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(571 ABSTRACT

This invention provides apparatus for accurately mea-
suring and continuously monitoring blood pressure.
The apparatus comprises a blood pressure probe
adapted to engage a body member such as one arm of

member for engaging the surface of the body member.
over an artery which is near the surface. For example,
the pressure applying member may be located over
the radial artery in the wrist of the patient’s arm. The
probe also includes pressure exerting means, such as a
solenoid, for pressing the pressure applying member
against the surface of the body member, so as to pro-
duce partial flattening of the artery. The pressure ap-
plying member includes a pressure sensor adapted to
engage the surface of the body member over the ar-
tery for sensing the blood pressure pulses in the artery.
The sensor includes a transducer for producing elec-
trical signals corresponding to the blood pressure
pulses. The apparatus includes control means for op-
erating the pressure exerting means to maximize the
electrical signals corresponding to the pulse pressure.
For example, a feedback circuit may be provided to
energize the solenoid to such an extent as to maximize
the pulse pressure signals. Generally, the signals will
be maximized when the artery is flattened approxi-
mately halfway. The true or corrected waveform of
the blood pressure signals may be derived and dis-
played on an oscilloscope for continuously monitoring
the blood pressure variations. Means may also be pro-
vided for deriving and indicating the systolic and dia-
stolic blood pressure values, and also the pulse pres-
sure. The blood pressure measuring apparatus is
highly accurate, continuous in operation, and noninva-
sive, in that it is not necessary to invade the artery.
Moreover, the function of the artery is not impaired,
since the device is nonocclusive. The blood pressure
probe, together with the supporting apparatus, is
called a tonometer.

11 Claims, 12 Drawing Figures
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1
BLOOD PRESSURE MEASURING APPARATUS

This invention relates to the continuous measure-
ment of the blood pressure in an artery which runs
close to the surface of a body member, such as one arm
or leg of a patient.

One object of the present invention is to provide a
blood pressure measuring apparatus or system which is
highly accurate and is capable of measuring blood pres-
sure continuously and instantaneously. Thus, the appa-
ratus of the present invention produces electrical sig-
nals which correspond instantaneously with the varia-
tions in the blood pressure in the artery. These signals
can be displayed on an oscilloscope or recorded on a
recording oscillograph.

A further object is to provide a blood pressure mea-
suring apparatus or system which does not impair the
functioning of the artery and is not invasive, in that the
apparatus does not invade the artery in any way. There
have been prior systems in which it has been necessary
to insert a pressure probe into an artery through a
surgical incision.

To achieve these objects, the present invention pref-
erably provides apparatus for measuring the blood
pressure in an artery near the surface of an arm, leg or
other body member, utilizing a blood pressure probe
for engaging the body member. Such probe includes a
pressure applying member for engaging the surface of
the body member over the artery. The probe also pref-
erably comprises pressure exerting means for pressing
the pressure applying member against the surface of
the body member to produce a degree of flattening of
the artery. A pressure sensor is provided on the probe
to engage the surface of the body over the artery to
sense the blood pressure pulses in the artery. The sen-
sor may be carried by the pressure applying member.
The sensor preferably includes a transducer which
produces electrical signals corresponding to such blood
pressure pulses. The apparatus provides control means
for operating the pressure exerting means to maximize
the alternating component of such electrical signals.

The pressure exerting means may take the form of a
solenoid, or some other power operated device, which
can be energized to a variable extent so as to vary the
pressure exerted between the pressure applying mem-
ber and the body member. In this way, the degree to
which the artery is flattened can be varied. It has been
found that the pressure pulse signals are maximized
when the artery is flattened to a particular extent, gen-
erally approximately halfway. With the artery thus
compressed, the pressure felt by the sensor corre-
sponds closely to the actual instantaneous blood pres-
sure in the artery.

Means may be provided to make minor corrections in
the blood pressure signals, to allow for variations in the
depth of the artery below the body surface, and varia-
tions in the force exerted by the solenoid. The cor-
rected or true blood pressure wave may then be dis-
played on an oscilloscope, or recorded on a recording
oscillograph. Means may also be provided to derive and
indicate the systolic and diastolic blood pressure val-
ues, and also the pulse pressure.

The apparatus preferably utilizes a feedback circuit
for adjusting the energization of the solenoid so as to
maximize the blood pressure signals.
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Further objects, advantages and features of the pres-
ent invention will appear from the following descrip-
tion, taken with the accompanying drawings, in which:

FIG. 1 is an elevational view, partly in section, show-
ing a blood pressure probe constituting one component
of a blood pressure measuring system to be described
as an illustrative embodiment of the present invention.

FIG. 2 is an enlarged longitudinal section taken
through the blood pressure probe.

