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ABSTRACT

A new:colid-state impedance plethysmograph utilizing a constant
current source was designed, built,and tested, This report presents
the design philosophy, the circuitry, the final configuration of the
device, and the technics for ils proper alignment,

The circuit detects a 1% iifipedance change centered on basal
body impedance levels between 100 ohms and 15 kilohins, -Although
normally operated at 100 kHz, the circuit will operate it various
frequencies, and it will accommodate either the pipolar or tetra-
rolar electrode configuration, Circuit performance was confirmed
by taking thoracic impedance measurements on a human subject,
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DEVELOPMENT OF A SOLID-STATE IMPEDANCE PLETHYSMOGRAPH
FCR RESEARCH IN A SPACE ENVIRONMENT

I. INTRODUCTION

The goal of this project was to design a solid-state impedance
vlethysmograph to investigate the feasibility of monitoring tidal

volume in a space environment, The two basic impedance measuring
‘system§ used today are the bridge circuit (10; 11) and .the constant

currént circuit (2,6). The bridge circuit has two limitations that
make it impractical for the dynamic requirements of a space
environment: (1) constant balancing is required to keep the system
operating around its null position, and (2) the bridge circuit becomes
nonlinear as the distance from the null point increases, Both
limitations become very serious because of the large impedance
changes due to changes in body position,

The constant current source has basic features that make it
ideal for body impedance measurements, First, the relationship
between voltage and resistance is linear for as long as the current
remains constant, Second, this linear relationship exists over a
large, measurable impedance range, Another important feature of
the constant current system is that impedance changes related to
pulmonary function can be measured independently cf the basal body
impedance,

In the past, two different constant current systems have been
used for many body impedance studies, The first, employed by many
investigators (13), consisted of a constant current sourcé as the
exciter and a bridge circuit as the monitor, Although a constant
current source is used, the basic problems of the bridge circuit are
still encountered in this arrangament, In the second system, used
by Geddes et al, (7), a 100-kilohm resistor is placed in series with
the signal source., This resxstance, which is very large compared
with body impedance, results in a nearly constant current through
the body, A very small change in current through the body does
occur when the basal body impedance changes. In many cases this
increment is greater than the impedance alteration due to respiration,
It then becomes impossible to differentiate between the two, How-
ever, modern operational amplifier technology makes it possible to
approximate more closely a constant current source than/previous
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designs permitted, In this study a constant current source plethysmo-
graph, using operational amplifiers, has‘been designed and constructed.

11, DESIGN PROCEDURES

Two major characteristics: required consideration in desigiing
this impedance plethysmograph: (1) safety features - for its use
in monitoring human-subjects, and (2)-design flexibility - for its
use as a research instrument, Table I lists both safety and design
characteristics,

TABLE I

Impedance plethysmograph safety and design characteristics

© Safety

Subject cannot be electrically grounded by the device.

Constant current source has an amplitude below the
sensation threshold at the usual 100-kHz operating
frequency,

Devices are included to eliminate the shock hazard if
malfunction occurs,

Design
Stable constant current source,
Internal 100-kHz-uscillator,

May be connected to a variable frequency generator
which permits observations over a wide range of
frequency,

Operates over a wide impedance range,
Capable of measuring a 1% impedance-change,

Basal body impedance and impedanie changes resulting
from mimite-to-minute respiration are measured,

Operates with bipolar or tetrapolar electrodes.
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Safety features.

The hazards. associated with supplying a current to the body
represent an important design consideration, Therefore, the effects
of current and-voltage-on the body are a prime concern in this study,
Several investigators-have studied the effects of electrical current
on the'body (5, 8,17). Geddes and Baker (8) reported that as the
frequency of the stimulating current increases, the current required

¢ to produce threshold sensation also increases, Figure 1 shows the
relationship between thr'eshold sensation and frequency for various
electrode positions, This graph shows that a low stimulating current
at a high fréquency eliminates the possibility of discomfort,
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FIGURE !}

Current needed to produce threshold sensation as a function of

frequency - different electrode positions, (Reprinted by permis-
sion of author, )

