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ABSTRACT

Most present day methods to diagnosis vascular disease evaluate
arterial blood flowvor pressure, although indicatiouns sbéw that blood
perfusion in the skin is a better predictor of limb health. A device
based on the use of photoplethysmography was constructed to assist in
evaluating skin blood pressure.

By illuminating the skin with an infra-red light source, sensi~
tive photodetectors can recdrd blboa vblﬁmé changes in wvascular beds
beneath‘the skin. If an increasing exterﬁal pressure is simultaﬁéously
applied to this area, the signals received by the photodetectors will
decrease and eventuallyAvanish.' The applied pressure which caqsesrthe
signals to vanish can bé.eqUated to skin blood pressure. A unit which
contained a light source and four detectors to monitor signals, a
rounded plexiglass bottom to apply force, and a spring and LVDT arrange-
ment to measure force was constructed to test this principle.

The limbs of 10 normal subjects without vasculér disease, and
3 patients with vascular disease were used to test the instrument. The
signals from the diseased limbs were not as c%ear»asrthose obta;ngd from
healthy limbs; differences noted in hyperemié reactions and forées re-

quired for signal extinction, however, indicate the future value of this

device as a diagnostic tool.

viii-



CHAPTER 1
INTRODUCTION

The distribution of nutrients to all areas of fhe body is
carried out by the circulation, which is comprised of the blood and the
cardiovascular system. The tubes through which the blood flows 6rigi—
nate at the heart; leaving it through a single large aorta, they divide
into progressively smaller branches; ultimateiy branching into a large
number of tiny vessels called capillaries. Although only about 5% of
the total blood circulating is flowing through the capillaries at any
one time, this is the only blood Which is carrying out the exéhange of
nutrients. All other parts of the vascular system support the aim of
getting adequate blood flow to the capillaries, which are no more than
.005 inches from any cell (Vander 1975, p. 254).

When the blood supply to any area is insufficignt to deliver
adequate nutrients, the tissue dies. If the area in question is the
heart, a painful possibly fatal "heatrt attack" results. If the afea
receifing-insufficiené biood.is a 1iﬁb, local tissue may die resulting
in gangrene, in which case the limb must be amputated. The decision to
amputdte is not always easily reached, and once decided upon, the site
of amputation is another decision made with some uncertainty. Studies
indiéate that';ehabilitation potenfiél decreasés from-exceilent to fair

as the amputation site increases from the ankle to above the knee;
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there is aiso significant likelihood that with above the knee amputation
a patient will never adapt to a prothesis (Rutherfo:d 1977, p. 1326).

Physicians are divided as to what means of measurement will
give an accurate indication of whether a limb is receiving a sufficient
blood supply. Most of the methods used to assist the physician in diag-
‘nosing the condition of the feripheal vascular system concern the
measuring of blood flow or blood pressure. The major techniques used
to assess'these parameters and thus limb health are briefly reviewed
below.,

Major Technigues.Used
in Vascular Evaluation

Tﬁevmajor measurement methods used by physiéians‘to gauge the
health.of’the vascular éystém are preéentéd-here t0'§rovide'séme idea
of the current data gathering techniques employed. This list is not
 extensive, but covers only those which«hre deemed as fairly reliable,
though different physicians have their preferences. Usually more than
one of these methods are used to form an accurate picture of éatient

health.

Doppler-Ultrasound

The use of ultrasound is a convenient non—invasive'waf to
measure blood flow. An ultrasound device consists of a small piezo~-
electric crystal which emits a high frequency signal, and a receiver
»Which detects any differehces between the emitted frequency and.ré—
céived frequencies. When a light or sound wave is reflected by a

‘moving object, there is a change in frequency of the wave which is



dependentrbn the velocity of the object; this is the Doﬁpler effect.
With the‘ultrasound device placed over an artery the signailwill be
reflected from red bload cells, and flow measurements can be obtained.
This signal can be demodulate& and connectéd to an audio system thus
enabling the user to "hear" changes in flow. | | |

This method is also applied to help measure blood pressure.

A pneumatic cuff is placed around the'limb being studied and the ultra-
sound unit is placed over the artery of interest. With the cuff
inflated to a pressure high enoughrto stop blood flow, the ultrasound
unit will not provide any signal to the auéio system. When the cuff
pressuie is decreased and biood flows, the soﬁnd will again beging
a recording of cuff pressure can then be equated to systoiic artgrial
pressure. -

Drawbacks to this system are that low flow velocities may not

be detected. In addition, the complete safety of ultrasound is being

examined.

Isotope Clearance

Xenon 133 or a comparable isotope tracer is injected into
tissue under the skin, and the speed of removal from the site is re-—
corded with a scintillation detector coupled to a ratemeter. Blood
flow determines the speedrof removal from the local area. This test
is performed with the patient at rest and after exerciée,- The rate of
digappearance of the.tracer gives indicétions of a patient's vascular

health.