FIG. 3 is a fragmentary longitudinal section, taken
along a section plane at right angles to the section plane
of FIG. 2, generally as indicated by the line 3—3 in
FIG. 1.

FIG. 4 is a fragmentary longitudinal section, similar
to the lower portion of FIG. 1, but with the pressure
exerting member of the probe in an active position in
which it exerts pressure against the surface of the body
so as to bring about a partial flattening of the artery.

FIG. 5 is a greatly enlarged, somewhat diagrammatic
plan view of a sensor diaphragm employed in the probe
to sense the blood pressure pulses in the artery.

FIG. 6 is an enlarged section taken through the dia-
phragm and ‘showing in an exaggerated fashion the
manner in which the diaphragm is deflected by the
blood pressure pulses. ‘

FIG. 7 is a schematic circuit diagram showing a sen-
sor amplifier for amplifying the electrical signals pro-
duced by the transducer which is incorporated into the
blood pressure sensor.

FIG. 8 is a schematic circuit diagram showing electri-
cal circuits for deriving an output signal corresponding
to the systolic blood pressure.

FIG. 9 is a schematic circuit diagram showing addi-
tional electrical circuits for deriving an output signal
corresponding to the diastolic blood pressure.

FIG. 10 is a schematic circuit diagram showing elec-
trical circuits for deriving an output signal to vary the
energization of the solenoid so as to maximize the pulse
pressure signals.

FIG. 11 is a schematic circuit diagram showing a
transconductance amplifier for driving the solenoid.

FIG. 12 is a block diagram showing the arrangement
of digital computer components for correcting the
blood pressure signals to compensate for variations in
the depth of the artery below the body surface, and also
variations in the pressure developed by the solenoid.

As just indicated, the drawings illustrate blood pres-
sure measuring apparatus 10, including a probe 12,
adapted to be used in connection with an arm, leg or
other body member of the patient. Thus, FIG. 1 in-
cludes a diagrammatic cross section of the wrist 14 of a
patient. The apparatus 10 is adapted to measure the
blood pressure in an artery 16 which runs close to the
surface of the wrist or other body member 14. For
example, the artery 16 may be the radial artery in the
wrist 14.

The blood pressure probe 12 preferably includes a
housing 18 (FIGS. 2-4) which is adapted to be engaged
with the body member 14. Ordinarily, the housing 18 is
held manually against the body member 14, but the
housing may be held in place mechanically, if desired.

In this case, the housing 18 is hollow and generally
cylindrical or tubular with a bore or opening 24 therein
which opens toward the body member 14. Within the
opening 24, the probe 12 preferably comprises a pres-
sure applying member 26, adapted to be pressed
against the surface of the body member 14, over the
artery 16. The pressure between the pressure member
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26 and the body member 14 tends to produce flattening
of the artery 16 to a variable degree depending upon
the amount of pressure. Such flattening is illustrated in
FIG. 4. The pressure applying member 26 is illustrated
as a generally cylindrical plunger which is slidable in
the opening 24 at the lower end of the housing 18.

The blood pressure probe 12 also preferably com-
prises a sensor 30 for engaging the surface of the body
member 14 over the artery 16. The sensor 30 is gener-
ally smaller in width than the diameter of the artery 16,
and smaller than the diameter of the pressure applying
member 26.

The pressure sensor 30 may assume various forms
but is illustrated as a diaphragm adapted to be de-
flected, relative to the pressure applying member 26,
by the blood pressure pulses in the artery 16. Ordinar-
ily, the sensor diaphragm 30 is approximately flush, in
its initial state, with the pressure applying member 26.

The sensor diaphragm may be made of a suitable
flexible resilient material, such as a thin metal, plastic
or ceramic material. The thickness of the diaphragm is
ordinarily only a few thousandths of an inch.

When the artery 16 is flattened to some degree by the
pressure applying member 26, the blood pressure
pulses in the artery 16 are transmitted to the sensor 30,
which preferably includes or is connected to a trans-
ducer 32, adapted to produce electrical signals corre-
sponding to the pressure pulses. The electrical signals
indicate the instantaneous variations of the pressure
pulses in the artery 16.

Various constructions may be employed for the
transducer 32. As shown, the transducer 32 utilizes
four resistance elements 32a, b, ¢ and d, carried by the
sensor diaphragm 30. The resistance elements 32a—d
are insulated from one another, so that each functions
separately. If the sensor diaphragm 30 is made of a
conductive material, the resistance elements 32a—d are
also insulated from the diaphragm. As shown, the resis-
tance elements 32a—d take the form of thin patches of
resistance material, which may be mounted or formed
on the diaphragm 30 using integrated circuit tech-
niques.