The effects on the internal structures of the body have to iz con-
sidered when currents greater than those needed for sens:ition are
used. In particular, structures such as the vagus anua phrenic neruos
and the ventricular fibers require the most attention; Stimulation ot
vagus and phrenic nerves can cause heart sloppage or prevent respiration,
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Stimulatioir of the .vent'ridu‘la«r Iibers can cause ventricular fibrillation,
which could result in permanent damage to the nervous system,

Figures 2 and 3 show the current needed to produce ventricular
fibrillation (in dogs) as a function of'frequency, Figure 2 shows this
current relationship for a transthoracic electrode system, and figure
3 shows the same relationship using the neck-abdomen electrode system,
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FIGURE 2

Current needed to produce ventricusiar fibrillation as a function of

frequericy - transthoracic electrode placement, (Reprinted by
permission of author,)

Extrapolation of the results in figures 2 and 3 shows that at 10 kHz
a neck-abdomen current of 4380 ma, or a transthoracic current of 8800
ma, is needed to produce ventricular fibrillation in dogs,

4




These figures indicate that as frequency increases, more turrent
is required'to cause ventricular fibrillation, Therefore, 5 ma, at
100°'kHz was established for normal operation of this system, From
figure 1, this point is below that needed to produce sensation,
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FIGURE 3

Current needed to produce ventricular fibrillation as a function

of frequency - neck-abdomen electrode placement, (Reprinted
by permission of author, )

Geddes and Baker (8) extended their investigation to include the
effect of body weight on the value of current needed to produce ventricular
fibrillation in animals, The results of this study, indicated in figure 4
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(lower half), show that more thoracic current is needed to produce
ventricular fibriliation as body weight increases, By assuming that
this. relationship is independent of frequency, additional graphs can be
drawn for various frequencies. Figure 4 (upper half) shows the body
weight-current relationship at 10 kHz for both the transthoracic and
neck-abdomen electrode configurations, These additional curves show
that the 10-kHz current required to produce ventricular fibrillation for
an animal with a body weight of 73 kg, (160 lbs, ) is about 4000 ma,
greater than that found for animals with body weights of 10 kg, , under
the same conditions,

Although there may not be a direct correlation between man and
animals, it is probably safe to assume that the results would be similar,
These current values are far above the operating current of this system.
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Current needed to produce ventricular fibrillation in animals
of large boedy weight, (Reprinted by permission of author, )




Two 6, 8-v, zener diodes (D)} and Dy) are included in the feedback
loop of the constant current source for subject protection, If either of
the first two amplifiers saturate, only 6, 8 v. appear across the subject,
with a maximum current of 0, 34 ma, through the subject,

Subject isolation from ground is another safety feature of this device
since there is no common point in the chest area that could attract
current from outside sources,

Design features

Figure 5 shows a block diagram of the impedance plethysmograph,
A 100-kHz oscillator is the signal source of this circuit,

] e 1. |es-e5[ HieH INPUT | €, [BAND PASS
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FIGURE 5

Impeidance plethysmograph block diagram,

This 100-kHz voltage (E,) drives the constant current source,
resulting in - 100-kHz constant current that can be applied to the body,
A high input impedance differertial amplifier converts the change in
voltage (Ej-Eg) across the body to a single-ended signal (Eg) which
is passed through a commercially made band pass filter, This filter
eliminates extraneous signals not related to the 100-kHz carrier, The
filtered signal is converted to d. c. (EG)’ using the full-wave rectifier
and hold circuit, The d, ¢, voltage serves as an input signal to a high-
gain amplifier with d, ¢, balance and to an additivnal low-gain amplifier,
The former amplifies the very small voltages due to minute impedance
changes, producing a usable signal proportional to the thoracic volume
change, The latter amplifies the signal proportional to the basic body
impedance, .