This method can also be used to detect blood pressure in the
skin. With a pneumatic cuff proximal to the injection site, pressure
is increased until flow is observed to stop; systolic pressure is the

value obtained when this occurs.

Plethysmography

This method has different variations, all of which concern the
recording of volume changes. Digital plethysmography uses a mercury
in silastic strain gauge placed around a toe (or finger). When the
digit's volume expands as a result of blood entering'the area with each-
pulse, the rubber gauge stretches and increases its resistance. These
changes are amplified aﬁd recorded. Froﬁ\pulse contours, information
about arterial ogclusions can be obtaingd. ‘Venoué occlusioh plethysmo-;
graphy is used to study larger sections of a limb; A water filled
container is enclosed around the area to be studied. A pressure cuff
distal to.the device is inflated to give venous occlusion. Since blood
can enter but néf leave the area,‘theAlimb‘expands slightly and causes
a change in the water volume. This éhange of volume with time is ob-
served and total inflow to the limb is calculated by measuring the
change of volume over a period of time. ‘Photoplethysmography uses a
light source and detector usually atﬁacﬁed to a digit. Light illuminates
small blood vessels which reflect or absorb the iight in relation to the
amount of blood in the area; a photo detector records ﬁﬁeée changes and
a volume wave is obtained. This methéd will be covered in detail in

the following chapter.



Pulse Voluﬁe Recorder (PVR)

A blood pressure cuff is placed on a limb or digit and inflated
until a preset pressure is reééhed° The PVR measures and fecords cuff
pressure changes which correspond to changes in limb volume; Compari=-

son with normal readings confirm or dispute vascular problems.

Many of these reviewed techniques are awkward, lengthy and
painfuln Admittedly, better methods are needed in trying to assess the
condition of the vascular system (Holstein 1973).

Except for the isotope'ciearance method, ﬁhich is time consuﬁing ‘
and difficult to repeat immediately, the above techniques tend to
meaéure blood pressure or flow within the larger arteries. A clot or
obsﬁruction in any of these main vessels-will;sufely iﬁpgde:blood‘ﬁlo# ‘
to the arterioles aﬁd capillaries, but the actual effect iﬁ these
smaller vessels, which perfuse muscle tissue and skin, is what needs
to be measurédo | |

| Moore reports (Rutherfofd 1977, p. 1311) that it is the

perfusion level 'of the skin which is the important indicator of the
~condition of deeper tissue. As in the larger vessels, flow and pressure
measurements are the two ways of measuring circulation beneath the skin. .
In vascular disease however,'it'is important to measure>éifcuiationvat
sgveral 1ocationé to aécurately form a picture of overall limb health.
As multiple flow measurements‘are lengthy and cumbersomé, pressure
measurements are more conveﬁiént for the clinical environment (Gundersen
1972). 1In additidn, studies indicate (Gundersen 1972) that when local

peripheral blood pressure drops below some critical'valué, capillary_



perfusion Becomes inadequate and the risk of gangrene increases. A
measure then, of blOOd‘pressure charactéristics just beneath the skin
éppears to be a valuable tool in aiding in the diagnosis of wvascular
disease and in extreme cases would also aid in the détermining amputa=-

tion site selection (Holstein and Lassen 1973).

Goals;and Objectives

The purposé of this thesis is to investigate the feaéaﬁility
of using a simple hand held non-invasive device to evaluate local skin
' blood pressure and to.assess tissue perfﬁsion levels. Witﬁ such a
device, physicians would have a means to obtain easily tha; which cur-

rent methods fail to provide —- a measure of local tissue health which

would aid in diagnosing the severity of vascular disease.



CHAPTER 2
UNIT DESIGN

As blood is pumped thréugh the vessgls its pressure rhythmi-
cally increases and decreases; in turn the‘volume of blood flowing

‘through an area increases and decreases. PlethySmographi'is,the name
given to methods which measure this volume pulée and as mentioned in
the review of diagnostic techniques, it is one of thé methods used to

assess vascular disease.

Photoplethysmography

Photoplethysmography,,as used.ip my devicé; measures volume
changes in an area by detecting the amount of light reflected from or
absorbed by the pulsating blood. This technique was fifst used in 1938 -
(Hertzman 1938). Basically, as the heart‘contracts; and blood enteré
an area, the number of red blood cells increases. By illuminating the
skin with a light source, these changés'in blood volume below the skin
can be detected by measuring the changes in the amount‘of lighg.reflect-
ed. Bgfore the inqrease in blood volume?.some‘light would-be reflected
by the ékin, some would be absorbed by.red blqod cells and some would
be scattered by tissue. When moré blood‘is forced into the area,
hbweverg the population of red‘blood cells increases greatly, causing

some light which was pfeviously reflected to be absorbed by the blood.