It will be seen from FIG. 5 that the resistance ele-
ments 32a and d are positioned on the diaphragm near
its outer margin, while the resistance elements 325 and
¢ are positioned near the center of the diaphragm.
When the diaphragm 30 is deflected, as shown in FIG.
6, the resistance elements 32b and c are loaded in ten-
sion, while the resistance elements 32a and 4 are
loaded in compression. Thus, the resistance of the re-
sistance elements 32b and c¢ is increased, while the
resistance of the elements 324 and d is decreased. It will
be understood that the deflection of the diaphragm 30
is exaggerated in FIG. 6, for clarity of illustration.

As shown in FIG. 7, the four resistance elements
32a-d may be connected into a bridge circuit 32¢ hav-
ing input or power supply leads 32f and g, and output
or signal leads 32/ and i. The four resistance elements
32a—d are arranged in the bridge 32¢ so that any deflec-
tion of the sensor diaphragm 30 will unbalance the
bridge. Thus, as shown, the resistance elements 32a
and b are connected in series between the input leads
32f and g to form one leg of the bridge. The other leg
is formed by the resistance elements 32¢ and d which
are connected in a separate series circuit between the
input leads 32f and g. The output or signal leads 32/
and / are connected to the alternate junctions of the
bridge. Thus, the lead 32/ is connected to the junction
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4

between the resistance elements 32a and b, while the
lead 32i is connected to the junction between the resis-
tance elements 32¢ and d. As shown, a fixed resistor 32j
of a relatively high value is connected in parallel with
the resistance element 32b, to balance the bridge
should the resistance elements not have identical resis-
tance. This balance resistor 32j is placed across the
resistance element which has the highest resistance.
The resistor 32j is chosen so as to balance the bridge.

The input leads 32f and g are connected to a stable
direct current source 34, to produce currents through
the resistance elements 32¢—d. When the diaphragm 30
is deflected by the blood pressure pulses, correspond-
ing signals are produced between the output leads 32h
and /. These signals vary instantaneously with the varia-
tions of the blood pressure, as applied to the diaphragm
30.

The stable voltage source 34 may assume various
forms, but is illustrated in FIG. 7 as comprising a zener
diode 36 having one side connected to the lead 32g.
The other side is connected by means of a resistor 38 to
a direct current power supply terminal 40, adapted to
supply +15 volts, or any other suitable voltage. A filter-
ing capacitor 42 is connected across the zener diode
36. The input lead 32f of the bridge circuit 32a is con-
nected to the junction between voltage divider resistors
44 and 46, which are connected in series across the
zener diode 36. Thus, the bridge circuit 32¢ is supplied
with a fixed fraction of the stable voltage across the
zener diode 36. Further details of the circuits illus-
trated in FIG. 7 will be described presently.

Additional details of the probe 10 are shown in FIGS.
2-4. The illustrated sensor diaphragm 30 is mounted on
or formed integrally with the lower end of a tube 48,
received in an axial bore 50, formed in the pressure
applying member 26. The tube 48 may be retained in
the bore 50 by means of a set screw 52. A soft resilient
disc or pad 54 is preferably interposed between the set
screw 52 and the tube 48. The pad 54 may be made of
synthetic rubber or the like.

As previously indicated, the pressure applying mem-
ber 26 is generally cylindrical and is slidable in the bore
or opening 24, formed in the housing 18. The pressure
applying member 26 is prevented from rotating, rela-
tive to the housing 18, by a guide element, shown in
FIG. 3 as a guide screw 56, carried by the pressure
applying member 26 and freely slidable within a slot or
opening 58, formed in the housing 18. The ends of the
slot 58 also limit the axial sliding movement of the
pressure applying member 26, and prevent it from
falling out of the opening 24.

The blood pressure probe 12 preferably includes
pressure exerting means 60 for exerting a variable
amount of pressure between the pressure applying
member 26 and the body member 14 of the patient.
Thus, the pressure exerting means 60 may utilize a
solenoid or magnetic coil 62, or some other power
operated device, capable of exerting pressure against
the pressure applying member 26. As shown, the sole-
noid 62 has a movable armature or core 64, connected
to the pressure applying member 26 by any suitable
means, such as the illustrated tube 66, which is exter-
nally threaded and is screwed into the pressure apply-
ing member 26, to afford an adjustable connection. A
lock nut 68 is mounted on the threaded tube 66 and is
adapted to be clamped against the pressure applying
member 26, to prevent any accidental change in the
adjustment thereof.
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The illustrated solenoid coil 62 is mounted on a tubu-
lar spool 70 having a bore 72 within which the arma-
ture or core 64 is slidable. The spool 70 has an end
member 74 which is screwed into or otherwise secured
to the housing 18. An enclosure or shell 76 may be
mounted around the solenoid 62.

It will be seen from FIG. 3 that the sensor leads 32f-i
extend along an axial opening 78 formed in the arma-
ture 64. The leads 32f-i then extend within the con-
necting tube 66 and into the bore 50 within the pres-
sure applying member 26. The leads 32f~i then extend
within the tube 48 to the sensor diaphragm 30.

