock garter was used inverted so ghat it could be aﬁtached to the

‘

subjects shirt, pulling it high enough on the hip to cover the femoral

[3d

.region. Experiments over the caratid and femoral artery again showed

that the signal disappeared quite easily when any motion in the region

occufed. It iz felt that the movement of the skin relative to the art-

ery is the reason for this.

Loren Parks [July 1972] manu’acturer of doppler probes and

flow meters indicated that there has never been a transducer devised

for continuous monitoring. He recommended that the crystal length be
further increased. However, he cautioned that signal-to-noise ratio be-

comes a problem for such large transducers. Two such transducers were
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constructed. Both had crystals 20 mm x 5 mﬁ imbedded in wax. One trans-
ducer was at 5 MHz while the other at 10 MHz. Both transducers were
slightly easier to position than the 10 mm long crystal transducefs,
however, there was a great deal of noise, some due to the flow of the
venous blood which runs near the arterv. It was felt that a more com-—
plex instrument, a directional doppler such as Parks model 806 which dis-
tinguishes between, and can be set to neasure only, flow towards or

away from the transducer could be used to help reduce the venous noise.
Since this instrument was not immediat:ly available at MIT, one was bor-
rowed [Raines, 1972] from Mass. General Hospital. Indeed, the device
did reduce the venous noise when used with thé large transducers. How-
ever, noise was still great, and positioning was still fairly critical
since the transducer only picked up good signals when the middle was
positioned over the artery. An auxillary oscillator was used to boost
the voltage reaching the sending crystal, but the only noticeable ef-
fect this had was to actually heat the skin in the area. This was judged
to be unacceptable and not pursued further because of the possible haz-
ards of ultrasound at high intensities [Alt, 1966}. The larger 20 x 5 mm
crystals were judged therefore not to be‘as effective as the 10 x 5 mm
crystals.

Different probe designs such as two concentric washers were
considered. However, Wells [1970] indicates that the other popular probe
designs would have little to recommend them over the design used, where
‘the crystal angles can be changed so that the couvergence of the two

beams can be set.

L. S




-39
Siénals can be detected from blood flow in the aorta, however,
the distance from the aorta to the body's surface makes this signal ex-
tremely difficult to datect. Light [1969] found he could measure fluw

in the aorta by positioning his probe batween two ribs, while Baker and

" Cole [1971] found that the suprasterna. notch (below the neck) was a

good location to measure flow in the adrfa. Signals, indeed, could be
detected in both regions, but it was fcund thgt positioning was an ex-
treme problem. In fact, signals were at times difficult to find at all.
Because of the greaﬁ difficulties in pcsitioning doppler ultrasonic
probes, it was felt that other methods migh; be more useful in pulse de-
tection on ambulatory.subjects. The photoplethysmograph is considered

in the next section.
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PHOTOPLETHYSMOGRAPH

The use of a photosensitive device to monitor flow of blood

into a region of the body 1s not a new idea. Hertzman [1938] showed

that the light reflected from the skin varied with the pulsations of
blood with each heartbeat. This change in reflected light, the "opacity
pulse", is fairly easily monitored with a suitable photosensitive device.
The photoplethysmograph is non-invasive and can be used over almost any
region of the body, and therefores has proven useful in pulse wave velo-
city studies. Behrendt and Shawaluk [1968] measured pulse wave velocity

between regions of the face using photoplethysmographs to sense the in-

" flux of blood into the capillary bed. While Weinman et al. [1971] used

" them to measure pulse wave velocity between the femoral and dorsalis-

pedis artery.

The origin of the opacity pulse phenomenon is not completely
understood. What does seem clear is that the pﬁlse represents the flow
Jf blood into the tissue, since there seems to be great correlation bet-
ween the volume plethysmogram and the photoplethysmogram measured in the
same region [Montagna, 1960 and Westenholme, 1954]. Ikegami [1958] did
a comparitive study of the photoplethysmogram with other plethysmographic
techniques. He found no discrepancy between the photoplethysmogram and
the other methods in relation to time cunurses and in magnitude of spon-
taneous or vasomotor fluctuations. He concludes, therefore, that the '
refiection photoplethysmograph represents chiefly features of capillary

vessels in superficial layers of skin. With each heartbeat there is a
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sudden increase in blood influx into the capillary bed due to the art-
erial »recsure increase during systole. - The osutflow at first is not as

great as the inflow, so there is a net increase in volume during systole.

‘Howzver, when the arterial pressure drops in diastole, the rate of out-

flow is greater than inflow so that by the beginning'of the next heart-

beat, the net increase in volume is zero. The amount of change in blood
volume betiyeen the diastolic minimum and the éystolic peak is termed the
"blood volume pulse.”

The origin of the reflected 3pacity piulse can be more easily
understood if one 1ook§_at light transmitted through the skin, for in-
stance, the cheek or finger web. The influx of blood into the vascular
bel causes a decrease in light tramsmitted through the tissue. This is
easily explained by the fact that blood absorbs light, so the more blood
in.the tissue, the less light transmitted. Weinman [1965] indicates that
a layer of whole normal human blood 1.3 mm thick would transmit only .7%
of the incident light at 8050 i, while a layer of tissue of the same

. N
thickness would transmit nearly 50% of the incident radiation. This big
difference in transparency makes the photoplethysmographic technique pos—
gible.

The "“reflectance mode" of photoplethysmography shows a similar
phenomenon: more blood present in the tissuz causes a decrease in light
reflected back to the photocell. To explain these findings it is nec-
essary to look at the mechanisms influencing the reflection of the 1igﬁt.
Longini and Zdrojkowski [1968] use a shotediffusion theory to help ex-
plain the multiple scattering processes found in biological heterogeneogs

media. The light incident eon the skin 1s scattered and absorbed by the
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skin itself and the flesh behind it. Some of the light reemerges (is
‘reflected) after multiple séattering while the rest is eventuall§ ak-
sorbed or transmitted. If the skin is considered to be finely grained
and divided by plares into many thin elementary sheets parallel to the
surface, théy deduce the following equations for reflection and absorp-

tion of incident Lambertian light:

Transmittance T(a) = [cosh(qa) + {(ktw}/q s:f.n'n(qa)]"1 .
Reflectance R{a) = k/q T{a) sinh(ga)
where k = Zkiv4 k, = scattering coefficient of component i.
Vi = volume fraction of component i.
W = ZWiVi w, = absorption coefficient of compomeat i.
q = [wtw + 2012
a = the sample thickness

for qa >> 1 as for thick samples where almost no light will be transmitted,
cosh(qa) = sinh{qa) = 1/2 exp(qa), so the reflectance reduces
tos

R(a) = k/(q + w + k) ' @

[

Tﬁe meaning of k and w can be more easily seen for a = £, a very small
thickness. T(e) = 1 ~ k& - we and R(€) = k to the first order. So k

is the coefficient for the fraction of iight backscattered from the sle-
mental sheet, while w is the coefficient for'the.fraction absorbed.
Zderkowski and Pisharoty [1970}, show that results computed from this

theory agree well with experimental findings. For the analysis of the

e i A i WS =it
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blood volume pulse, it is usetul to consider:

o
|

= kT(l - Vb(t)) + kab(t) ' ‘ (2)

5]
|

= WT{l - Vb(t)) + wbvb(t) v ' (3)

‘where:
Vb(t) = time varying volume fraction occupied by the blood.

k = gcattering coefficieat for nomperfused tissue.

of i

it

scattering coefficient for blood.

Wy = absorption coefficieat for monperfused tissue.
: vy = absorption coefficieat for blood.

The red cells in the blood account for most of the scattering in the

blood. This equation considers that there is no difference in coefficients
('! . for oxygenated and reduced blood. This only is true at 8050 A wavelength.

For other wavelengths the equation must be further modified to consider

the amount of oxygenated and reduced blood. This lends little to the

analysis so that it suffices to consider the coefficients for blood to

be the weighted average for oxygenated and reduced blood. These'Eoef—

ficients have been determined by Cohern and Longini [1971] to be the fol-

lowing at a wavelength of 8050 A.

16 cm.-l

=

vy = 5.1 cmfl for a hematocrit of .40

30

o

W = o3

Calculations for the reflectance change due to a blood volume fraction

(_) change from .05 to .15 at 8050 A in Equations 1, - 2, and 3 show the
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reflectance will vary from .825 at .05 to .765 at .15. Showing that re-
flectance decreases with increasing blood volumes. A change of from
.05 to .15 as might occur under drastic vasodilation is quite large com-
pared to the actual chaﬂge due to i:le bloﬁd volume pulse. Weinman [1967]
indicates that a typical blood volume pulse iun a finger may be from 2,177
to 2.247 of tissue volume. Calculations from equations 1, 2, and 3 show
that reflectance will vary from .84806 at 2.17% to .84746 at 2.24%., The
reflectanze also will vary with light wavelength, geometry of the trans-
ducer-skir. interface, hematocrit and oxygen saturation of the blood.
8050 R, the near infrared region, however, is the isobestic wavelength
for blood, where both o#ygenated and reduced blood have the same optical
coefficients,

Although this theory seems to adequately explain the opacity
pulse, there is some contradictory evidence presented by Heck [1972].
He indicates that when erythrocyte suspensions of fixed volume are made
to flow, the amount of light transmitted changes, probably because of the
streaming orientation of the red blood cells. This red cell reorienta;
tion leads to a change in reflectance. Also, he considers tle fact that
élowing blood particles tend to move centrally into an axial core. This
widens the relatively cell free peripheral plasma zone which may part-—
ially account for the change in transparency of the tissue. This indic-
ates that the photoplethysmograph woul: be influenced very strongly Ly

the velocity of the flowing blood particles. D'Agrossa and Hertzman

{1967] in microscopic studies of opacity pulses from individual minute

arteries, capillaries, and venous vessels of the freg mesentery, found

that indeed the opacity pulse is correlated with the flow velocity rather



~45-

than the flow volume. A decrease in blood flow with no change in art-
erial diameter, they found, is accompauied by a decrease in opacity pulse
amplitude and a less opaque field, In vitro experiments using a perfusion

pump exhibited similar results. Increasing the stroke volume causes an

increase in the opacity pulse. To rule out the possibility that the

observed effect is due to an unobservable volume pulsation of the vessel,
the outflow resistance was increased so that the arterial diameter in-
creased. This diameter increase causes an increase in the opacity (DC)
level, however, the preparation showed i1 decrease in opacity pulse amp-
litqde,probably due to the decreased flow veleocity. Also of intereét,

is the fdet that no opacity pulses were noted in capillary or venous ves-
sels, There is irregular variation of opacity level in these vessels,
probably caused by the random conglomeration and orientation of blood
cells. They conclude, therefore, that the opacity pulse is due primarily
tb the change in orientation of erythrocytes which occurs with change

in blood velocity. Heck [1972] agrees stating, "the data available cor-
relatir s opacity change to direct observations of microvascular activity
suggests that amplitude of the opacity pulse wave is related more closely
to changes in flow velocity than necessarily to changes in volume f£low." -
For observations over larger non-microscopic areas,.the integrative effect
of all the vessels and the effect noted by D'Agrossa and Hertzman of the
increase in opacity DC level caused by increased vessel diameter murc.be
taken into account. Whether the photoplethysmogram is best described by
particle velocity or by the percent volume of blood in the skin is a con-

jecture at this time.’ In 2ny event, the use of the opacity pulse to de-

‘termine the arrivzl of the prescure pulse in the tissue seems to be wvalid.