Thérefore,'a decrease iﬁ the amount of bloéd under the skin surface
results in an increase in the amount of reflected ra;iiation° In the
study of periphefal circulation, phbtoplethyéﬁography traditiqnally has
been used to nomitor the pulse iﬁ a limb. With a light source and
detector attached to a toe of finger, a pneumatic cuff is placed prox-
imal to the device. When the cuff is inflated to a pressure high enough
to stop blood flow9 the pulse was observed to vanish in the extremities.
This is simply a variation of the ausculatory method whefe the cuff.is
inflateg and one listens to blood flow noting the pressﬁres at which
the sound vanishes and retutns.: |

Uretzky and Palti (1971a) have demoﬁstrated that blood volume
'changes'qbservéd by a photodetector are a ¥esult of changes which take
place in the vascular bed immediately adjacent to the photo cell,‘ When
a pneumatic cuff is used to stop arterial blood flow as described above,
the éhotoplethysmbgraphic device records the effecté on the local wvascu-
lar bed. Since local and not deep arterial volume changes are being
observed with photbplethysmdgraphy, if blood flow is.halted in capil-
laries right beneath the surface of the skin, this change should:be
noticed by a phdtoplethysﬁic device., Thus, if instead of a pneumatic
cuff, which stops arterialAcirculation, a small external force is
applied so as to only stop blood flow beneath the skin, the applied
pressure at whichAthis flow stops could be equated‘tb;lpcal skin>blood
pressure. This is in effect using the éame gethod to measure arterial
pressure but on a much smaller scale. Unlike pressure'applied with a

cuff, the pressure would be applied only to a local area and of a



magniﬁude to only inhibit blood flow to vessels in the adjacent skin
and tissue. “

The above idea is the basis of the instrument designed for this
project,‘ Wood, Knﬁtson and Taylor (1950) uséd a éimilar method to
determine ear systolic pressure. More recently, Nielsen; Pduisen and
-Gyntelberg (1973) used a photoelectric probe beneath a pressure cuff to
measure skin blood pressure and correlated their findings to systolic

blood pressure.

\ o Design Goals

The instrument to be designed, then, was to detect vascular
. pulse changes through photoplethysmography and also providé ;.means to
apply a measureable?forceftOtthe~obserVedxareaw " When the pulse record-
ed has disappeafed in resbonse to this‘force,.ﬁﬁé pressure béing appiied
will be note& and equated_fo ékin blood pressure. Many of the devices
used to study péripheral circulation incorporate éneumatic éuffs; Since
cuff éize must be seleéted to be compatible with patient limb size and
with the site to be studied (Geddes and Baker 1975) (Gundersén 1972),
an alternate method which was independent of theée factors was attempted.
The final instrument which was constructed consisted of a light
- source to illuminate the vascular'bed,-photpdarlington devices to detect""
light changes and a plexiglass spacer which enabled pressure to be ap-
plied to the skin. Pressqre was applied by hand £o the spacer througﬁ
a spring mountéd above these components. Spring mévement was monitored
by én LVDT and equated to a force. Figures 4 and 5 (pégés.lé,l9) show

the completed device with an external and internal view respectively.

e
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Light SourceAand Detectoré

From_research’done by Hardy and Muscheqheim (1934), high skin
transmittance of fadiation was found to occur at wavelengths around
900 nm. This wavelength, which is in the infra-red range, is also ab-
sorbed readily by red blood cells. This is ideal for the intended
purpose. A Texas InStrumenﬁ TIL31 Gallium arsenide light source and a
General Electric (ZN5779) NPN planar silicon photodarlington detector
were arranged as shown in Figure l; this configuration of source aﬁd
detectorlwas_choéen to decrease random noise and increase Sensitivity.
Except in areas with numerous capillaries, the signal to-noise raﬁio is
poor. This is basically due to the high noise characteristics oflthe
photodeﬁectors and small signals.being recorded. At the cépillary or
arteriole level, volume change is slight; the resulting signal is smali
and in many cases tends to be masked by noise,. By using four photo- '
devices connected in parallel, it Qas intended to increase,signai size
while decreasing noise. Since the noise.frbm each detector was random,
the positive and negative fluctuations of the iﬁdividual noise signa}s
would combine to cause some cancellatibn of the unwanted signal. This
same connection'howevef, would benefit the detection of the desired
_signal. Sipée each phoﬁodiode receiyes the same -signal, the gqmbination _
_ofrthe four would'produce a signal four times és big. Thug, an overall
greater signal to noise ratio would Be achieved by comnecting all the
detectors in pafallel; | o

The detectors are situated to receive light from an area right

beneath the surface of the skin and to avoid reflections off deeper



Figure 1.
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12.
layers of fissue° Although it was mentioned that vascular béds'adjacent
to a photoplethysmic instrument are the source of signals received, this
area.actually extends to about tliree millimeters beneatb the skin, which
‘is the depth of infra-red light penetration (Hardy and Muschenheim 1934).
As light is derected into the skin it is reflected from the different
layers of tissue beneath the skin. Since I was interested in the layer
closest to the skin, the detectors were situated so the intersection-of
the incident light path and a return light path would bevon the skin's
surface. Theiangle between the incident and_reflected-light was chosen

to keep the size of the device from becoming inconveniently large

(Fig.-.2)+ .