After emerging from the armature 64 of the solenoid
62, the sensor leads 32f-i pass along a cable 80 to a
connector 82 (FIG. 1). The cable 80 also includes leads
84 which extend between the solenoid 62 and the con-
nector 82.

The energization of the solenoid 62 can be varied so
as to control the pressure which is exerted between the
pressure applying member 26 and the body member 14
of the patient. It has been found that the magnitude of
this applied pressure affects the magnitude of the elec-
trical signals produced by the blood pressure trans-
ducer 32, in response to the blood pressure pulses. The
magnitude of the electrical signals, representing the
blood pressure pulses, increases as the applied pressure
is increased, up to a certain level, above which any
further increase in the applied pressure causes the
pulse pressure signals to decrease.

The pressure exerted by the solenoid 62 causes par-
tial flattening of the artery 16, as illustrated in FIG. 4.
It has been found that the blood pressure pulse signals
are maximized when the artery is flattened approxi-
mately halfway. Maximizing the blood pressure pulse
signals has the advantageous result of standardizing
them. Thus, the present invention preferably includes
means for controlling the force exerted by the solenoid
62 so as to maximize the blood pressure pulse signals.

In addition to maximizing the blood pressure signals,
the partial flattening of the artery 16 has the advantage
of producing a situation in which the circumferential
tension in the elastic wall of the artery 16 is acting in a
direction which is perpendicular to the radial pulses of
the blood pressure as applied to the sensor diaphragm
30, so that such circumferential tension does not cause
inaccuracies in the magnitude of the pulse pressure.

The output signals from the blood pressure trans-
ducer 32 may be supplied to an oscilloscope or a re-
cording oscillograph, to display or record the waveform
of the blood pressure pulses. However, it is preferred to
utilize electrical control means for amplifying and pro-
cessing the blood pressure signals, and for controlling
the energization of the solenoid 62.

Thus, FIG. 7 illustrates a sensor amplifier 90 for
amplifying the blood pressure pulse signals. FIG. 8

illustrates electrical processing circuits 92 for deriving

an output voltage or signal which is a continuous mea-
sure of the systolic blood pressure.

FIG. 9 illustrates additional electrical control circuits
94 which derive another output voltage or signal to
indicate the diastolic blood pressure.

FIG. 10 illustrates electrical control circuits 96 which
control the energization of the solenoid 62 so as to
maximize the pulse pressure component of the blood
pressure signals. FIG. 11 illustrates a transconductance
amplifier circuit 98 for driving the solenoid from the
output of the circuit 96 shown in FIG. 10.
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FIG. 12 illustrates an electrical control arrangement
100 for processing the blood pressure signals, to cor-
rect for certain errors so that the blood pressure signals
will closely correspond to the true blood pressure. The
corrected signals can then be displayed on an oscillo-
scope or recorded on an oscillograph, so as to shown
the true blood pressure waveform. The control ar-
rangement 100 of FIG. 12 compensates for variations
in the force exerted by the solenoid 62, while also cor-
recting for the nonlinearity in the relationship between
the energizing current in the solenoid, the solenoid
stroke and the force developed by the solenoid. A cor-
rection is also made to compensate for variations in the
depth of the artery, below the body surface of the pa-
tient.

THe blood pressure measuring probe, with its sup-
porting apparatus, is called a tonometer.

It will be understood that the details of the sensor
amplifier 90, as shown in FIG. 7, may be varied. As
illustrated, the sensor amplifier circuit 90 utilizes two
precision monolithic operational ampilifiers 102 and
104, employed as input devices. One output lead 32/ of
the bridge circuit 32e is connected through a resistor
106 to the plus input of the operational amplifier 102,
while the other output lead 32i is connected through a
similar resistor 108 to the plus input of the other opera-
tional amplifier 104. Two fixed resistors 110 and 112
and a variable resistor 114 are connected in series
between the minus inputs of the operational amplifiers
102 and 104.

A negative feedback path 116 is provided for each of
the amplifiers 102 and 104, and is connected between
the output and the minus input thereof. In each case,
the feedback path 116 comprises a resistor 118 in par-
allel with a capacitor 120.

It will be seen that output resistors 122 and 124 are
connected in series between the output of the opera-
tional amplifiers 102 and 104. In this case, the junction
between ‘the resistors 122 and 124 is connected to the
minus input of another operational amplifier 106,
employed as a feedback amplifier. The plus input of the
amplifier 106’ is connected to ground through a resis-
tor 108’. The output of the feedback amplifier 106 is
connected to the input lead 32g of the bridge curcuit
32¢, through a resistor 110’. A small feedback capaci-
tor 112’ is connected between the output of the ampli-
fier 106’ and the minus input.