-?'
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The refleciion ol light from the bissue, Lhen, shows changes
dﬁe.to the inflow of blood with each heartbeat as well as éhanges occur-
ring over a longer time course caused tv<various effects. Factors which
may influence the pulse with each heartbeat include; increased blood
volume in systole, changing distribution of thes blood volume from a sin-
gle heartbeat, changes in blood velocity through the microvessels and
possibly changes in the refractile properties of the wall itself with
change in transmural pressure gradient and vessel wall thickness [Heck,
1972]; Changes occurring at a rate independent of heart rate include;
changes ir volume and velocity of flow caused by pressure gradients due
to the respiratorj cycle or vasomotor activity, changes in concentrations
of oxygenated and reduced hemoglobin, changes in hematocrit, contraction
of underlying muscle in the region being monitored as well as other ef-
fects such as the gravitational force on the blood colummn, and changes
in arterial pressuré. Control of vasoconstriction is at both local and
central levels, Changes in local temperature and core temperature cahse
chénges in dlood f£low to the extremities. Also, circulating hormones
affect vasoconstriction as well as signals from the sympathetic ﬁ;rvoué
system.

So far consideration has been given only to the opacity pulse
monitored in the microcirculation. Tt is also possible to use the photo-~
plethysmograph to movitor volume pulses in the major surface arteries.
This was first noticed by Hertzman [1938]. He found that the movement
of the skin in the vicinity of pulsating arteries, such as the radial

artery, could be monitored by a light and photocell located strategically

over the artery. Weimman [1965] claims that the actual pulsatile change
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in arterial diameter can be monitored a?though it is not clear that

48 3wty i g

this effect is not due to movement of the transducer caused by pulsations
of the arcery, since he says that "one has to be careful to use the mini-
mum pressure sufficient to hold the transducer in place, otherwise a

distortion in the shape of the blood volume pulse will occur." Further 5

experiments [Weinman, 1972] show that while monlicTing rtulses from larger
peripheral arteries an inverse plethysmogram wmay he obtained. That is,
instead of recording the normz’ "more blood = less light" it was fourd
that in certain lccations near major arteries the inverse relation, Ymore
blood = more light", was found. Investigations of pulses from agar tlocks
with imbedded blood-filled rubber tubings showed that the photosensor
output contained three components: "A) due to the absorption of back-
scattered light bv the blood-filled tube; B) due to reflection ffom the
background (blocks were placed on both white and black surfaces); C) due
to reflection from the tube surface. The relative intensity of these
three components sometimes creates conditions which are responsible for
the appearance of the inverted plethysmograms." Although this idea

seems reasonable, it is also possible to explain these findings b; the *
fact that the skin in the vicinity of the pulsating artery moves in two

directions. The skin directly over the artery, toving upwards, while

ihe skin displaced from the center of the artery moves slightly dowm and

laterally. Also, if the transducer wer: not firmly enough attached to

the skin, the pulsations of the artery could have various effects on

the transducer-skin interface. Another factor which must not be over-~

looked i& that the flow into the vascular bed over the artery could be

influenced by the pulsations of the underlyiag artery, with the result
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that in certain regions the pressure of the drtery pressing the skin
against the transducer could actually cause a decrease in skin perfusion
near the artery during systole. Other experiments by Weinman [1972] with
simultaneocus recordings of imtra-arterial pressure and arterial plethys-
mograms led to the conclusion that the plethysmogram does actually re-
flect blood volume changes in the arterv and consequently variations in
arterial diameter. Indeed it seems as though quite good tracings can be
recorded from the carotid artery (see Figure 13), however, this may be
the result of movemeﬁt of the transducer over the értery. The photo~
plethysmograph seemed to be a promising method to monitor blood pulsations
at various points on the body. It was felt that if the signal from the
major arteries could not be used successfully, it might be possible to
monitor blood flow into the vascular bed of the skin on the back, which

might give a good indication of pulse wave velocity .n the aorta.



9,

[ D

~49—

PHOTORLECTRIC TRANSDUCER

Development of an adequate photoelectric transducer, which

will be highly sensitive and relatively free from movement artifacts is

an important consideration. It was initially thought that a differential
technique could be used to reduce noise due to ambient light and movement

artifacts caused by slight changes in the geometry of the transducer-

~ skin interface. This technique has been used by Bracale et al. [1969]

and Fuller [1972]. They consider the principle of operation to be that
the blood absorbs light more strongly in the red region of the spectrum
than in tﬁe blue and g;éen regions. Therefore, if two photosensitive de-
vices are used side by side as shown in Figure 4, the red filtered cell
will receive a stronger pulse signal than the green filtered one. How-
ever, noise artifacts caused by ambient light and movement of the trans-
ducer should affect both cells relatively equally. Considering Sr and

Sg the pulse signals from the red and green channels and Nr and Ng the

noise signals from the red and green chamnels, it is seen that the signal

to noise ratio will be different for the two channels:
Sr 4 S8
Nr * Ng

When the gain of the green channel is adjusted so that the artifacts on
both channels will have equal amplitude, that is, Nr = Ng, the pulse
signal will still be greater in the red channel. The subtraction of tﬁe
two éignals, in a differential amplifier should cause cancellation of

the noise signals, while the pulse signal will still remain.

ek e e 1 e B . e . B atpmarS
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. trations and a semitransparent strip on the disk is used to produce the

51 !
Bracale et al. [1969] descriltes experiments in which a dif-
ferential phototransducer is used in vitro to reduce nolse from a clear

rotating disk filled with blood. The disk contained blood at two concen-

ETORRT

noise signal, Indeed, using the differrmtial technique reduced the noise

amplitude for this in vitro experiment. However, results from in vivo

e s i b

experiments were not shown. Whether this technique is useful for patient

~monitoring must still be decided.

More recently, Fuller [1972] has built and tested a different-
ial phototransducer. It is difficult to judge from his report what type

of noise is actually eliminate by his device, but it seems as though 60

cycle noise from room lighting can be greatly reduced, along with other

‘noise which may be due to movement although he doesn't say this. The

device was physically too large to be used conveniently over most areas

of the body. It seemed that Fuller's device was not really adequate,

evei for testing purposes, because of its large size, inadequate shield-
ing from ambient light, and the large distance between the photosensors.
Therefore, a smaller device was designed and constructed from an indicator
lamp socket as shown in Figure 5. Type 1M2175 photodiodes with sensitiv-—
ity of 22,3 uA/mwlcm2 and a broad spectral response were used as the
photosensors. The first stage of amplification (see Figure 6) was mounted
directly on the lamp socket to help reduce noise. A4n infrared filter
(Kodak.ngﬂ wratten gelatin filter) or a red filter were used for the
“signal"” channel, while a green filter with peak transmittance at 5000 A
(FKodak 64) or a blue filter with peak transmittance at 4200 A (Kodak 47-B)

were used to monitor the "noise." The gains of the amplifiers were adjusted
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so that the noise caused by slight movements of the transducer on each
channel wis of equal magnitude. The signals were subtracted and displayed
using the oscilloscope. As can be seen from Figure 7, the outputs from
both channels were nearly equal in magnitude. Thus, subtracting the sig-
nals resulted in not only reducing the noise, but redueing the signal teo
a‘large extent, ag well. TFor large magnitude signals as obtained from
highly perfused skin areas such as the finger tips, it is possible to jug-
gle the gzin so that a good signal results and the noise level mzy be
slightly raduced. However, the gain needed seems to vary over long per-
iods of time and with slight change in position of the transducer, pos-
sibly due to changes in skin coler and geometry of the skin-transducer
interface, It can be also seen from Figure 7 that the signal from each
channel is relatively free of noise compared to signals obtained by Fnl-
1gr's [1972] device., Also, in contrast to Fuller's findings, it was
possible to obtain relatively good signals from regions such as the stom-
ach and back, from each channel individually. However, when the channels
were subtracted the signal level was too close to the noise level of
the amplifiers and photodiodes to be useful. Figures 8 and 9" show sig-
nals ogtained from the stomach and back respectively, for a single chan-
nel and the two channels added to increase the gain. .Reéults were simi-
lar for all combinations of filters. Because of the poor functioning of
the diffe-ential device, it was decided to analyze more carefully th-
function of the device using a very simple model. If one considers two

wavelengths of light, A, and Az; S, the reflectance of the skinj Vb(t)

1
the volume of blood varying with time; A, the absorption coefficient
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of the blouvd; G{i), tie geoweiric facior for ithe skiv-phoivcell luier-
face; and Li’ light incident. Then the output X for the Xl channel

can.be found approximately from:
X0p) = LG()SQ) - v (£)AQ )]

The output from the A, channel can be found approximately from:

2

If x(xz) is scaled by Y and subtracted from X(kl) the differential out-
put can be found.
X = X(ll) - YX(AZ) . LiG(t)[(S(Xl) - YS\RZ)) - Vb(t)(A(ll) - YA(AZ))]

If Y ic chosen to cancel the effects of transducer movement with respect
to the skin:

S(Xl) - YS(AZ) =0

so that,

b

X = LG()[-V, (£) (ACA,) - YAQR,))]

It is seen that the variance of the éeometric factor will still affect
the pulse signal, so that from this analysis the differential technique
cannot completely reduce the noise. Furthermore, an approximation of

the signal to noise ratio can be made for the single csannel and the dif-
ference of the channels signals. For the single channel at frequency

Al’ the pulse signal will have magnitude of approximately LiVb(t)A(Ai)

if the geometric factor, G(t) is considered equal to one in the normal
position. When movement of the transducer occurs, G(t) will vary, so a

noise signal of approximately Lig(t)s(ll) will result since the factor

P —
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: —Lig(t)vb(t)A(ll) is negative and will tend to reduce the noise level

tc a degree. Then, in the worst case, the signal to nolse ratlo for the
ll channel is appreximately:

Vb(t)Ackl)

For the difference equation the pulse signal amplitude is simiiarly

L,V (©)[AQA ) - YAQ,)], and the noise will be'Lic(t)[A(zl) ~ YAQN].