The Plexigla$s Spager,_

Since preésure had to be applied to the area, a'plexiglaés,
coneshaped. spacer was placed between thellight source and detectors and
" the skin (Figs: 2).. This;shape_wasﬂchOSengafter;experimentatiaﬁ,rer,-
vealed that the rounded bottom permitted good signal reception while
only rgquiring moderate force to close the blobd vessels ahd cause the
signal to vanish. The rounded vertex also awvoids blood entrapment which
was observed when a flat bottomed spécer was used. The outer edge of
a flat bbjeét tends to tfaﬁ:blobd'ih the center of the piece andjbiood
pooling develops. This can be demons;rated by placing_a flat object,
say a coin, on the arm and applying pressure. - Skin blénching will bé
noticed around the circumference when the coin is removed, yet the

center, filled with blood, will remain red. Pressure applied with one's
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Figure 2. Plexiglass Spacer beneath the Light Source and Photodetectors

Showing the Interception

of Incident and Returning Light.



14
finger howéver (a rounded object), will force blood from the center of
the area and cause a more complete uniform blanching.

Without the épacer, the intersection of the light pathlfrom the
source and a line from the ceater of the detectors was about 1/2 inch
beneath the aluminum base plate (Fng'l)m_ The position of the diode
and the refraction propertieS'of'plexiglass were used to determine the
height of tﬁe spacer; The height was chosen to enable the intersection
of the light path from the source and a path to the diodes to be at
about the surface of the skin (Fig;ﬁZ);i

If the spacer were omitted and the device raised slightly above
the skin; skiﬁ pulsations rather than blood flow would cause changes in
light reflections. If the same device were lowered to the skin, the
light received by the detectors wduld'be from an area dee?ef'than the
surface vesseléa "Commercial photoplethysmic devices used to monitor
pulses in the fingefs or toes operaté in this way. Substantial pressure
on these devices is required to cause received sigﬁals to vanish, since
deeper tissue is being observed. The major difference in the device
constructed in this project is that the surféce tiésuenin particular
is being observed and a means to apply pressure to ﬁhe skin is provided.

. Alternate methods could be devised to apply pressure to the skin
whiéh would omit the élexiglass spacer, but the device Whichrcontains
the detectors would have to be different in width or height from the
design used here. The spacer provides a convenient-wayltovrefract thé
light and keep the physical size of the unit small while also providing

a rounded bottom which could be used to apply pressure to the skin.
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Force Application

The design goalé indicated the need for-a system aBle to apply
a measurable force to the skin. After exploring different ideés it was
decided to use either a small bellows or sping placed abo?e the spacer
to accomplish this}task; Because‘of cést and simplicity,.a spring
arrangement above the spacer was chosen; with a known spring comstant,
any measurement of spring displacement could be traﬁslated into a known
force,'- | '

To apply a force to the spacer and ultimately'the skin, the
force spring (Barnes Inc. Associated Spring Co., Bristol, Cbnn.,
# llOO—OS?lSOOM) Was'mﬁunted as sﬁown in Figufe-B, At'therfép end of
the spring, a hollow ﬁlastic "plunger" with a small hole in its base
. was attaéhed so that any forcé‘abélied to theAplﬁnger would compress
the sprihg° In order to measure spring displacement, é Model E100
Linear Variable Differential Transformer (LVDT) (Schapvitz Co.) was
placed in the hollow plunger, and the core was attached by é threaded
rod td the same base as the spriﬁg (Fig. 3). ‘Tﬁe LVDT is basically a
transformer with a primary and two secondary céils in addition to a
mdveable core., Any displacement of the core between the. coils, produces
. a Voltage_output from the transformer which is proportional to the linear
displacemeﬁt of the -core° -Thus, with the core anchoreﬁ_invfhe alumiﬁum
'~ base and the LVDT cylinder contained in‘the plunger, any force which
compresses the spring will move the LVDT down in-relation to the core

(Fig. 3). Since the maximum range of the LVDT is + .1 inch, a large
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Without any force applied,
the LVDT output is =zero.

When force is applied, the
spring is compressed, and
the LVDT moves down.
Translation between the
core causes a voltage out-
put proportional to force.

Figure 3. Internal Spring and LVDT Showing Core Movement.
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k factqr of 50.4 1b/inch, thus enabling sﬁall disﬁlacements to be
recordéd while aliowing modérate force to be applied.