The complete circuit, described in the following sections, is
shown in figure 6, Table II shows the component values of the
impedance plethysmograph,

Oscillator circuit (3)

The oscillator used in this circuit is a double integrator with
regenerative feedback, The frequency of oscillation is determined by

1
or R102

1

For best results, the potentiometer R, should be adjusted to the point
at which the circuit starts to oscillate, At this setting the peak-to-peak
output voltage (Eg) is approximately 2. 75 v.

b o e e e e e WPUT I;A?ET)A .E-E..-. ———— —— —r—
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‘ % SOURCE | - a, a I FILTER Cards
| I Ey l 80-100 KilZ :
| AC SIGNAL
Ay 1 TEST POINT
T RJ '
l { N
I l —LRM |
l CARD 1 l CARD 2 l T CARD 3 |
PONPSION.. L SO . SO0 SOV NS ;. Ry Ray Rey R ]
A Ry Rzy

Ry 'Ry AECT,

FULL WAVE RECTIFIER PO'NT

1 | RASIC 800Y 7
AND HOLD CIRCUIT ! L

ouTPUT

i = Al

FIGURE 6

Impedance plethysmograph circuit diagram,

.



TABLE II

Component values of impedance plethysmograph
(R in ohms; C in microfarads)

~

Ry R2 453 C) . 0066
R3 100 Ca, C3 . 0033
R4 200 Cyq B

R5 20K Cs . 004
Rg, Rg, R9, Ry5, Ry 10K

Ry, Ryg, Rg) 500 D), Dg IN3016
R)0, Rgg, R25, Ryg, Rgy 1K Dy, Dy IN3484
Ry, Ri2, Ri3; Rig 4,7K Ds IN539
Rig, Rig 9, 1K

i, Rig 2K A S0i0
Rog 10 Ag lo Ag 3307
Rog M

Rag, R3o 100K

Constant current source (16)

Ohm's Law, E=IZ, will demonstrate that a constant current source
can be utilized to 1\easure thoracic impedance, Since the measured
voltage (E) is a function of the current (I) through the body and the
impedance (Z) across the body, a change in either of these parameters
will cause a voltage change, Therefore, by keeping the current constant,
the vollage change is directly proportional to an impedance change,

The inherent properties of an operational amplifier, namely, an
effective zero voltage between amplifier inputs and zero input current
to both amplifier inputs, form the basis for the constant current source,
With onty a minute current flowing into the upper (negative) input
terminal, the current through Rg is ejual to the current through the body,
Since the voltage between amplifier inputs is approximately zero, the
voltage across Rg is equal to the oscillator voltage, Therefore, the
current through the body is determined by

Es
Rg

I Body =

,‘.
#

% f;




The ability of the oscillator to maintain a constant voltage output is
necessary for the proper operation of the current source, Since no
current flows into the positive (lower) input terminal of the constant
current source, ‘the oscillator is not loaded and produces a constant
voltage regardless of body impedance,

The constant current source in this impedance plethysmograph is
basically an operational amplifier connected in the noninverting configura-
tion. The output voltage (Ey) is given by

Ri, + Rg
Rs

E) = Eg

Since voltage Eg equals oscillator vollage Eg, the voltage across the body
(E}-Ep) is given by
E - Eo = ——maes 4
! 2 R5 ES
This equation shows that the voltage measured.across the body is linearly
related to the impedance of the body.

This linear relationship is restricted by the electrical specifications
of the operational amplifier, Since the specifications set the maximum
allowable output voltage at approximately 10 v, the maximum basal body
impedance is limited to approximately 36. 5 kilohms to prevent amplifier
saturation, The minimum impedance required for linear operation is
determined by the common-mode rejection of the amplifier, the input
voltage offset, and the input current bias, A value of approximately 100
ohms has been measured as the lower limit of acceptable basal body
impedance, A previous study (18) has shown that the actual basal body
impedance is well within the limits of this constant current source,

A test of the constant current source established a constant current
of 0,125 ma, £10% for test impedances varying from 40 ohms to 75 kilohms,
This variance in the current occurred only at " » extremes of the
impedance range,

A short circuit (S9) is connected across the load to protect the constant
current amplifier stages when the circuit is not connected to a subject,
This prevents any of the amplifiers from saturating when there is an open
circvit in the feedback loop of the constant current source (i, e., when no
measurcments are being taken),