. So the signal to noise ratio is then:

Since S(kl) > A(ll), it is seen that the différential signal will gener—
ally have a greater signal to noise ratio than the single channel sigﬁal
as }ong as Livb[A(ll) - YAQ,)] is ‘sufficiently large to keep the signal
level much greater than the differentidl mode noise'in the system. For
low level signals, as cbtained from the back, the differential technique
unfortungtely does not give good resulis because of the low signal levels.
It was decided to concentrate on coastruction of a small,_sin:
gle channel, extremely sensitive phoﬁoplethysmograph. A transducer was
built from a 14 pin IC socket. Holes were drilled for a pinhead sized
15600 phototransistor and a 715 miniature light. The device worked well,
but the sensitivity was not great epough to record signals from the Back
or stomach. In a personal communications, Weinman [19721 indicatgd thgt '

a-photocpndﬂctivé‘celi might perform better fd:.tﬁiéﬁéppiidétiﬁﬁ}fsiﬁcéf-

its detectivity is nearly the Samé as a pﬁoto&iode's and if is more im= .-

mune to environmental moise because of its greater output signal. The ~
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photoconductive cell has certain disadvantages, in that its ocutput is
temperafute and light history dependent, and the rise time is slow com-
pared yith’a phototransistor. However, for the purpose of pulse moni-
toring the output may be'AC couﬁled so that drift caused by temparaturev
or light history dependence should not be a probleﬁ.‘ Also, Wéinmén‘and
Yaakov [1265] indicate that éhe response time of CdSe photoconductive
cells is cnly 8 to 10 msec. to reach 63% of their final Galue. This is
equivalent: to an upper 3 db point of 16 to 20 cycles per second. This
is probably quite adequate for reproducing the high frequency components
of the systolice upsloPe without great attenuation. The CGdSe photocon~
ductive cell.hés édvantages, in that it is readily available, rugged,
iow in cost, and easily instrumented., A CdSe céll photoplethysmograph
was therefore built as shown in Figure 10. This was modeled’after a trans-
ducér desecribed by Weinman [1967]. Two miniature, 715, 5 volt lamps are
used to illuminate %he tissue. A Clairex CL903 photocell .21 inches

in diameter and .15 inches high is used to monitor reflected light. Both

the bulbs and the photocell are force fit into cutouts in an one-eighth

Iach thick, black rubber mount. Shielded twin lead phonopickup cable
is attached to tﬁe bulbs and the photocell. The leads are anchored to-
the rubber by means of heavy black thread sewn to the-rubber. Another,
thinner black rubber piece is used to cover the wiring and. back of the
compoﬁents- The front and back are held together by means of narrow
bands of Scotch "magic" tape. The tape also covers the Eu%bS.td;h91§;

diffuse the light and slightly insulate the skin from the hot Bﬁ;bs¢ 'To

help reduce noise from ambient Iighting, an infrarédtfiltef,-typ?ﬁﬁbﬁék '

898, is taped over the photocell. This filter has almost no effect on .

OF POOR QUALITY
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the signai from the blood volume pulse, while greatly reducing noise
from room lights. The complete device Iis light in weight, compact, and
rugged. Also, it is easily mounted by tape or straps to almost any rart

of the body since the rubber mounting surface allows the transducer to

~ fit body contours, while still providing a fairly good seal for prevent-

-ing stray light from reaching the photozell or skin surface under the

transducer. -

Instrumentation for the photoplethysmograph is shown in Fig-

ure 11. Changes in light level with the blood volume pulse cause cor-

- responding changes in the conductance o the: photocell. More blood

causes a reduction in light reaching'the cell which causes a decrease in
conductan&a of the celi: Thié decreases the current through the cell,
which appears as a decrease in voltage across the potentiometer. This
Jevel is émplified by an AC amplifler with a cutoff frequency of .16 Hz.
This cutoff frequency according to Weinman and Yaakov [1965] is adequate
for good reproduction of the pulse waveform, while still retaining a
fairly good baseline stability. For certain experiments, the DC level
~

of the signal was needed. This was obtained by placing a DU amplifier
with offset voltage adjustment in parallel with the AC amplifier. By
iwaiting a few minutes for temperature stabilization of the cell, DC
level chénges over short pericds can be recorded. The lamp Iintensity
is contitolled by a potentiometer, and should be set at the highest in-
ténsity wuich will not cause pain from the heat of the bulbs, if maxlimum
gignal levels are required.

‘ Results with this device are quite good. Targe signals are

*

easzily obtaired from the fingers. Signals from other regions, such as
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the back and stomach are of smaller ampiitude because of smaller tissue
perfusion in these regions, however, after a minute or so, the heatirg

effect of the lamps causes an increase in skin blood flow which then

. gives good pulse signals. Typical outpat waveforms are shown in Fig-

ure 12. Since this photoplethysmograph, although possibly not the best
possible gives adequate signals for further physiologic experiments,

two identical photoplethysmographs with dry cell ba;tery supply were

~mounted in a 5" x 6" x 9" aluminum box Ffor elinical use.
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EXPERIMENTS

1. Pulse Sensing in Major Arteries
The photopletﬁysmogram can be used in two modes to pick up

pulses from the major arteries as previously mentioned. It was found
that in wost normal patients the device can pick up quite good carotid
pulse signals if the transducer is held lightly over the carotid art-
ery directly under the chin with an elastic strap. In this case it

; that the transducer is actually moved by the pulsation of the

y so that the geometric factor of the light-skin interface changes.

s gives tracings that very closely resemble the normal carotid

pulse (see Figure 13). The signal is easy to locate, but since the
transducer is not firmly attached to the skin, patient movements cause
artifacts and may shift the transducer out of'position. Depending on
positioning and strength of the mechanical pulsation, this mode of op-
eration produces signals two to ten times greater in amplitude than

the other mode, in which the transducer is held quite firmly over the

carotid artery in the mid-neck region (see Figure 14). In this case,

it seems possible that the signal is caused by the change in skin re-
flectivity in the regien when the artery changes diaﬁeﬁér. However,

other factors such as blood flow to the skin under the transducer and
slight movements of the transducer may also be influeucing the sigral.

This method seems quite immune to movement artifacts as can be seen in

Pigure 15b. This figure shows the pulse signal from the carotid artery

in the mid-neck region when the head is turned. A second channel in

this figure shows for comparison the output from a doppler ultrasonic

PpTp—
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I

transducer mountud over the other carotid artery. It is seen that the
photoelectric transducer in this mode of operation is less sensitive to

movement than the doppler ultrasonic device. Although the carotid pulse

is easy to find, more difficulty is experienced in monitoring the femoral

pulse. On cooperative subjects, it is possible to monitor the femoral

pulse by Llightly strapping the photoelectric transducer directly ovar

the artery. However, any patient movement gives rise to noise, and often

‘causes loss of the signal. This same problem of course occurs with the

doppler ultrasonic probe as well, For use on cooperative subjects, a
ﬁechanical.type transducer as already described probably functions as
well as the photoelectric or doppler ultrasonic transducers. In cases
where the patient is apt to move frequently, there is presently no good
way to monitor the arterial pulsations, For this reason a new approach

to the problem of measuring pulse wave velocity was tried.

2. Experiments on the Back
When there is adequate blood flow to the skin of the back,
very good pulse waveforms may be recorded using the photoplethysmogram.

Furthermore, if the transducer is firmly attached to the skin, for ex—

. ample by an adhesive tape'such as Elastoplast, the signal is relatively

insensitive to artifacts. TFigure 16 illustrates the output from the
photoplethysmogram, mounted with Elastoplast directly under the scarula
about 4 cm from the spine. This tracing was taKen as the patient was
walking normally. It is seen that the signal is relatively noise free.
Other movements, such as arm movements don't greatly affgct the signul

either. Therefore, it seemed advantageous to monitor the pulse on two

i P sk i R dper A e
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regions of the back. Although this method doesn't directly measure the

pulse wave velocity in the aorta, it may bhe possible to r~orrelate the

signals from the back with the aortic »ulse wave velocity. It can be

seen from Figures 17 and 18 that the arteries which vascularize the skin

regions in the back come directly from the aorta at various levels

[Sabotta, 1957]. This can be schematically represented as shown in Fig-

ure 19. 1t
to the skin
possible to
times under
propagation

mined. For

" from A to B

finding the

may be possible to find two arterial paths from the aorta
which exhibit similar pulsc propagation times. Or it may be
find two paths whi+h show 2 spe;ific difference in delay
varying physiologic conditions. If so, the aortic pulse
time between the origin of these two branches may be deter-
example, if :2 equals t7, then the time delay of the pulse
is equal to T7 - Tz. Difficulties, of course, arise in

regions of the skin C and D where the time delays from the

aorta will be equal or always differ by a given amount.