The feedback amplifier 106’ has the effect of bring-
ing the voltage at its minus input to 0 or nearly so. The
minus input is connected to the junction between the
output resistors 122 and 124. Thus, inasmuch as this
junction is brought to 0 voltage, the feedback amplifier
106’ has the effect of balancing the outputs of the
amplifiers 102 and 104, with respect to ground. The
feedback amplifier 106’ achieves this result by supply-
ing a negative output voltage to the input lead 32g of
the bridge circuit 32e. Such negative voltage is equal in
magnitude but opposite in sign to the positive voltage
supplied to the other input lead 32f. Thus, for example,
if the input lead 32f is supplied with +1.4 volts, the
other input lead 32g will be supplied with —1.4 volts by
the feedback amplifier 106’. The purpose of this ar-
rangement is to increase the common mode rejection
ratio (CMRR) of amplifier 114.

Another operational amplifier 114’ is connected to
the output resistors 122 and 124 to combine the out-
puts of the operational amplifiers 102 and 104. Thus,
the outputs of the amplifiers 102 and 104 are con-
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nected through resistors 116’ and 118’ to the plus and
minus inputs, respectiviey, of the amplifier 114'. A
negative feedback resistor 120’ is connected between
the output and the minus input of the amplifier 114'. A
capacitor 122’ is connected in parallel with the resistor
120’. To balance the inputs, a similar resistor 124’ and
a similar capacitor 126 are connected between the plus
input and ground.

A trimming potentiometer 128 is connected to the
amplifier 114’ so that the initial or offset output voltage
can be adjusted. Typically, the offset output voltage is
adjusted to 0, so that the output voltage goes positive
with increasing blood pressure. The amplifier can be
accurately calibrated so that a particular blood pres-
sure produces a particular value of output voltage. For
example, the calibration may be such that an output
voltage of 1 volt represents a blood pressure value of
400 millimeters of mercury.

The output of the operational amplifier 114 goes to
an output terminal 130 at which the blood pressure
output signal or wave appears. The output terminal 130
is also shown in FIGS. 8 and 12.

As previously indicated, FIG. 8 illustrates the circuits
92 for deriving a signal or voltage which corresponds to
the systolic blood pressure. In the illustrated circuit, the
blood pressure signal from the output terminal 130 is
fed to the input of an amplifier 132, having its positive
output connected to the input of a second amplifier
134. These two amplifiers raise the full-scale output
level from approximately 1 volt to 100 volts, for com-
patibility with the subsequent analog computer ele-
ments. Each of the amplifiers 132 and 134 may have a
gain of 10, as indicated by the number within the ampli-
fier block.

A variable offset control voltage is-supplied to the
amplifier 134 by a variable potentiometer 136 which
has a plus or minus 100 volt input. By adjusting the
potentiometer 136, it is possible to introduce either a
positive or negative offset into the output of the ampli-
fier 134, to compensate for varying conditions in the
blood pressure probe. ‘

The amplified blood pressure wave appears at the
positive output of the amplifier 134 and is supplied to
one input of a comparator 138, such input being desig-
nated 138a. The other input 138b is connected to the
minus output of an integrator 140.

The comparator 138 has logic outputs 138¢ and d
which are normally in logical ““1”” and *“0” states. When
the comparator 138 flips, these logic states are inter-
changed.

The output 138¢ of the comparator is connected to
the control input of an electronic switch 142 having its
signal input 142a connected to +100 volts. The signal
output line 142b of the switch 142 is connected to the
summing junction input of the integrator 140.

When the blood pressure signal on the input line
138a exceeds the voltage on the input line 1385, the
switch 142 is turned on so that the +100 volt signal is
connected to the integrator 140, Thus, the output of
the integrator rises rapidly to the level of the blood
pressure signal. If the output of the integrator 140 ex-
ceeds the blood pressure signal, the comparator 138
flips, with the result that the switch 142 is turned off
and switch 144 is turned on. As the blood pressure
signal rises rapidly to its systolic value, the output of the
integrator 140 tracks the rising blood pressure signal
rather closely. Generally, the comparator 138 flips
back and forth rather rapidly during this portion of the
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blood pressure signal, so that the integration is accom-
plished in a series of small steps.

When the blood pressure signal drops down from its
systolic peak, the comparator 138 flips so that the
switch 142 is turned off. Thus, the integration ceases.