To keep the Weight of the ﬁnit from resting on the skin before
a measureﬁgnt is made, a threaded aluminum shield was scréwéd on to the
outside of the devide (Fig. 4). This piece could be raised or lowered
and enabled the lends to be placed so as to just touch the skin. With
the plunger depressed, thie force spring will not be com@reésed until
the spacer'is in contact with the skin or meets other resistance. Witﬁ—
out an opposing_resistance, arforce appligd to thé spring ﬁill move the
spacer down, but since both the LVDT cylinder and core moveithe same |
distance, no voltage output will be recorded. A sécond spring was
installed omn the.external portion of the LVDT housing (Eig.:l;S).A‘This
eXtefnai'spring (Barneé Inc. Associated Spring Co., Br'is‘tol,r‘:Co‘nn°
# €1225-096-1500-s) returned the plunger to the Zgro position when force

was not applied to the device.

Force System Calibration

Calibration of the force system was accomplished by'applying-a
known force and observing voltage output. By constructing a plot of
applied force versus LVDT voltage out, future voltage recordings from
the LVDT éould éasiiy be translated into a value foflapplied?forcé.
Periodic fecalibration verified the repeatability and linearity of the
system (Fig. 6). . |

‘Although the force level delivered to thé skinvwas easy tQ
measure, it is a. pressure feading whichiis'desired. The odd shape of -

the plexiglass however, inhibited an accurate pressure calculation.
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‘Since the'épacer is curved and the skin flexible, an increasing force
tends to stretch ﬁhe skin and cause an increase'in,fﬁe area of the
plexiglass over which the'forcé is distributed° |

In an attempt to measure pressure; the plunger was removed from
a 100cc syringe and, in an attempt to approximate skin resiliency, the
large open end was covered with a varying number of rubber finger cots
(Fig. 7). The sméll end ofvthe syringe was attached through a stop-
cock to a sphygmomanometer and ‘to a rubber bulb, the type used to in-
flate blood pressure cuffs. With my photoplethysmographic deviée
seated on the rubber top of the syringe; preésure was increased §n the
3yringg. It was hoped that‘in'this mannef‘the pressﬁfe within the
syringe would push against the spacer of-the unit and produce a voltage
output whiéh would ébrrelate to pressure applied;“"Readings.prOVed
unreliable, however, and an altérnate analysis method was attempted.

By knowing the area of the Spacer.through which the signal is
received, a force distribution over this area could be'assumed énd an
estimate of pressure could be obtained. The fbllowingAexperiment was.
aﬁtempted in order to calculate the portion of the spacer through which
the signal was feceived.

By gbvering ;he entire,plexiglass éurface with black tape, no
noticeable.signal was recorded, as ﬁould be expected. If all the‘tape'rr
was removed, however, except for a circular place 1/2 inch in diameter9
agéin no noticeable signal was able to‘be'recorded. Thrqugh applying
various sized circulér ?ieces of tape td the bottom of the spacer, it

was observed that the amplitude of the signal returned to the



Figure 7.

22

LVDT
Output
Voltmeter
Device Sphygmomanometer
v —— Spacer

Rubber Cots

100cc
Syringe

Rubber Bulb

By pumping air into the syringe and expanding
the rubber top, it was hoped to obtain a pres-
sure versus voltage plot.

Test Equipment Setup for Pressure Calibration Experiment.



”; | | _ N ’
photodiodes was a function of the amountrqf area exposed and radial
distance fromrthe center of thevspacer's vertex. A larger éxposed area
did not necessarily yield a greater sigﬁal but the location of the aréa_
exposed provéd importaﬁt° For example, if all but arsmall ring on the
bottom of the plexiglass was covered with black tai:e.9 ﬁhe amount of‘
signal returned to the diodes depended.not only on the area of the ring
but also on its distance from the center of the plexiglass (Fig. 8).
A ring created by covering the center of a 3/8 inch diameter hole with
1/4 inch diaﬁeter piece of tape (Fig. 8a) returns more signal than a
riné createa by a 1/2 inch diameter hole with a 3/8 inch diameter center
covering (Fig. 8b), although the second ring has morerare«’a'Aex'posedo

With different tape configuratioms, signalsrwere §btained from
abové.the knee>9f,my right leg. A plqt of signal obtained per area ex- . -
posed versus mean radius from the center of the‘spacer is shown in
Figure 9. From the results it became obvious that ﬁosf of the signal
returned was between 1/8 inch and 3/16 inch radius. Thus of the total
force applied, only a portion was actually being used toward signal
extinction. Since more signal was being returned through séme areas,
a larger force would be needed in‘those areas for Signal Cancellation.
Becapse an accurate estimation of the pressure cou}d not be obt;ined,
it was decided to abandon the idea of an abséiute feading but'inétead
to collect cdmﬁarative readings of the force required for signal ex-

tinction and evaluate the worth of the device.
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Electronics

The circuit used fo process the pulse signals is shown in
Figure 10. The main sections of the circuit are a light source and
detector, current'fo voitage ¢converter, filter and amplifier.