The idea of measuring pulse propagation times from the skin

of the back,

therefore, seemed jquite interesting and unique, since it

seemingly has never been done before. So, experiments were performed

to determine if the propagation times to regions of the back in any way

reflect the

aortic pulse wave velocity. Time delays from the carotid

pulse (measured also with a photoplethysmograph® to regions of the back

were meac<ured on a number of normal su>jects, age 21 to 25 years. Tae

results are

shown in Table 3 and the graph in Figure 20. The time de-

lays were measured from a high speed (125 mm/sec) chart recording as

shown in Figure 21. The average time delay for a few beats is computed.
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FIGURE 18
Arteries to the Skin of Back
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TABLE 3

DISTANCE FROM TOP OF THE

SHOULDER IN CM IN A VERTICAL CAROTID TO BACK

SUBJECT LINE 7CM FRCM SPINE TIME DELAY IN MSEC
1 0 24
6 28
12 30
18 30
24 IAA
30 64
36 72
42 80
48 88
2 0 28
6 32
12 36
18 40
.24 48
30 64
36 72
42 84
48 96
3 0 12
6 16
12 20
18 16
24 38
30 44
36 52
42 62
48 84
4 0 28
6 24
12 24
18 28
' 24 36
30 52
36 64
42 70
48 80
5 0 24
6 28
12 28
18 28
24 44
30 68
36 92
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FIGURE 20
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Measurement of Delay Times
Top: Back Pulse
¢ Bottom: Carotid Pulse
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It is seen that the time delay increases with distance in most regioms.
However, the upper back reéions exhibit a different slope of distanze
versus time delay. This can be explained from the way this region is
vascularized. The blood supply to the upper.back is from the first,
second and third intercostal arteries and the subclavian (shoulder)
artery. These intercostals originate close together in the descend-
ing aorta and travel upwards to the intercostal spaces. Therefore,
‘their paths to the skin are longer than the paths from the lower inter-
costal arteries to the skin.
The pulse wave velocities computed from this data are well
within the range of normals for this age group determined by Nielsen
et al. [1968]. It was felt therefore, that this technique deserved
further attention. A more detailed map of the propagation times to
various regions of the back was made on two subjects. To facilitate
processing of the recorded data, the signals from the transducers are
filtered bf a linear phase-shift low pass filter and then differentiated
by the networks shown in Figure 22, This is similar to methods ?sed
by Brown [1972] and Weinman [1971]. Typical output from the 10 Hz fil-
ter and the differentiator are shown in Figure 23. A counter-timer is
. ﬁet to triéger on the upsiope of the differentiated signals. The trig-
ger pulses from the counter-timer are also used to start and stop a
millisecrund clock attached to the anang input of a NOVA mini-computer.
An oscilloscope is used to set the trigger levels and monitor the re-
corded signal. For each heart beat, the delay time between the two sig-
nais may be read from the counter-timer and stored simultaneously in

"the computer. A plotter routine for the computer is used tc plot the

e
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time delay in millisecouds [or each heartbeal. The average Liue delay
for the entire interval of‘che plotted data is also compuﬁed. Values
due to mistriggering or noisy signals are ignored. Typical data plots
are shown in the following figures. It is s;en that there is great
beat to beat variability in the delay time. The time delays appear
cyclical in nature with a period of about five heartbeats. However,
the average values, even over fairly long intervals (10 minutes) seen
to remain constant within a few milliseconds. The averages of carotid
to back time delays are shown for different regions in Figures 24 and
25. The absolute values shown, of course, reflect to some degree the
effects of triggering; however, the relative delays for the different
regions are fairly accurate and are similar to those found when the same
data is spot-checked by measuring delays on a strip chart recording.
The strip chart recordings also show a similar variability in delay
times. The two back plots indicate that the delay times, in general,
increase with increasing distance from the heart. However, inconsist-
encies do appear.
The beat to beat variability in delay times shown in t;e com-

puter plots is quite large. This may be due to_blood pressure changes
- during respiration as weli as other spontaneous pressure changes in-
fluencing the pulse wave velocity. The rhythmic variations in dia-
stolic rressure due to respiration ma:.be as great as 10 mm Hg [Sel-
kurt, i971]. The pressure usually decreases with insp raticn and in-
creases during expiration. Tursky et al.[1972] report that the total
magnitude of the natural variation of systolic and diastolic pressure

due to sinus arrhythmia and other beat tc beat fluctuations may be

B



M3EC

%.103
 eo
- 78
;.se

HY

PULSE TIME DIFFERENTIALS

" POSITICON # 16
AYERRGE IS 23. 8937

- . +
-------------------------------------------------------------------------------------------------------------------------

-GL-




;."125
% 112. 9 .
é 129
at % é;.ﬂ
MSEC

-

62,3

.
oooooooooooooooo

PULSE TIWE DIFFERENTIALS
POSITION 2 2
GYERAGE 1S 88, 0327

------------------------------------------------------------------------------------

——




At
MSEC

. o'n
">
o
D

1 .
‘D
D

- 10

3 68
.. 50
_ a6
0

L 20

10

PULSE TIME DIFFERENTIALS
POSLIYION & il
#VYERRGE IS 1. 381

-'[8-

s e e i 1 s



)

TS
>
&

PULSE TIKME DIFFERENTIRLS

i g LT S I U A E 17 SR B Y

&
"

St S o B M o HEARTBEATS

-
LA L L ..lI.ll'...l...l.......ll.i'.l..'..‘ll ll.'lll' ssssssssnsasalssnassnnscsacsabosssssnsavasasslonsnscnnsssnsns

—zs—




] m'\
RN

) , | ‘\‘i\\\\ E
7-1
SUBJECT 1 v 4

FIGURE 24

3
4
M
0n ¢ 2485
| 1 | |
I | |
6
TIME DELAYS, MS.4
9 20 21 %98
329
37 309 3
9
47 49 365 10
38
59 s53 510 /1
3
s7 5790 R
&
¢ uh L/
90
' 79 99 R
82 920 3
/08
% %0 4
= 1724
Q 5



SUBJECT R

% 2\ L

3/ ?‘2 2

& o0 3
5

& 7@l 4
i

g8y 921 5

FIGURE 25

\

E————————— e}



.
much larger. They found variations of blood pressure in five subjects
over a period of fifty heartbeats ranged from 10 to 34 mm Hg. These
large variations, of course, should greatly alter.the time delays.

It was decided to further investigate the effect of the res-
piratory cycle.on the time delayvs, as well as the effect on the blood
volume puise signal. To this end, a simple, yet reliable, respirétinn
monitor was constructed. The device consists of a 10 K potentiometer
with levers attached to the body and the wiper shaft. The device is
strapped onto the chest by two alligator clip leads around the torso
attached to the lever arms. The lever arms are held together by a rub-
ber band. As the chest'expands during inhalation, the lever arms are
pulled apart, thereby moving the wiper arm and changing the resistance
of the potentiometer. This change can be measured by biasing the pot-
entiometer with a fixed voltage and measuring the voltage of the wiper
arm with respect to ground. Using this device to monitor respiration,
time differentials were measured on a subject (see Figure 26). It is
seen that indeed, the cyclical variability of the delay times corres-
ponds to the respiratory cycle. During inspiration, there is an in-

crease in the time delay, which would correspond to a decrease in pulse

.ﬁave velocity. This finding is consistent with the fact that inspiration

causes a decrease in blood pressure. However, the large changes in time
delays s=em to be in disagreement with results of Goldberg [1972] who
found that for a pressure change of 10 mm Hg the changes in delay time
shou}d be in the range of 10 to 20 percent of the average time delay.
Th;refore. further effects of respiration were investigated. The photo-

plethysmograph responds to the blood volume level as well as the blood .
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volume pulse. Changes in blood volume level were also noticed to
correspond to respiration. .Figure 27 shows the baseline variati;n with
respiration of a signal from the upper back region. It is seen that.
during inspiration the baseline of the pulse signal shifts in the dir-
rection of "more blood." Since inspiration decreases the intrathoracic
pressure, one would expect an increased venous return during inspira:ion
and therefore, less rather than more blood in the skin. Heck [1972] in
fact did find that inspiration caused a decrease of blood in the skin.
To try to further understand these discrepancies, other experiments were
undertaken. It was thought that possibly the AC coupling used introduced
a large phace shift in the baseline variations. However, Figure 28 shows
that the phase shift between the AC coupled and the DC signal is quite
small. To alleviate the possibility that the baseline shirt was caused
by transducer movement during respiration, the finger pulse was monitored.
Experiments on the finger pulse indicate that the haseline variation of
the signal depends on the depth and rate of respiration. Figure 29 shows
that for rapid respiration, inhalation causes an increase in blodd in the
skin. Slower breathing as shown in Figure 30 causes a decrease in blood

with inspiration. These findings indicate that the system has a varying'

‘phase response, possibly due to the RC nature of venous drainage. Other

findings of interest are shown in Figures 31 and 32. Here the venous
return is blocked by constricting the veins or raising the intratho..acic
prissure by a valsalva maneuver (forced expifatory effort against a

closed glotis). The photoplethysmogram shows the expected increase in

blood level due to reduction in venous return.
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An analysis was made by Weinman [1971] to determine the effect
of a rising or falling baseline on the position of the arterial pulse
wave foot. He derives a formula for the shift of the pulse foot based

on a sine wave approximation to the pulse shape:

t = -n/w2 in seconds
where:

n = the number of pulse wave amplitudes the baseline rises
or falls in one second

w = 27 times the sine wave fir:quency which best approximates
the foot of the pulse wave.