It will be seen that the second output 1384 of the
comparator is connected to the control input of an-
other electronic switch 144 having a signal input line
1444 and a signal output line 144b. The minus output
of the integrator 140 is connected to the signal input
144a through a potentiometer 146 which reduces the
signal leve. The potentiometer 146 may be set at a level
of 0.01, as indicated by the figures within the block.
The output line 1445 is connected to the summing
junction input of an amplifier 148, having its positive
output connected to the input of the integrator 140.
The amplifier 148 acts as a buffer to provide a summing
junction input which is needed for the switch 144. The
effect of this feedback loop between the minus output
of the integrator 140 and the input of the integrator is
to cause an exponential decay in the output of the
integrator, after it stops integrating. This exponential
decay starts when the comparator 138 flips. The provi-
sion of the exponential decay insures that the integrator
140 will track upwardly along the rising portion of each
successive systolic blood pressure pulse. Thus, the inte-
grator 140 stops integrating upward at each systolic
peak. The output of the integrator then decays expo-
nentially so that the integrator will be receptive to the
next systolic peak.

The inputs 1382 and 138b of the comparator 138 are
connected to the inputs of a summing amplifier 150
having its output connected to the input of a second
comparator 152. The inputs of the amplifier 150 are
designated 150a and 150b, to correspond with the in-
puts 138a and 138b. A small offset is introduced into
the input of the amplifier 150 by connecting a third
input 150¢ through a potentiometer 154 to +100 volts.
As indicated by the figures on the block, the setting of
the potentiometer 154 may be 0.01, so that the potenti-
ometer supplies 1 volt. ‘

As long as the blood pressure signal on the input
150q is greater than or equal to the integrator output
voltage on the input 1505, the comparator 152 does not
flip. Due to the offset provided by the signal from the
potentiometer 154, the blood pressure signal on the
input line 1504 has to drop a definite amount, such as
1 volt, or 1 percent of full scale below the integrator
output before the comparator 152 is caused to flip.
This offset prevents the comparator 152 from flipping
during the step integration, when the comparator 138
flips repeatedly. Thus, the comparator 152 is caused to
flip when the blood pressure signal passes its systolic
peak and drops downwardly a definite amount, such as
1 volt or 1 percent of full scale. This minimal drop is
insignificant and can be compensated for elsewhere in
the circuit.

The comparator 152 has logic output lines 1524 and
b which are employed to trigger sampling devices, as
will be indicated in detail presently.

The circuit 92 of FIG. 8 comprises two successive
sampling integrators 160 and 162. The output line 152a
of the comparator 152 is connected to the operating
input O of the sampling integrator 162. The other out-
put line 152b is connected to the operating input O of
the sampling integrator 160.

It will be seen that the initial condition input 160a of
the sampling integrator 160 is connected to the plus
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output on the amplifier 134, and thus is supplied with
the blood pressure signal. During the rising portion of
each systolic peak, the initial condition input follows
the blood pressure signal upwardly. Just after the peak,
the comparator 152 flips, causing the sampling integra-
tor 160 to hold, because the hold input is held at a state
of “1” at all times. Thus, the integrator 160 holds the
systolic peak voltage.

The plus output of the sampling integrator 160 is
connected to the initial condition input of the sampling
integrator 162. Thus, the systolic blood pressure volt-
age is transferred to the integrator 162. When the com-
parator 152 flips back, during the next systolic rise of
the blood pressure signal, the sampling integrator 162
goes on hold, so that the systolic blood pressure signal
is captured by the integrator 162.

The plus output of the second sampling integrator
162 goes to a systolic blood pressure output terminal
164, which may be connected to a display device, such
as an oscilloscope, a recording oscillograph, or any
suitable voltage indicator. The systolic blood pressure
output terminal 164 is also connected to the circuit 96
of FIG. 10, as will be described in detail presently. -

As previously indicated, FIG. 9 illustrates the elec-
tronic circuits 94 for producing a signal corresponding
to the diastolic blood pressure. It will be seen that the
circuit 94 has an input terminal 170 which is connected
to the minus output of the amplifier 134 of FIG. 8, and
thus is supplied with the inverted blood pressure wave
or signal. The inversion converts the diastolic valley
into a peak which can be tracked with circuits similar
to those employed in tracking the systolic peak.

Thus, the input terminal 170 is connected to one
input of a comparator 172 having analog inputs 1724
and b and logical outputs 172c¢ and d. The input 172a is
connected to the input terminal 170 and thus is sup-
plied with the inverted blood pressure waves. The input
172b is connected to the minus output of an integrator
174.

The output 172¢ of the comparator 172 is connected
to the control input of an electronic switch 176 having
a signal input line 176a connected to +100 volts, and a
signal output line 1765 connected to the summing junc-
tion input of the integrator 174.

The comparator 172 causes the integrator 174 to
track the diastolic peak of the inverted blood pressure
wave, in the same manner as the comparator 138
causes the integrator 140 to track the systolic peak, as
described in connection with FIG. 3. When the dia-
stolic peak rises above the output of the integrator 174,
the comparator 172 flips, so as to prevent further inte-
gration until the next cycle of the blood pressure wave.