10
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High input impedance differential amplifier (16)

In order for the voltage across the body (El - Eg) to be a true measure-
ment of body impedance; there can be no loading by the recording ampli-
fier, In order to prevent loading, ultrahigh input impedance is needed in the
recording amplifier. Qi addition, a differential input amplifier is-needed
because the subject is not grounded. "Two Burr-Brown 3307 operational
amplifiers, connected in the noninverting configuration with cross coupling,
solves bothithese problems (16). The typical input impedance-of this high-
impedance differential amplifier is 101l ohms at each input, The gain of
this amplifier is given by
Rg + Ry . Ry

Rg Rg

The cross coupling in this configuration considerably improves the common-
mode response of the amplifier because the differential voltage (E; - Eg)
is only amplified by a factor of 1,

A=1+

In order to optimize the common-mode rejection, it is necessary to
match the gain of the amplifiers as close as possible, Potentiometer Rq
is used to balance the gain of these two amplifiers., This resistor also
compensates for differences in the operational amplifiers,

An additional reasoi:.for requiring high impedance at the amplifier
input terminals is the impédance change at the electrode-skin interface
of the recording electrodes, These changes, ranging from a few ohms
(due to drying of the electrode paste) to several thousand ohms (due to a
direct pressure caused by tape or clothing), are represented as resistances
in series with the input impedance of the amplifier, The high input
impedaiice of the amplifier (1011 ohms) will completely mask the typical
impedance changes at the electrode-skin interface, However, it will be
shown later that even this high input impedance will not eliminate the
effect of large pressure variations, such as those produced by tapping
on the electrode,

Amplifier Ag converts the differential signal to a single-ended signal,
The following equation shows the gain for this stage, provided that Ryg - Ri4
and Rj9 = Rjg + Ry).

Ri3

A=-
Ry

Potentiometer Rjp balances the gain at each input of the amplifier, This
resistor allows the final adjustment to insure a properly balanced signal,

11




Band pass filter

The band pass filter for this system was a Dytronics model 723,
which eliminates any stray signals other than the 100-kHz :signal necessary
for the impedance measurement, Tests using this filter have shown that
it is not required with the 2-electrode system, but it is necessary to
eliminate ECG effects with the 4-electrode system,

Full-wave rectifier and hold circuit (12)

The full-wave rectlifier and hold circuit converts the 100-kHz signal
to a d. ¢. voltage proportional to the impedance of the body, With this
transformation, strip chart recorders can be used for the measurements,

This full-wave rectifier has many advantages over the standard
rectifier vircuit (12), These are: (1) The input voltage (E‘ ) drives only
one amplifier instead of two in parallel; (2) negative current is not
eliminated by an offset current; thus the amplifier does not have to
supply as ihuch current; and (3) more than one signal can be connected
to the rectifier if necessary.

The operation of this circuit can be determined by studying the
effects of a positive and negative input signal (Ey). becomes
positive, the signal through Ag becomes negative and dloée D3 conducts,
This voltage is then amplified and inverted through A7, Thus, for a
positive signal, two inverting amplifiers are connected in series; the

gain is given as
Es =[R16 + Ryq) [RZI]
Eq Rjs 1 LRao
For negative inpul voltages the signal is also inverted through Ag,

Diode Dy conducts in this situation, Thus, there is a feedback loop from
the output of each amplifier to the negative input terminal of amplifier Ag,

The gain for a negative signal is given as

Esg ‘ (R18 + Ryg) (Ryp * Ry7 + Rygq + RZl)

Eq Ri5(Rig + Rig + Rig + Ry + Rgg)

Although in theory perfect unily gain can be achieved by using identi-
cal resistors, in reality this does not occur because of differences in the
amplifiers and individual components, Potentiometers Rjp and Ryg are
used to correct for component differences in R, and Rjy respectively and
for the difference in gain for positive and negative signals in the {irst
stage of the rectifier circuit, As R 16 t R does not equal Ryn + R g upon
adjusting the first stage, a second potenuometex (RagQ is used1 to compenmte
for this difference and to insure a balanced, rectified output with unity gain,

12
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The holding portion of this circuit consists of capacitor C4 and the
input-impedance-of the next stage, The time constant is sufficiently long
to permit a ripple of less than 20%, Diode Dg prevents-the capacitor
from discharging into amplifier Aq.