In the worst cases, n was approximately equal to 1 and w approximately
12.5 giving a delay of about 7 msec. Since the baseline of both trac-
ings from the back rise or fall together, the effects will tend to can-
cel when the time difference is computed. Therefore, the rising and
failing baseline should have little effect on the delay times measured.
The question, then, of the large variability in delay time re-
mains unanswered. It is noted however, that otﬁer investigators using a
ﬁhotopléthysmograph to measure delay times have also found large‘Leat to
beat variability in their measurements. Weinman et al [1971] found beat
to beat variations of up to 25 msec. in pulse wave velocity studies of
the human lower extremities. Also, Heck and Hawthorne [1969] found simi-
lar variability in propagation time of the pulse to the conjunctiva of
dogs. This variability also appeared largely syncronous with the res-
pirguory cycle. It seems likely, then, that the blood pressure variabil—
ity with respiration and spontaneous changes in blood pressure has an ex-
aggerated effect on pulse propagation times through the smaller non-major

arteries leading to the skin.



.

Measuring pulse wave velocity on the back, therefore, presents
two major difficulties. The first is the large beat to beat variation
in time delays. Thls may be partially surmounted by gveraging over a
number of beats. The second problem is to find regions on the back where
‘the delay from the aorta to the skin will be relatively the same. How-
ever, there presently seems to be no wav to noninvasively determine the
delay from the aorta to the skin surface. To test the basic validity of
the idea of measuring pulse wave velocity on the back, experiments were
performed with one transducer mounted at a point under the scapula about
4 cm to the left of the spine. The secund transducer was placed verti-
cally below this level with the top of the pelvis. The distance between
the transducers was approximately 30 cm as compared with 37 cm which was
. found by Nielson et al.[1968] to be the average distance used when com-
pu;ing pulse wave velocity from the carotid te the femoral artery. Iso-
metric contraction of one hand was used to raise blood pressure above the
normal resting level. Goldberg [1972] found that this type of cont.a. tion
cpuld raise diastolic pressure up to 40 mm Hg. In some cases the\iso—
metric contraction was followed by a decrease in pulse propagation delay
tir2s. This can be seen in the following plot labeled "Isometric.” Here
the average time delay decreased slowly until it te#ched a value about
15 msec shorter than the normal resting level of 80 msec. However, in
tests on most subjects isometric contra-tion seemed to have no consistent
effect on the pulse propagation times. In a similar experiment, time
delays from the upper to lower back were measured on a patient while his
brachial arterial pressure was monitored'by sphygmomanométric technique.

Results are shown in Table 4. The time intervals shown represent the
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CONDITIONS

Normal
Normal
Normal
Normal
Normal
Normal
Normal
Isometric

Isometric

Isometric °

Isometric
Isometric
Isometric
Isometric
Normal
Normal
Noramal
Normal
Isometric

Isometric

TABLE &4

PRESSURE

107/68
107/68

107/68
115/68
125/75
135/94
140/98
110/70
110/70
125/80

140/100

SUBJECT B

TIME DELAY MSEC

40
39
39
38
39
39
39
37
37
37
33
27
27
28
30
29
29
ki |
28
28
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average values <atermined by the computer for approximately a one minute
interval. It is seen that the time interval does indeed £all as the
pressure rises. However, as the pressure returns to normal, the time de-
lay does not return to normal. Thié was checked to be sure it was not
due to a trilggering error by using a strip chart recording. This result
implies that there are some other factors besides pressure which help
determine the propagation times. As a final check of this, time delays
were measured simultaneously on a subject between the high and low back,
and the carotid and femoral arteries. Mechanical transducers were used
to record the carotid and femoral pulsations és was done by Goldberg
[1972]. Figure 33 shows a typical strip chart recordiung from which the
time delays were measured. Time delays for many beats wera measured.
Some typical data points are plotted in Figure 34. Results falirly con-
qlusively show that the carotid to femoral tiﬁe delays definitely follow
to some extent changes in blood pressure caused by isometric hand com-
traction or a valsalva maneuver. However, it seemed that in most cases

the high back to low back time delays varied independently of the. carotid

to femoral delay times and therefore showed almost no dependence on pres-

sure. Also, the variability of the back delays was greater than that
seen in the carotid to femoral propagation times.

It appears, therefore, that pulse propagation through the smal-

ler arteries leading from the aorta is highly variable. Heck and Hawrthorne

{1969] noted that the pulse propagation time to the conjunctiva vascular

bed was dependent on any vascular changes. In one experiment on dogs,

for instance, they noted that an arterial dilatation of 30% as noted in

the vascular bed gave rise to an increase of 7.13% in the time delay
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between the R wave of the EKG and the pulse arrival at the eye. Con-
striction of the arteries is associated with a decrease in the time delay.
These chenges were found to occur sportaneously. Sponcaneous rhythric

fluctuations in blood flow not associaved with respifation are also noted

- .by Tatal et al [1962] in photoplethysmugraphic studies of many body re-

gions. The fluctuations in symmetric areas on opposite sides of the
body, for instance the right and left ear lobes, were found to be indep-
endent. The mechanism fcr ~hese changes is thought to be contraction
and relaxation of the vascular smooth muscle of arterial walls as well as
the precapillary and venous sphincters. Another factor which influences
propagat;on time has pe?n noted by Heck [1970]. He found that digital
compression of the carotid artery caused a marked increase in the time
delay from the R wave to the appearanée of the pulse at the ear lobe. He
is further investigating the possibility of determining partial one sided
occlusion of the carotid arteries by comparing pulse propagation times
to various regions of the face. His initial results look promising.

The possibility of monitoring aortic pulse wave velocity from
the pulée arrivals in the skin of the back, therefore, seems quite remote.

The pulse propagation times through the diffuse arterial bed leading to

_the skin is too variable to give consistent results:

b A= o S
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DIRECTIONS FOR FURTHER RESEARCH

While experimenting with the photoplethysmograph many paths
for further research have been opened. Some of these are included in

this section.

1. Patency of Veins

From Figures 31 and 32 it is seen that the DC signalllevel of
the photoplethysmogram is highly dependent on:the venous return. Siice
the veins are basically capacitance vessels, changing conditions such
as release of a clamped.vein as in Figure 31 gives rise to an exponential

type curve. Preliminary results indicate that by placing a photoplethys-

_mograph on each leg or toe it is possible to compare the exponential cur-

ves for venous drainage from each leg during changes in posture or a
valsalva maneuver. Figure 35 shows tracings from the right and left leg
of an individual as he changes his posture from sitting with legs extended
hPrizontally tq lying. Both legs exhibit similar curves for the drain-
age of blood from the veins. However, when the veins of the left leg'

afe blocked by a tourniquet, the discharge curve for the left leg. shows

‘a change. This change would be greatly inhanced-if a tilt table were

used to change posture more drastically. Further research in this area

‘should b::done to determine normal curves and the practicality of this

technique for diagnosing venous occlusive disease. Other information
about the inflow outflow characteristics of the circulatory system may

also be gained from these experiments.
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2. Circulatory Magnitude and Phase Respouse .

It is possible teo monitor. the baseline shift of the blood
volume in the skin during the respiratory cycle. Controlled experiments
with varying depth and fate of respiration might vield interesting mag-
nitude and phase plots of the system. Modeling as a resistance and cap-

acitance network may be possible.

3. Plot of Pulse Arrival Times on the Back

Careful plotting of the pulse arrival times in different re~-
gions of Lhe back may be possible. If enough points are plotted a map
of these arrival timés may be useful in exploring flow patterns to the
skin. Comparison of the map with the pattern of vascularization of the

back shown in Figure 18 may prove interesting. It may be possible to

" locate the exact regions where the deeper arteries come through the

muscular bedy layers and reach the skin. Limitations, of course, will

be great due to the large spontaneous variability of the time delays.

4. Wature of the Photoplethysmographic Signal

LY

To intelligently use the photoplethysmogram it is decessary .

to better understand the phenomenon involved in producing the signal.

A few theories of the operation have already been mentioned, however

there is still no total agreement on what actually accounts for the photo-

plethysmozraphic signal. Turther expe.iments on animals, with attention
to the microscopic circulation and formulation of new theories are nec-

a@ssary.
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CONCLUSION

A technique for measuring pulse wave velocity through monitor~

ing the blood volume pulse at two locations on the skin of the back has

been explored. It seems this technique does not give good results prob-
ably due to the complex mechanisms affecting the pulse propagation from
the aorta to the skin at various locations.

Different types of transducers including the differential
photoplethysmograph, the photoplethysmograph, and the doppler ultra-
sonic transducers have been built and tested to see if they might offer
alternatives to mechaﬁi;al transducers which are highly subject to move-

ment artifacts when used on ambulatory subjects to monitor carotid and

- femoral pulses. At present, it appears that none of these devices are

adequate for monitoring ambulatory patients. For use on cooperative
subjects, the photoelectric and doppler ultrasonic probes are good, but
not significantly better than mechanical transducers. It is felt that

in time, with the onset of new methods and new techniques, it may be pos—

sible to monitor arterial pulsations on ambulatory subjects. Then the

relationship of blood pressure to pulse wave velocity may be more fully

explored,
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THE CARDIOVASCULAR MONITORING SYSTEM

I. @General Desgcription

L}

The Cardiovascular Monitoring System (CMS) is intended
to monitor diastolic blood pressure (BP) and heart rate (HR)
in a non-invasive manner on a beat-by-beat basis. It is
suitable for use in assessing cardiovascular conditioning
in cooperative subjects at rest, and is particularly well-
suited for lower-body negative pressure experiments.

The propogation velocity of pulse waves in the aorta
is a Ffunction of diastolic blood pressure. Furthermore,
pulse wave propogation velocity is approximately propor-
tional to K%’ where AT is the time between onsets of the

carotid and femoral pulse waves. (See Appendices A and B).

_The CMS detects both pulse waves and measures the differ-

ence hetween their onset times (AT). Diastolic blood

pressure is then calculated according to the linear equation:

P
. M 11 0
e ol ta

where M, %— and Po are constants. The CMS also caléulateﬁ

o
instantaneous heart rate, which is computed £rom the pulse

wave signals or the EKG.