To cause the output of the integrator 174 to decay
exponentially, a feedback loop is connected between
the minus output of the integrator 174 and the input
circuit. Such feedback loop includes a potentiometer

178 connected between the minus output of the inte-

grator 174 and the input of an amplifier 180, having its
plus output connected to the signal input 182a of an
electronic switch 182. The signal output 182a of the
switch 182 is connected to the summing junction input
of a buffer amplifier 184, having its plus output con-
nected to the input of the integrator 174. The second
output 1724 of the comparator 172 is connected
through the control input of the electronic switch 182.

When the comparator 172 flips, due to the dropping
of the diastolic peak of the inverted blood pressure
wave below the minus output of the integrator 174, the
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10
electronic switch 182 is turned on, so that the feedback
loop is completed. The output of the integrator 174 is
thus caused to decay exponentially.

A potentiometer 186 is connected between —100
volts and a second input of the amplifier 180, to intro-
duce an offset, since the circuit must decay to —100
volts and integrate to O volts.

The diastolic signal circuit 94 of FIG. 9 also includes
two successive sampling integrators 188 and 190, ar-
ranged much the same as the integrators 160 and 162
of FIG. 8. The integrators 188 and 190 are triggered
between holding and operating states by the output
signals from the comparator 152 of FIG. 8. Thus, the
output line 152a of the comparator 152 is connected to
the operating input terminal of the sampling integrator
188 of FIG. 9. The other comparator output line 1525
is connected to the operating input terminal of the
sampling integrator 190.

It will be seen that the initial condition input of the
integrator 188 is connected to the plus output of the
integrator 174. The plus output of the sampling integra-
tor 188 is connected to the initial condition input of the
sampling integrator 190.

The sampling integrator 188 tracks the plus output of
the integrator 174 as it follows the diastolic peak of the
inverted blood pressure wave. The sampling integrator
188 goes to a‘holding condition when the comparator
152 flips back at the beginning of the next systolic rise.
This is close to the diastolic peak of the inverted wave-
form, so that very little decay has occured in the output
signal from the integrator 174. Thus, the sampling inte-
grator 188 holds a signal which corresponds very
closely to the diastolic peak of the inverted blood pres-
sure wave. This signal is then transferred to the second
sampling integrator 190 which goes to a holding state
when the comparator 152 flips, just past the systolic
peak. The sampling integrator 190 has plus and minus
outputs which supply diastolic blood pressure output
signals to output terminals 1924 and b. It will be under-
stood that either ‘or both of the output terminals 1924
and b may be connected to a display device for display-
ing or indicating the diastolic blood pressure. Such
display device may take the form of an oscilloscope, a
recording oscillograph, or a suitable voltage indicator.
The minus diastolic output from the terminal 1925 is
also supplied to the circuits 96 of FIG. 10.

The systolic and diastolic blood pressure signals are
employed in the circuit 96 of FIG. 10 to derive a signal
corresponding to the pulse pressure. For this purpose,
the circuits 96 include means for subtracting the dia-
stolic signal from the systolic signal. Such means may
include an amplifier 194 used as a subtracting device.
The inputs of the amplifier 194 are connected to the
systolic pressure signal output terminal 164 and the
diastolic output signal terminal 192b. In the amplifier
194, these signals are combined subtractively, so that
the output signal from the amplifier represents the
pulse pressure.

The pulse pressure signal from tha amplifier 194 is
supplied to solenoid control circuits 196, which vary
the energization of the solenoid 62 in the blood pres-
sure probe 12 so as to maximize the pulse pressure
signal. As illustrated, the solenoid control circuit 196
utilizes a pair of memory devices 198 and 200 which
may be in the form of sampling integrators. The initial
condition inputs of both devices 198 and 200 are con-
nected to the plus output of the amplifier 194, and thus
are supplied with the pulse pressure signal.
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The memory devices 198 and 200 are caused to oper-
ate alternately, during alternate cycles of the blood
pressure wave. Thus, one memory device stores the
previous pulse pressure signal, while the other memory
device stores the present pulse pressure signal. It is then
possible to compare the two stored signals, to deter-
mine whether the pulse pressure signal is increasing or
decreasing.

Thus, the solenoid control circuit 196 includes a
circuit 202 for alternately operating the memory de-
vices 198 and 200, during alternate cycles of the blood
pressure wave. The circuit 202 may be triggered by the
output signals from the comparator 152 of FIG. 8. Such
output signals are timed by the systolic pressure peaks
of the successive cycles.

As illustrated, the circuit 202 comprises a monosta-
ble 204 having its input connected to the output termi-
nal 152a of the comparator 152. The monostable 204
produces a brief output pulse of a particular duration
during each cycle of the blood pressure wave, when the
comparator 152 supplies a triggering signal. The dura-
tion of the pulse supplied by the monostable 204 may
be about 100 milliseconds, as indicated by the figures
on the block.