As the changes in reflected fadiation are received by the
photodérlington detectors, the current through them varies almost
linearly with light flux; this current fluctuation is converted to a
voltage through the first inverting op-amp in Figure 10. The frequency
response of thevsystem was 1imited from .1 Hz to 4 Hz to decrease goise
and eliminate DC changés while stiil passing the desired signal. Much
of the noise, however, is in the same frequeﬁcy range of the signal.
Filtering was,accbmplished by two Burr Brown UAF 41 filters each pro-
ducing 2 poles of a low passbButterworth response resulting in a 4 pole
filter with all poles at about 4 Hz.

A potentiometer is available to change the gain of the first
op-amp and the intensity of the infra-red light source. If the light
intensity is too high, the circuit gain must be reduced to avoid ampli~-
fier saturation. The light intensity needs to be sufficient to illumi-
nate the vascular bed. A bright source with small signal gain or vice
. versa did not seem to dinfluence the quality. of the signal received. . The
ability to balance signal gain and source brighﬁness waé included in“the
controls to determine this faé;;'light sdurce current Wés maintained at
a moderate level of about 60 mé,

The circuit was constructed on a Proto Board and covered with

a plastic protective top. In the signal collection unit, all
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photodarlington collectors were joined together; as were all the
emitters. These two wires, alohg with those from the light source,
were common in a shielded cable. A hole in the side.of the alumincm
case enabled the wire to leave.the device and bé connected to the cir-
cuit box (Fig. 4), Both the cﬁllection unit and dable Qere grounded.
Another group of wires leaving the LVDT were braiﬁed and connected
to another circuit which changed the AC emitted signal teo DC; This
second circuit was constructed as explained in application literature
v(# 7202) from the LVDT manufacfufer {Schaevitz Engin. Co;, Camden,

N. J. ). The output of this circuit was connected to one channel of
an Hewlett Pagkard model 740ZA recorder while the.output from the
_photoplethysmographic signal processing circuit was connected tb the
second channel. In this way, force applied and signél'obtainéd eéuld

be monitored simultanecusly.

All equipment used was grounded and safety checked for
resistance to ground and current leakage; readings obtained wereAall
within standard safety limits. Retesting by the University of Arizona
Health Sciencé Centér Biomedicél Engineering Divisibn verified equip~

ment safety prior to use on human subjects.



. CHAPTER 3
DATA COLLECTION

Ten subjects, six female and four male between the ages of 19
and 27 and asymptomatic of any vascular disease, were exémine& with the
tissue perfusion analysis device. Recordings were taken from above-énd
below the elbéw,of the left arm and above and below the knee of the
right leg. These areas were chosen since most vascular disease takes
place in tﬁe extremities and readings could be compared among’different

locatiomns.

Method -

Eéch subject was instructed to lie on a cot. Braéhial blood
pressure was taken and the device was placed over pre-selected test
regions —-- approximately four to six inches above or below the joint;
The bottom shield was adjusted so that the spacer was right above the
skin, thus preventing aﬁy weight from resting én the skin. After a
stable signal was obtained, gradual increasing pressure was applied to

verify the previous attained level. ‘The’forceuwas;finally released andr
the magnitude of the hyperemic pulse was noted. Reactive hyperemié is
the phenomenon wherebyran area receives-an increase in blood flow :
following a period of blood deprivation. This lo¢cal reaction is in

response to an excess of metabolic waste in the regiom, which stimulates
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the walls bf the blood vessels to open uprand facilitate the.blood flow
to thé area. |

Only three patients with knowﬁ'vascular disease were available
for a comparative study. All patients suffered discomfort or pain in
at least one leg. For comparison purposes measuréments were taken on
both legs using the same method as deécribed for the asymptomatic group.

Because these tests were performed at a clinic where patients had a set

schedule, time prohibited testing any areas on the arms.

Results

Figures 11 through 14 are a sample of signals taken from the
asymptomatic subjects while Figures 15 thrqﬁgh 19 shows signals obtained
froﬁ.symptomaticnpatients.- Table 1 shows ﬁhe measureménté ﬁaken ffom
data froﬁ normal subjects while Table 2 sﬁowé the available data
measured from the symptomatié patients. Figurés 20 thfough 23 are
plots of the various data from Table 1 while data from Table 2 is
plotted in Figure 24.

Thehsec0nd column in Table 1 records upper arin blood pressure
.while the next column, labeled initial ampli;ude is the peak to peak
voltage obtained from the pulsatile waves beﬁore the application of any
force. AE, BE, AK and BK are'abbreviatibnslfof above énd below the
elbow and above and below ;he knee. The fourth column lists the voltage
output df the LVDT when sufficient force ﬁas applied to cause pulsatile
signals to vanish. As this férce was reduced, the signal ﬁasAobserved
for a return of a periodic wave and the LVDT outbut was again noted

(column 5). ‘After removal of all pressure following a high force
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Tabie 1. Data Obtained from Signals of Asymptomatic Subjects.