The pulse waves are detected using contact microphoné
transducers which are positioned firmly against the skin
over the carotid and femoral arteries. The reSulfant signéls
are amplified, differentiated and then filtered to reduce

&

the amplitude of baseline shifts, movemenﬁlartifadtSZand
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other noise which might obscure the pulse wave. Further
noise reduction is obtained by correlating'ﬁhe puléé signals
with the EKG, Using the QRS complex, a time interval (6r
window) 1s establighed during which the carotid pulse must
occur. The instrument is sensitive to inputs from the carotid
transducer only during this window, and thereby rejécts
improperly timed noise.

The EKG is amplified and filtered to attentuate basé- |
line shifts, muscle noise and most of the T-Wave. .A QRS
complex is detected whenever the fiitered sigrzl exceeds
50% of its previous peak amplitude. The carotid window is
opened 60 msec. after the QRS and closed after a carotid
pulse is detected, or 200 msec., after the QRS, whichever
comes first.

An analogous procedure is applied to obtain a femoral
window. The femoral pulse is predicted by a carotid pulse.

Therefore, the window is opened at the onset of a carotid

.pﬁise and closed after detection of a femoral pulse or after

280 msec., whichever comes first,

The‘principal task of the CMS is to determine the onset
times of the carotid and femoral pulses. However, this
is not easy. As one can see by looking at a strip chart trac-
ing, the upward slope of a pulse wave is not very steep
(Figure 1.

By defining different points along the upward slope to

be the onset, one could easily'obtain answers'diffe;ing by

-

up to Zo'msec. Since the nominal delay time between carotid.
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and femo:al onsef times ié about 70 msec., such a variation
could cause significant error if inconsistent. The deri-
vative of the pulse wave signal has a much steeper upward
slope, but is also much noiser.

Fortunately, the pulse wave signal and its derivative
are highly correlated. This has been exploited to combine
the best features of both in defining the onset. The deri-
vative is used to pinpoint the onset, while the pulse-wave
signal is used to verify that fhe peak in the derivative
signal belongs to a pulse wave and nof to some noise pulse,

The algorithm for defining the onset times for both
carotid and femoral pulses is depicted in Figure 2. The
time at which the derivative crosses an operator-selected

threshold defines a possible pulse wave onset and starts

"a timer. If the pulse~wave signal crosses a preset threshcold

(60% of its average peak leve13 before the derivative crosses
zero, the algorithm is satisfied that a pulsé wave has
occurred and outputs a marker l60msec. after the timer was
started. If the algorithm is not fulfilled, no output
marker will occur and the timer will be reset.

The interval between carotid and femoral onsets is
measured by counting pulses from a crystal controlled clock
and storiﬁg the resultant binary number, AT. The clock
is turned oh by the output marker from the carotid onsget
detector, and is turned off by the femoral markexr. The

propoagation time AT is then both reciprocated.(ﬁéi and

.
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Start Is derivative o
> thresh,?
Yes
Start De-
-l Lay Timer
N
) . o Yes ~ Reset |
Is derivative < 07 D?lay
Timer
N/ No A
Yes Generate Output
Ts signal > thresh? pulse after
delay.
No
Figure 2

converted to an analog voltage by a special D to A converter.
Finally, constants M, Tlvand P, are introduced according to
the équation at the beg?nning‘of this section to provide a
calibrated output.

Heart rate is computed by determining the time, T,
between successive carotid and femoral pulse pairs. A
second reciprocating D/A converter produces an analog out-
put voltage proportional to heart rate (%a on a beat-by-
beat basis. When the EKQ is used, the R-wave is used for HR.

A block diagram of the instrument is shown in Figures
3A and 3B. A.more detailed description of the blocks is

presented in Section IV.

.
D e -
IS S

g g e A e T v




G-Sum\ C} ' — ——1

EVvENY, QeTECIeRL

: b, |
. — ey TAXED TWRES, \L
[ CH Q(ﬂ-fp ) "} ’!) Ha. . .’ y - . .o ‘_
T )AL T4 - CAWTO : ONSET /’;}s SAET
e = | . ) . L
‘ : !5"& W ivato W A e OR AT ’ cA INTECYA i
i | | FTER - ‘ i
L ; Everst DETETOR I |
e . i > db 3 . ] L_
33 L 2 AOY. THE S, |
' i o foorpz - i
ZOomSES. RISE]

PATER 7 — ' e

EvenNT DETETIXL
_______,'5. T .
— TVED THRES, j{
U7 1 He i o -
‘ CEMURAL ORI E! /‘X aTorR

9 =5 2 T 2.4

W Lo 1 Lo R ITHW L= PaWELIGL L

TIWTER, .

Eversy CETEQDLR T o

A POT TAUR,
JOOHE

O s Cawenn -

oty ey XD

=i LTERL

QS PETECDR,

Ho108RC .| IGomesc
AuToriHTC THRES .

7\ DA PuLse -
NE : :

Tl‘bcarm\y_@ Lagos ATENLNY

o0 :
e | -

§ r-.é Booo th’_'a'iu’zﬁ- W\F&C‘.ﬁ WoE |

eB 3

R g E BLOC‘. A Dmc-,l?./?rn
' m ’ -) . 7 B
E '0'1;“74 FI‘G. JP\

IKETTV




()

o

SAN =
— I NTERVIR L RECIPROCATING c
ng(aT— . ~ o ~
_ : ThmeRr - - ) /D
IWTER V). ¢ AT N/A comvealidy < L
o L ,L.mm. ot )
: & IERtURY
7\’.} CveTaL
: CLoei
STOP _ INTERREAT™ RECIPROCHTNSG
LINTERVAL INTEAAL ' o
; TIMER, P/ COERTER .
: HepraT
. wWE
l'/ P’ﬁﬁ f_y
N minv
SEs)
. § é? Tmmm\cs me:cmu-(
% O‘ .

. N ~ ¥4
5&3 Ruson Rersuee Mncvme

BL.O’-'- K D 1 7} fats AN

G2~ Fiee &) B

e et A 3 R R 3 o A

I S



IT.

Description of Front Panel Controls

(See Figure 4,)
A. EKG INPUT JACK and GATE INDICATOR LAMP,

This jack zccepts the three—-electrode EKG cable,
which is used whenever EKG synchronization is desired.
The BKG~triggered gate is indicated by the lamp, which
should blink once for each heart beat.

B, CARQTID PULSE SECTION

1. The Input jack accepts the carotid pulse
transducer.

2. Signal Output. The filtered carotid pulse

signal is provided at this connector for display
on an external chart recorder or oscilloscope.
With proper transducer placement, the signal
amplitude should ke on the order of one volt.

3. Derivative Output. The differentiated carotid

pulse signal is provided at this connector. In
addition, the threshold level may be multiplexed
onto the same output if desired. The threshold
multiplex feature is convenient if an oscillo-
scope display is used, but cannot be used with
a chart recorder. The multiplex option may be
switched off using a behind-~the-panel switch
located on the output board. (See paragraph H
below.)

4. Level Control. This potentiometer controls

the threshold level for triggering on the carotid
derivative.



I

-0
C. FEMORAL PULSE SECTION

The controls here are exaétly analogous to the

carotid section.

D. INDICATOR ILAMP SECTION

The five indicator lamps are provided to permit
the operator to correctly set the carotid and femoral
trigger levels without using an ogcilloscopic display.
Their function is described below in Section IIIL, para-
graph C. -
E. CALIBRATION SECTION

This section contains three potentiometers which
provide an adjustable linear calibration of the output
voltage. Thus, the output voltage may be set to be a

linear function of the pulse wave velocity, acecord-

L
ATS
ing to the equation indicated:

P
v = BP = —E.{ -{%.

1
out 50 'ﬁ'g’ +

[

The procedure for calibration is described in Sectioﬁ
Iix,
F. OUTPUT SECTION

This section contains a digital voltmeter which
will display instantaneous heart rate or diastolic
blood pressure, as selected by a switch located.just
to the right of the meter.

The HOLD-RUN push-button switch permits'the
operator to hold a given value of HR and BP in order
to perform the calibration prdcess. In the "HOLD"

positioh the instrument will not accept any new data,

but will continue to display the held value for HR or BP.
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Analog output voltages corresponding to HR and
BP are provided via the two BNC connectors. The
multiple pin connector provides the BCD output of the
DvM, for.computer use,
G. POWER SECTION

The power on—-off switch and indicator lamp are
included in this section, as well as a line fuse (1

ampere slow blow).

H. BEHIND~THE-PANEIL, SWITCHES. (See Figure 5.)

1. EKG board -~ This switch disables the EKG-triggered
carotid window, and must be "OFF" (down) when
the EKG is not used.

2. Output Board - This switch controls the chopping
multiplexer. It must be "OFF" (down) when using

a chart recorder, or when the threshold level
multiplexing is not desired.
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III. Operating Instructions

A. EKG LEADS

The EKG leads are placed as illustrated in Fiqure
6. The skin should be cleaned with alcohol and the
cups filled with conductive paste before they are applied.
The light above the EKG input connectecr should flash
once per heart beat. Uninterrupted operation of the
light indicates excessive 60 cycle noise, which is
usually caused by one or more poorly conducting leads.

Note: If the EKG is not used, the

disabling switch on the EKG Board Q Green
must be moved to the "OFF" position /"\
(down). Otherwise the carotid and White Black
femoral detectors will not operate. s

P YRsurg (A

B. CAROTID AND FEMORAL TRANSDUCER PLACEMENT

The transducers should be positioned over the
carotid and femoral arteries with the harnesses supplied
(see figures 7,8, and 9). For best results, they should
be tightly held, comsistent with patient comfort. Note
that two tips are supplied with each transducer. Over
fleshy areas best results are obtained with the wide
tip. However, with thin-necked people, the thin tip

is preferable.
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C. THRESHOLD ADJUSTMENTS

. .Threshold adjustments may 'be made most conveniently
with the help of an oscilloscope. Thé pulse signal
derivative and the threshold level are multiplexed and
provided for oscilloscopilc viewing at the "derivative
output" connector. The threshold level should be ad-
justed to give unambiguous triggering.