Vcltage oifset

The voltage Eg represents two signals, One signal is proportional to
the basal body impedance. and the other to the changes in thoracic impedance,
These thoracic impedance changes are very small, and high-gain ampli-
fier Ag (gain 1000) is used to amplify them, However, that portion of the
d. c. voltage (Eg) representing the basal body 1mpedance is also amplified,
and this portion of the signal is large enough to cause sataration in ampli-
fier Ag.

In order to eliminate this problem, an offset voliage controlled by
resistors Rgg to Rgg inclusive is used in this device, The coarse-adjust-
ment potentiometer Rgg and the fine-adjustment potentiometer Rgq are

used Lo set the output voltage at zero volts d, c. "'With the offset voltage,

the small changes of impedance due to respiratory motion can be measured,
A typical output would be a 4-v. change for a 10-ohm change, The capacitor
Cg in the feedback loop eliminates any stray high-frequency components
over 50 Hz,

It is also desirable to measure the hasal body impedance of the subject,
For this purpose, amplifier Ay and the miliammeter are included in the
design, The d. ¢, vollage (EG) is amplified by a factor of 2 in the noninverting
amplifier (Ay) before termination to a miliammeter or a strip chart recorder,
Since 1700 ohras is the midrange of expected impedance for a {ransthoracic
measurement, this value is set midscale on the meier, Lower and upper
scale impedance values of 1106 and 2300 ohms are indicated on the meter,
The entire impedance measuring range of the meter is controlled by poten-
tiometer Rg;,  This produces varinus impedance measuring ranges between
40 ohms and 15 kilohms.

Test points

In order to insure proper operation and alignment of the impedance
plethysmograph, two test points are included in the design, The first
is the a, ¢, signal test point, Because of different attenuation levels in
off-the-shelf filters, this point is placed at the filter output, Tesis of
the circuit have indicated that a 2-v, peak-to-peak voitlage at this point
(E4) yields an output range high enough tu permit transthoracic impedance
measurements on most subjects, This 2-v, value is adjusted by poten-
tiometer Rg,

13
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The meter-for-this design is calibrated so that the readablie range is 1.}
.§052,.3 kilohms, If a different range is-desiret, the meter would have to

bé replaced. Figure 7 shows the meter used iu this circuit, Figure 8
-shows typicdl-signals from-the filler stage to the meter for body impedances
of 1.1, 17, and 2, 3 kilohms (rows A, B, and C respectively), It should

be noted that although the ripple appears. on theoscilloscope, it does not
appear on.strip chart records or the meter becaiise of thée low-{requency
response:-associated with these devices,
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Voltage comparison for three different impedance levels,
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Figure 9 shows the change in impedance (E7) around a basal
impedance 1ével (Eg)-of 1, 7:kilohms: Illustration C shows the change in
output for a 10-ohm change, while illustratioss A and B show a l-ohm
change,

As illustrated previously, this impedance plethysmograph can be
adjusted to handle different impedance values, The lower 1imit, deter-
mined by the constant current source, is 40 ohms, This is the lowest
resistance for which the current source will maintain a constant current,
The maximum limit is determined by the differential amplifier (Ag to Ag).
The minimum voltage gain of this stag,» is three, Therefore, approximately
4 v, is the highest voltage across the body that.can be measured without
_ iusing saturation, This corresponds to approximately 15 kilohms of
body impedance. By adjusting Rg, Rg(, and Ry}, any range between 40
ohms and 15 kilohms can be obtained,