Subject Blood * Inltial LVDT Output Signal Maxleua Ratlo
Number - Prespute Amplitude at Extfuction Return Hyperemia - ttypec/Initial Before
-Brachtal Peak to Peak Force Voltage Amplitude becrense
(mn g} (Volte) (Voltn) (Volta) (Volta} {Volts)
T AE  BE AR BK AE  BE AR BX A BE - AKX BK AE  BE AKX AE BE A BR AE  BE AR  BK
3 128775 .J8 .3 .28 .3 1.6 1.2 .4 1.1 1.5 l.l‘ .3 1.0 .72 .60 .64 .62 1.89 2 2.28 2.06 .2 .3 .4 .38
2 117775 A7 .18 .lé .22 1.0 .9 1.0 1.7 .9 ..R .2 1.6 .38 .38 .36 .41 2.23 2.1 2 1:.63 .28 .18 .24 .22
3 117/80 .18 .16 .14 .1 .9 .8 1.5 1.3 .8 .8 A5 1.2 .28 .3 .3 .2 1.55 2.4 2.42 2 A8 6 3 .
& ) 100/70 10 .14 12 oY SR T 1 U A A ) 1.0 1.4 .2 .26 .2 .18 2 1.85 1.66 1.8 A e a2
5 105765 .28 .22 - =~ 1.1 2.0 -~ ~= 1.0 .2 e A8 44 - - 1.711 2 - - -4 .26
6 110/68 .22 .2 .25 .Zé 1.2 .9 1.0 1.4 1.1 .9 1.0 1.2 A6 .48 .6 65 2.09 2.4, 2.4 2.5 .22 .2 ] -5
7 112/60 200,25 .25 .25 L1 .9 1.5 L4 1.0 8 1.6 13 .5 .5 .5 .35 2.5 2.5 2.5 1.4 .2 .25 .25 .25
8 /65 - .24 v.lﬂ - -~ L.k 1.2 ' - - 56 P ] - -=  2.33 L.66 - == 2 24
9 120/72 A8 .24 12 .22 4.2 0.2 LY L2 A 1.! vl.Z L1 .56 A5 .5 .36 3.7 L87 2.5 1.63 18 .5 .22 .56
10 120175‘ 20 .2 .25 .2 .1 1.4 1.2 1.6 1.0 1.3 1.1 L4 .4 -— 4 .5 2 -~  L1.6 2.5 ' <2 .32 .25 .16
Avernge V .212 ,207 .212 .200 1%.1 97 1.24 1.43 1.0 .91 1,04 .34 (A4 L83 4S5 .4 2,11 2.0 2.19 1.9%. 22 .ZS‘ .25 .28
AE < A&ve Elbow '. BE ~- Below Elbow AR -~ Above Knea 8K -~ Below "I(m:e

%



Table 2. - Data Obtained from Signals of Symptomatic Patients.

3 v .
© Patient Systolic Pressure Initial Signal LVDT Output Hyperemic ~ Hyperemic
Number in the Leg Amplitude when Signal Signal Amplitude
' (mm Hg) _ Peak to Peak " Vanishes. Amplitude .
' (Volts) (Volts) ' (Volts) Initial
. : Amplitude
RL LL RL LL ‘RL LL RL LL RL LL
1 114 722 .2 .14 1.3 x .32 * 1.6 %
2 60% 70 1 .2 s 45 * .3 % 1.5
3 110 102" .16 .16 1.2 .8 2.2 1.25 1.25
Average 1.42  1.38

Indicates leg in which patient experienced discomfort or pain.

Indicates that data could not be obtained.

9y
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'applicatidn, the maximum peék to ﬁeak amplitude of the hyperemic¢ signal
was recorded (column 6). A ratio of this hyperemic signal to initial
amplitude (column 6 to column 3) is listed in the 7th column. The last
column, height before decrease, was included because of a phenomenon
noticed in a few cases: while pressure was beiﬁg increased, the signal
increased in amplitude before exhibiting a decrease. Figure 20 is a
plot of initial signal amplitude versus systolic bloeod pressure. Since
only brachial'blood pressure was recorded, readings taken on.the arm are
plotted in the graph. Figure 21 disﬁlays this same systolic blood pres-
sure versus the ﬁoltage éf the LVDT at time-gf extinction.v Figure 22
plots initial amplitude versus LVDT voltage corresponding to the extinc-
tion force while Figure 23 displays initial émplitude versus hyperemic
signal amplitude.  Because of the small data base for the éubjects with
vascular disease the only plot made of the data is shown in Figure 24.
This diéplays systolic pressure versus LVDT output at the applied

extinction force.