If an oscilloscope is not available, lights Ly - Lg
may be used to adjust threshold levels properly. Ly
and L, relate to the carotid signal, while Lq and L,
relate to femoral pulse signals. Ll(or L3) changes
state each time the derivative signal crosses threshold.
L,y (or L4) flashes whenever the instrument identifies
a pulse according to its algorithm. WNormal operation
will lead to one change in state of Lq and one flash
of Lz per heart-beat. In cases where a large dicrotic
notch is present, the derivative may cross threshold
more than once, causing double triggering of Ll(or L3).
Under ttese conditions the threshold should be adjusted
to obtain one flash of L2(or L4) per beat.

Note: The carotid lights will not operate unless an
EKG is present or the carotid window is disabled. Also,
the femoral lights will not operate correctly until

the carotid threshold is adjusted correctly.

e e AR L o) dp i Toaetees
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D. | CALIBRATION

The heart rate channel is calibrated internally
and should not require further adjustment. Calibra-
tion of the blood pressure channel requires an inde-~
pendent measure of blood pressure, such as a standaxd
sphygmomanometer, oxr intra-arterial measurement. In-
itially the controls in the calibration section should

be set approximately as follows:

M= 500 °
L _
7= 0
o)

B =20
Q

With the CMS operating, obtain an independent BP
reading and push the HOLD button. The CMS will hold
the most recent values for BP and HR. With the meter

switch in the BP position, adjust the Tl' control until
o

the meter reads zero. Next adjust the Py control un-

til the meter reading agrees with the subject's dia-

stolic BP. Next, a significant change in the subject's

BP must be induced. (Isometric muscle exercise, in-
halation of amyl nitrite, LBNP, etc. are some potential
methods.) Document the new BP with the standard tech-
nigue, and immediately push "HOLD" again. AaAdjust only
the M control until the meter reéding indicates_the

the observed new BP. Lock all controls., Additional
calibration points may be checked if desired.

-

.,..A..._,___..H.AAA

.
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An example of the analog BP output channel as

displayed on a slowly moving strip chart recorder is

shown in Figure 10. The subject was in this case,

a dog, and simultaneous records of intra-arterial BP

and the CMS BP output are shown. (The periodic

oscillations in BP are due to respiration.) The Bf ;

was manipulated using levophed.

+ Femoral 230mm
ntra-Arterial
lood Pressure 190mm

150mm -

110mm |+

70mm {-

‘'S Blood Pressure
Output

Administration of Levophed

Figure 10

A, Intra-arterial BP in a dog.
B. Output from the CMS BP Channe’. (3ce Text.)
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IV. Circuit Descriptions 3

Section V contains the relevant circuit diagrams and
part layouts.
A. PRE-AMPLIFIER BOARD (Figures 1l A,B)
The input signal from each pulse wave transducer
is buffered and amplified (x55) by an FET-input op-amp,
Ql' It is then processed to yield three output signals

(Vl,v2 and V3). Vl corresponds most closely to the

et T L CEL AN S |

pulse wave signal with-baseline slHifts and high fre-
guency noise attenuated. vy and Vy correspond to the
first and second derivatives of Vs respectively, but
have been filtered to reduce noise above 100 Hz. In
addition, they hav= been amplified to restore their
signal to the 1 volt level. Refer to the block diagram
(Figure 3) for approximate filter characteristics.
B. EKG AND WINDOW BOARD (Figares 12 A,B,C) v
The EKG is buffered and amplified 5y a three op-
amp differential amplifier (Ql,Q2 and Q4) with a gain
of 100. It is then high p&ss filtered at 13 Hz to re-
duce baseline shifts and remove most of the T wave,
amplified by 68 (QS), and low pass filtered at 16 Hz
to reduce muscle ncoise, Peaks in the EKG are detected
by half-~wave rectifier.Q7 and averaged and buffered by
Q6 to create a threshold level for comparator Q3.

Every time a QRS complex occurs, the comparator's out-

put goes low and triggers both a 200 msec. pulse for
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lamp LG' and a 60 msec. pulse. The end of the 60 msec.
pulse opens the carotid window, which is closed 40 msec.
after the detection of a carotid pulse or automatically
after 160 msec. The femoral window is opened by the
carotid derivative and cvlosed 40 msec. after a femoral

pulse or automatically after 280 msec.

C. THRESHOLD BOARD (Figures 13 A,B,C,D)

Events in pulse signal V. and derivative v, are
detected by an amplitude criterion and then processed
according to the algorithm described in Section I. The
circuitry in Figure 13A computes threshold levels by
averaging previous peak values and compares them to
the current signal amplitudes. Peaks are detected
by the half-wave rectifiers, Ql and Q4. During the
appropriate window, (see paragraph B, above) the signal
peaks are transferred through the CMOS switches and
stored on the capacitors. The resultant waveforms are
smoothed by additional RC's and buffered by Qz and Q5
to provide threshold levels for comparators, Q, and Q6'

Each time a signal exceeds threshold its comparator
output goes low and triggers a 1 msec¢. pulse at point
A or B (See Figure 13 B) denoting the occurence of an
event. In addition, the pulse causes the CMOS switches
to reset the capacitor voltage to zero, enabling it to
charge to a new peak valué which may be lower than the

last one.
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The circuitry used to realize the onzet detexr-
mination algorithm is straight-~forward. (See figure
13 C.) A pulse at point B sets the left flip-flop,
which disables the reset and starts the CD4024 counter.
If point A is pulsed before C, the righ*+ flip~flop
is set and the count ‘continues. When the counter
reaches 160 msec., it stops and an output pulse occﬁrs,
at point D. However, if point C is pulsed before A,
the right f£lip-flop does not get set; the left flip-
flop and the counter are both reset and no output pulse
occurs.

D. BLOOD PRESSURE BOARD (Figures 14A,B,C)

The delay time (AT) between carotid and femoral
ongets is measured by counting pulses from a crystal
coutrolled clock in the CD 4020, l4-bit counter. The
count begins when the carotid onset pulse (from the
Threshold Board) sets a flip~flop (Figure l4 A) which
enables the clock input. It stops when a femoral onset
pulse resets the flip-flop or when the count reaches
280 msec. Resetting the f£flip-flop triggers a series
of pulses which first transfer the count to the latches
and then reset the counter. The count is stored in the
latches until the next sequence. (Engaging the "HOLD"
button prevents transfer of new data.) The latches
control switches (SS5S4416), which control a binary
weighted resistor ladder such that the total series

resistance, Roe is proportional to the couat, AT.

ST T e

e A T A

e e e R . S A S R T
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In turn, the ladder is part of an op-amp circuit in

which:

Vers -

Ry
Therefore, V, is proportional to the reciprocal of
. 1 . .
the delay time (ET . The reference (VREF) is provided

by a LM723 precision voltage regulator.

E. HEART RATE BOARD (Figures 15 A,B)

This circuitry is similar to the Blood Pressure
Board. It counts pulses from'a crystal clock and
stores the number in a group of latches, which control
switches that modify a resistor ladder. The timing
sequence is initiated by the Blood Pressure Board
Transfer, which transfers the interbeat interval to
the latches and then the counter. The reciprocating
D/A ladfer is analogous to its countexrpart on the Blood

Pressure Board. The timing sequence may also be initiated
by the EKG.

F. QUTPUT BOARD (Figures 16 A,B,C)

The voltage from the Blood Pressure Board (V4) is
added to (_T54 by op-amp Q3 and the sum is multiplied
by (~M). Poois added by Qy and the result is inverted
to yield a positive output.

The output multlplex circuitry (Figure 16B} switches

between the derlvatlve signals and their thresholds

at 770 Hz, such that when viewed with an oscilliscope,

e el Wk e e PP e S ot e

Ve e LS L A

e e AL LR
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the two signals will appear superimposed. The multi-

plexing is disabled by a switch mounted on the board.

G. LIGHT BOARD (Figures 17 A,B)

The Light Board supplies buffered signals to the
various indicator lights on the front panel. The
carotid and femoral signals (B) are used to clock J-XK.
flip-flops. Their outputs are buffered to drive
lights L, and Lg, which turn on with one pulse and
off with the next. Carotid and femoral signals at D
indicate that the onset algorithm has been satisfied,

and they drive lights L, and L Pulse E and light L

4 5
are on for the duration of the carotid-femoral delay
time (AT). Convert H indicates successful transfer

of data and computation of the new BP and HR. It

is intended for computer use and appears only on pin 14

of the multiple-pin output connector. Finally, EKG G

drives the light abowve the EKG input on the front pannel,

which indicates that a QRS complex has been detected.

The light remains on for 200 msec.

H. GENERAL: CONSIDERATIONS
1. All op~amps operate from Iisv.
2. All CMOS, except on the Light Board, operate

from +15V and ground.
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DESCRIPTION

The Datel Datamite DM-2000 is the first LED
3% digit panet meter to seli for below $100.00
in single guantities. This has been made possi-
ble ©,’ the wide acceptance of Datel Systems
line of Datamite Digital Panel Meters which
have a proven racord of performance and
relighility.

The DM-2000 combines the ease and accuracy
of digital readout with high input impedance
and noise rejection to provide an inexpensive
digital panel meter {digital voltmeter) that
will enhance the operaticn, perfarmance and
sppearance of any instrumentation systam.

The DM-2600 is ideal for new equipment
design ar may be utilized in updating existing
instruments or systams that raquire a stable,
accurate digital readout for valtage. Simple to
install, the DM-2000 is supplied compiete and
ready to operate, requiring only a connection
of an input signal and power cahle. Applica-
tions include measuring or any parameter far
which 8 suitable cutput voltage is available.
These include sbsorption, scceleration, eur-
rent, dispidcement, distortion, emission, flaw,
frequency, Ph, pressure, strain, torqua, and
many athars.

|The DM-2000 provides a differential input

with a 100 MegOhms input impedance and a
common mode’ rejection of 70 db at 60 Hz,
The input range is +1.999 volts or 1999
millivolts. The display is 3% digits including
gutomatic paolarity and gverflow indication.
In addition the output is presented to the /O
cannectar zs BCD/TTL infarmation.

High quality computer grade components,
suparior workmanship and widse-safety-margin
designs combing to make Datamite DM-2000
2 must in your present equipment or future
genoration designs.