Additional feature

In many cases impedance plethysmograph studies are made with
frequencies other than 100 kHz, Provision is included through switch §;
to permit the use of an external oscillator, which for best operation
should have a 2- or 3-v, output, In this case the impedance ranges men-
tioned above are valid, For other oscillator voltages the device will have
to be recalibrated, Care should be taken to insure that there is no d, c,
voltage at the oscillator output,
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Voltage change for a l-ohm and a 16~ohm change on a base impedance
level of 1, 7 kilohms,
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Previous investigators have:.sed both the bipolar (2, 11) and tetra-
polar electrode (1,9) configurations in‘their body impedance studies,
Since each of these systems has special advantages, this impedance
plethysmograph will accommodate both, The selection of configuration
is made using switch Sg,

In the bipolar position of 83, current is supplied through the outer
pair of electrodes. The impedance changes are measured at the same
pair of electrodes. In the tetrapolar position, current is supplied through
the same-outer pair of electrodes as in the bipolar system; nowever, the
signal measurement is made from the inner pair of electrodes,

Special considerations

Amplifiers Ag to A, should have a frequency response of at least
100 kHz, The Burr-Brown 3307 operationa( amplifier performed
satisfactorily in the circuit, Because of the high gain in the voltage
offset circuit, an operational amplifier with low noise and drift charac-
teristics is used for Ag,

The necessity of balanced voltage outputs requires the use of
resistors with tolerances of 1% or better, Preliminary tests have
shown that the wire-wouund resistors exhibit inductive tendencies at
100 kHz; therefore, film resistors were used wherever possible,

Alignment
Figure 10 shows circuit voltages when the device is adjusted to
read a basal body impedance of 1. 7 kilohms midscale. It should be
realized that these will change for different scales, but the basic wave-
form will remain the same,
111, RESULTS

Final design

Figure 1l shows the completed impedance plethysmograph, The
inserts show the output jacks, operating controls, and electrode inputs,

Subject test
Several tasts were performed with the impedance plethysmograph to

verify its operation: normal, impulse, inhale-and-hold breathing
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FIGURE 10

Point-by-point vollage waveforms for eaci portion of impedance

plethysmograph circuit, Voltage nomenclature keyed to block
diagram,

sequences, and an arm-movement exercise for the sitting and supine
positions, The test sequence was used for both the bipolar and tetranolar
electrode systems. Standard Beckman ECG electrodes and Cambridge
electrode paste were used in this test, The current electrodes were
placed at the sixth intercostal space along the midaxillary line, The
recording electrades were placed 1, 25 inches in front of and on the same

line as the current electrodes., The only skin preparation was cleaning
with acelone,
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The transthoracic impedance and respiratory volume of the test
sequence mentioned above are shown in figures 12 through 15: the
results of a bipolar electrode system used in the supine and sitting
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FIGURE 12

Results of measuring thoracic impedance change on a2 human sub-
ject in the supine position with a bipolar electrode system,
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positions (figs. 12,13) and of a tetrapolar electrode system used in
the supine and sitting positions (figs, 14, 15).
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FIGURE 13

Results of measuring thoracic impedance change on a human
subject in the silting position with a bipolar electrode system,
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IV. CONCLUS’ON

An impedance plethysmograph was designed, built, and tested,
Several safety features were included to protect the subject as well
as the equipment, This device normally operates at 100 kHz, but
can accept other frequencies., The system uses the constant current

26 lread aviven

VoL

AllLT .
. .

NORMAL IMPULSE

serastvesd odtee RN . K

Sl e el

INHALE AND HOLD ARM MOVEMENT

FIGURE 14

Resuits of measuring thoracic impedance change on a human st bject
in the supine position with a tetrapolar electrode system.
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method to ma: = accurate measurements, It is capable of determining
the basal impedance level as well as minute respiratory impedance
changes, and of recording thése data on either paper or magnetic tape,
The sensitivity of the device is sufficient to show a 1-ochm change over
a basal body impedance level between 40 ohms and 15 kilohms, using
either the bipolar or tetrapolar electrode system,
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FIGURE 15

Results of measuring thoracic impedance change on 4 human subject
in the sitting position with a tetrapolar electrode system,
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