The output of the monostable 204 is supplied to one
input of an “OR” gate 206, and also to one input of a
second “OR” gate 208. The “OR’ gates 206 and 208
have their outputs connected to the operating inputs of
the sampling integrators 198 and 200.

To bring about the alternate operation of the sam-
pling integrators 198 and 200, the other inputs of the
“OR” gates 206 and 208 are connected to the normal
and inverted outputs of a flip-flop 210 having its input
connected to the output of a second monostable 212,
which is similar to the first monostable 204. The input
of the second monostable 212 is connected to the out-
put of the first monostable 204.

Thus, the sampling memory devices 198 and 200
take turns in sampling the present pulse pressure signal
and then storing it during the next cycle. The outputs of
the memory devices 198 and 200 are combined sub-
tractively, in such a manner that the preceding pulse
signal is always subtracted from the present pulse sig-
nal.

To achieve this mode of operation, the plus and
minus outputs of the memory devices 198 and 200 are
commutated by dual electronic switches 214 and 216,
each having a normally closed section, designated
N.C., and a normally open section, designated N.O.
The normally closed section of the switch 214 is con-
nected into the plus output line from the memory de-
vice 198, while the normally open section is connected
into the minus output line. As to the electronic switch
216, the normally closed section is connected into the
minus output line from the memory device 200, while
the normally open section is connected to the plus
output line. The outputs of all of the switch sections are
connected to the junction input of a summing amplifier
218. A difference or error signal appears at the output
of the amplifier 218. Such error signal represents the
difference between the present blood pressure pulse
signal and the preceding pulse signal. If this difference
is positive, the pulse signal is rising. If the error signal is
negative, the pulse signal is decreasing in magnitude.

The commutating electronic switches 214 and 216
may be triggered by pulses from the flip-flop 210. Thus,
the signal inputs of the switches 214 and 216 may be
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12
connected to the normal output 210« of the flip-flop
210. :

An additional memory device 220 is preferably pro-
vided to store the error signal from the amplifier 218.
The illustrated memory device 220 takes the form of a
sampling integrator having its initial condition input
connected to the plus output of the amplifier 218. Pulse
signals for the synchronized operation of the memory
device 220 may be obtained from the output of a third
monostable 222 having its input connected to the out-
put of the second monostable 212.

In the circuit 96 of FIG. 10, the stored error signal
from the plus output of the sampling integrator 220 is
supplied to one input of a comparator 224 having its
other input connected through a potentiometer 226 to
—100 volts. The potentiometer 226 may have a low
setting, such as 0.01, so as to provide a threshold for
the error signal. This threshold eliminates the effect of
noise at low error signal levels.

The output of the comparator 224 is connected to
the input of a flip-flop 228 which changes its state
whenever the output of the comparator 224 changes
between positive and negative values of the error sig-
nal.

The normal and inverted outputs of the flip-flop 228
are connected to “NOR” gates 230 and 232 which
control the action of an integrator 234. When the flip-
flop 228 changes states, the direction of integration is
reversed.

In the illustrated circuit of FIg. 10, the outputs of the
“NOR” gates 230 and 232 are connected to the control
inputs of electronic switches 236 and 238. The switch
236 controls a signal path between +100 volts and the
junction input of a buffer amplifier 240, having its plus
output connected through a potentiometer 242 to the
input of the integrator 234. Thus, when the switch 236
is closed, the integrator 234 integrates in a positive
direction.

The electronic switch 238 is connected in a signal
path between —100 volts and the junction input of the
buffer amplifier 240. Accordingly, when the switch 238
is closed, the integrator 234 integrates negatively. The
potentiometer 242 may have a low setting, such as
0.01. A limiter 244 may be connected in a feedback
path between the minus output of the integrator 234
and the junction input.

In order to conduct the integration on a sampling
basis, one input of each of the “NOR” gates 230 and
232 is connected to the output of the monostable 222.
Thus, brief pulses are supplied to the gates 230 and 232
to limit the time interval during which integration takes
place. This was done so that the integrator 234 is not
integrating while the systolic and diastolic measure-
ments are being made.

The plus output of the integrator 234 is connected to
an output terminal 246 which also appears in FIG. 12.
The transconductance amplifier 98 of FIG. 11 is em-
ployed to convert the solenoid signal voltage at the
terminal 246 into a corresponding solenoid current.
Further details of the amplifier 98 will be given pres-
ently.

When the magnitude of the pulse pressure is increas-
ing, the error signal from the integrator 220 is positive.
As long as this condition exists, the flip-flop 228 does
not change states, so that the integration being per-
formed by the integrator 234 continues in whatever
direction is then in effect.
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