BI0iTAL PA

|

WETER

R

1

L

|

NEL

Famm mmeam
EVEVE =L U SERIES

WORLD'S FIRST LED 3-1/2 BiGiT BPI FOG:

UNDER 100 IN SiNGLE GUANTITY

FEATURES

0 £199.9mV or £1.999V Full Seale Inputs
[ True Floating Bipolar Differential Input
O Automatic Polarity and Overflow Display

3 Up to 200 Readings per Second
3 Operatas From Single +5VDC Supply
{1 Solid State Led Display

O Adjustable Zero Control Compensating (ARTGTTAL: PAGE IS
OF POOR QUALITY

For External Offset Voltages

MOUNTING DETAILS

erlu. A AP FOR 4-40 SCRIW

PANEL MOURTIHES

ofn e £ TARENCE O

T L ST Wiy R

o ol

3-IP FOR 4 a5
CALW

FILTIN $xAFYd R
AFTIR BETELLING UNIT

prs

Catibration Procedure qusing Trimpots
Shown At Right)

The following edjustiment procedure is recom-

mended after allowing for a fiva minute warm-

up.

Belanca Control

1} Short the analog input terminzls to analog
common. {See 1/0 cbart for proper pin
connection.)

2) Rotate the balance control until the dis-
play is flickering between {+} zzra and (—)
Zero.

Z¢~o Control .

1) Connect a precision voltage reference
sgurce 1o the analog input terminals.

2) Adjust the voltage output from the re-
ferance source to .3LSD {30uV Model A,
3001V Maodsl B). Rotate the zera control
untif the LSD (Least significant digit}

. flickers between 2ero and one.

"yl Scale Control

itj Adjust the ocutput from the reference
source to 1.990 volts, Rotate the full scale
contral of the pana! mater until the meter
displays 1.990 volts,

]
| 1z
MECHANICAL DIMENSIONS
{INCHES)

e Y (I} et

H ' PC BRAD CONNECTOR

|
[ 08
l VIEW
SSTOMER'S FANTL
l / 118 TH WK
1
- ALIGRATION TRIMPOTS 2998
P g W ——
fULL 2ERD  BALANCE 3“1 2 g“:!nmﬂ
e L I
Y i I
FAQNT « SIDE !
VIEW I By VIEW _,tl e
(p.'.. . . M i 1 _i
=l Jd 4 1_5____1 =8
e s |

*CALDE PRGN ITrnpoes. gy balnnd 2op-911 front purws brael arat fiam

INPUT/GUTPUT

CONNECTIONS

ANALDG IMPUT (Lod
LRIELD GROUKD

ROT UsSZO

KAY AED

CECIMAL #OINT 100
DECIMAL PCIAY 10
DECILAL POIAT 4
CO.C.{3TaTES)
OVEALDAD SCALE QuTv
T START CATE

inT ETART ADY

5T STEAT Qut

STANT (NPUT

Laur YEST

100G Jut

iGN Ut

8T U362

:E!!-‘ JHPUT ' e1340C

z;/"'

ARALOG 1MFUT (M)}
SMIELD GAOUND
naT U3ZD

j2. 71

)

alafal]=

aldln]alsjuln

CIRT LT

T s
|- LU
ar 4
Lo
or 1o
BT 20
T 40
ar 30

our
aur
L
QuT
aur
out
Sur
Qur

;Y 190 OuT
=T Iy oyt
&r 0 ouT
BT W Uy

NQF usfn
TAWEN INPUT, edyDE
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| SPECIF!CATlgMS Toenms] 226 £ et s g LYW 0 ITV pntae st ot Ay
U e ) ) ! Polanity toport igrad potarity indicated with £ HIGH positive.
; input Voltage Rangs = :ss.s:m g:;zom»\ Lo;‘;;n‘;:";;'ﬁ_ toacis “‘}
Ul =1.959 20008
[ tapist Impedancs 100 MEGOHMS Owerllow {OF) HIGH-inpu: signal within cange. o
( tnput Bigs Curcent 20nA ; : g&mmggf Ié,a ! LOW‘ l*”p ut ”‘i‘:mm‘“ farge. 5
- 1nput Configuration Oifferenual - C v 2T )
tnput Patsray Binolar - Autamang End of Conversion 1EJC) H'G! Durirg e_hu- conangnn period
. } Common Mods Rejection 70d8 @ 60Mz iConnaction AS) O T COmPIR.
{.. ... CommonMode Voltage =2V maw. 10.digital OUtpUL COMIMON ; ; o :
1 P : N
1
Arcu -{3.05% of Reacing : 1 Co Extornat Stary Positive pulsa 100 nsac min. Tr3nstion from
‘‘‘‘ rar:v @sc % 0 nd unt Conwarsion Command “LOW™ to “HIGH" rawats outpiut registar and
i’ Rasolution 160 Volts (DM-Z000-A), 1mVolt {DA2-2000-5) 0 ion AL} Bianks read Ty conversion o inl 1
i _ . __" Tempersture Coefficient Shopm/ € upon rgturn fm “HIGH* 10 “LOW*.
! Conuzssion Speed 810 200 Comamrsicns/Seennd, Se Diagrars byow Loading: T3TLiozd. Mox, tnpus 5.5V
. _ Input Sexthing Tama S50 usac for a F 5. Chargs ~
- Opmnting Temperature Range  0°C 1o «50°C _ _ Intsrost Start Gats Controls intgmal s1ar clock
f Stotge Temparature Range ~20°C 10 +B5°C {Connaction AT0) :“l mlG,HI- __s?:: toading: 1TTL loed
o we L Up Time S Minues to Spacified Accuracy - —_
! Adjustrnants Zarp, Balanre, Full Scals Located Behind Srap Intemal Starg Adjust Conrynls Rats of internst Start Clock —
1 . On Front Bezel {Connoction AT1} se¢ Applicstions Section.
i { input Fower SUDIC 0.25VDC @ 750mA tnterna! Start Out Positive Pulsa Qutput of Inteemal Start Clock—
i i rstaoy et , . (Connection Al2} _ ser Applications Section,
oo Display Typs Solin State LED for Dxta Digits, 100% OErange.  emmesion oty Crounding s input displays + 2888 far *asting
! | Ouwarflow, Decima) poing and Fotarity — Losding: bty
. Character Hoight 3 in.
T lertiaw ' . I ~  Dacimal Ppint Inputs Grounding inputs ithumi ponding
" Daem Poiots e e oy (0P, GP1D, DP100) decirual goins on the isplay.
alareshle =1 roer Conngetor iLoading. Sink 15mA
. - '
¥
BCD ts 2 Faratiol b ~2~1 Positi | " 2 75" ‘
{ Ourpes iz - nnl:g) {B8-—4=2~1) Positive Logic . CaseSits ) TWE LI5H x ) _ :
= Crirracign >1000 counts indicated with a HIGH, Cuta Marprist Black LEXAN
| (Connection A15; Loading: ZTTL foxds Wllﬁf“_ 6 oz, Aoprox.
i Mounting Through 8 1.75” x 3.00" Cur-Out end Setured
i - — R . with Four €40 Tapped Holes
. o A
! B sl Inpugts: <0~ % DBV, “17 2.0
: cciule is fully repzirable ond faa1ures snap-together PC Sotrds. Dig g
i . Digital Outputs: “0 ReQAV, “3* D424V '
L
t 1
AFPLICATIONS SINGLE EWDED INPUT DIFFEAENTIAL INPUT /
i L] —— " e
. A ] l,// & 8
| A X e ]
K b2 |2 p y 2 12
! ol I SHIELD T1s
L] [ 44
L‘B’;‘ﬂ’g%“::u: Eigam:::mn -y TRUT CONNECTOR : 5
- BAREL SETER s ED 87 AERF OF 7 BT
!
] 1 FOR SIMGLE ENDED INPUT.CONNECT °LO* FOR DIFFERENTIAL (NPUT THE COMMON WOl -
'] AND SHIELD” TOGETHER AT THE VOLTAGE SETWEEN “LO° AND "SHIELD" MUST
| CONNECTOR 1M1 YO A2} 407 EXCEED THE GAXIMUM SPECIFIED COMMOM
1 WODE vOLYacE R
I oBiND THE Tt THE S USING THE METER WITH AR EXTEANAL “S5TANT®
+ SETCR WTERUEL (== R
’ 4w ,--Lr L :
| MOTE 1 ~ Uss thwing cifaritor On ¥ = !
' dzwm!unmitsmﬂmm-ﬁml T T
wuffix. For -8 sutli unny, RN |
lllnlumlo 1uF, SOV R EFPLY AN ExXTEWRAYL
ond rprere patarity. Dscennm : | COMMELT JUMPEN &2 10 A1 | & : & | STan? PULSE D
- Lapmcitor Igsd fromm B4, mmrgm‘?fg“ m-mm'-;g:u_mr
| ey s : eyl ’ @ T3] ook RESETS cutauT
H ——— [35]  CoTuees cAsacirom fOR == ICITO]  RECISTEM AMD SLatws
" |19} £rs; START WYNT agacouT
[ : 4 oL IWS%MI CENERLTON wy et PR S gl
; o = LT O
f i . whE: - L
N * * 5 ﬂ?::-“:ﬁ;%; 3 r ﬁu:}:ﬁrmsenmrmm .
0 AFPRmL 20 TARELES =aWS
m an X arcoun SpeNota 3
9] zvon wvoe
CMTRATION 5o :!:'aa CPERATION ves wvanT
DM-Z00D —_— PHICE — MODEL D'U‘-ZBDU-—A ............. $59.00 ea -
INPUT RANGE MOOEL DieZo0i—8 ... ... ool ea. —
'y -IBQWUT (SOLDER TAB) 1/0 CONNECTOR =3VHI8/INS .... S 395 ea.
a :15991:; INPLIT {WIRE WRAP} §/0 CONNECTOR =3VH1I8/MJHD-5... S5 3.95ea.
R AP ATTITIETaNE

PRICES AND SPECIFICATIONS SUBJECT TO CHANGE WITHOUT NOTICE
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