CHAPTER 4
DISCUSSION

During the collection of data, signal strength and shape varied
from each individual and from each test site. This verifies literature
repor£s that.capillary population can vary in different regions and from
one person to another (Jarrett 1973, p. 619)‘,

Figure 20 indicates there is a possible linear relationship
between initial pulse amplitude and systolic blood pressure while Figure
21 indicates there may be some relationship between.systolic blood
pressure and external force required for signal extinction. The range
of blood pfessure was too smail as was the sémple siée, hoﬁever,rto
draw any valid conclusions. Perhaps more significant is the indication
showﬁ in Figure 24 which is a plot of these same variables for the
symptomatic patients. These few data points indicate a possible linear
relationship between systolic pressure and local tissue'pressure; ' The
plots éf Figure 23 display an interesting linear behavior-between
initial signal amplitude and the hyperemic signal amplitude in normals,
which could be used as an important meashrement’bf.limb‘héalthi Also,
the average initial signal to hyperemic signal amplitude ratio for
symptomatic fatienté was only about 1.40 while for'the asymptomatic
subjects this same ratio was around 2.0. This again reinforces the

value of this measurement to help assess vascular problems.
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Exémining_the signal recordings (Figures 11 thréugh 19) it is
obvious that noise is ﬁore evident in the signals.of the symptomatiﬁ
patients. Comparing these signals with a noise recording (Figure 25)
however reveals a periodic signal in the occluded limb which is not
evident in the pure noise recording. Thus it seems that weak signals
are being sensgd by the instrument.

A comparison between the signals of a symptomatic patient's
right leg with left leg reveals that the more occluded leg lacked a
hyperemic reaction. Figures 15 and 16 are a qontinuousrsample of a
signal from a patient's "good" leg; though the signal Wés noisy there
is some periodic signal which vanishes when slight pressure was applied.
Figure 17 shows thatvin the more occluded leg no hypeﬁgﬁic reaction was
evident. Likewiée,'the asyﬁptbmatic and symptomatic limbs éf the
patient in Figures 18 an& 19 respectively show a hyperemic treaction is
dbtained from the asymptomatic limb only. |

It is interesting to note that a hyperemic signal was. obtained
from a patient with a 70mm Hg systolic pressure reading.while the other
patients leg Whichihad a systolic pressure of 72mm Hg showed no such
reaction. The 70mm reading was from the first patient's painless leg
while the second patient exﬁe:ienced pain in the leg with a 72mm read-
ing. Thus, this is one indication that perhaps the presence of hyperemic
reaction ié a better indiéation of limb health than systolie ﬁreééure
measurements. I> *

The range of LVDT outputs at the force réquired.for signal

extinction varied in normal subjects, although of the 36 readings taken
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Noise Recording of Photodiode Output Obtained by Light
Reflected from a Stable Inert Object.
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Aonly 7 Weré under one voit and oﬁly 3 were under .9 volts. For the
symptomatié limbs of the 3 patients studied, readingé of .8 wvelts énd
.45 volts were the recorded LVDT outputs at signal cancellation. For
other symptomatic limbs, lack of a clear signal prohibited ﬁorrect
identification of voltage output at extinCtién force.

These figures seem to indicaté that tissue perfusion pressure
can be gauged by the method ertesting used in this study; an accurate
assessment of minimum pressure réquired for a limb to be considered

normal still has to be ascertained but differences between normal and

symptomatic patients seem evident.
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i'CHAPTER 5
CONCLUSIONS

The use of a photoplethysmic device as described in this report
appears to have potential for being a diagnostic tool in future vascular
disease studies. Fromvthe recordings shown in £his report,-the foilowing
measurements are.possible: initial volume pulse amplitude, force re—
quired for signal extinction, time required fof onset of>a~hypereﬁic>
. reaction, if any, the émplitude of a Hyperemic reaction and the study of :
pulse contours from various locations.

' The hyperemic response of skin tissue toAlocal pressure
applications and the pressufes requiredité caﬁse signal cancellation
seem to be able to provide informationAon tissue health. Although ab-
solute skin blood pressure measurements could not be obtained, as was
the hope at the beginning of this project, the comparison of forces re-
gquired for signal cancellation between. normal and diseased limbs still
may provide valuable information. Noise reduction would improve the
signal to noise ratic and enable more accurate readings to be obtained
from éignal recordings; The use of éngdpticaliy gfound iéné in place
of the plexiglass spacer and photodiode arrangement may be able to
assﬁre that surface qapillaries are being observed. Since current photo-
plethysmographic Aevices are not able to receive signals from diseased

limbs, the signals received with this instrument are an indication that

52



53

arranging fhotodiodes s0 asktb-observe surface vessels is a step in
the right direction. |

Regrettably, the symptoﬁatic_group studied was small, and
positive conclusions can not be stated at this point. Future studies,

however, will give more information.
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