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FOREWORD

This work was done in the Biomedical Engineering Branch,
Support Services Division, under task No. 632001. The work was
accomplished in the period from April to July 1970. The paper
was submitted for publication on 15 October 1971.

The author wishes to thmnk Dr. L. A. Geddes and Dr. IH. S.
Lipscomb of the Journal of the Association for the Advancement
of Medical Instrumentation for their perinission to reprint f'n'gures
1 through 4 in this paper.

This report has been reviewed and is approved.

EVAN R. GOLt , CololMa1, USAF, MC
Commander
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ABS'tRAC.T

A newz•olid-state impedan•e plethysmog.-aph 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 its proper alignment.

The circuit detects a 1% iiihpedance change centFred on basal
body impedance levels between 100 ohms and 15 kilohii.s. Although
normally operated at 100,kHz, the circuit will operate t- tv arious
frequencies, and it will accommodate either the bipolar or tetra-
polar 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
FOR RESEARCH IN A SPACE ENVIRONMENT

I. INTRODUCTIO6N

The g6al of this project was to design a solid-state impedance
plethysmograph to investigate the feasibility of monitoring tidal
volume in a space environment. The two basic impedance measuring
systems used todayare the bridge circuit (10; 11) and the constant
current circuit (2, 6). The bridge circuit has two limitations that
make it impractical for the dynam.ic 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 featur~es 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 Gf 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 source 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 arrangement. In the second system, used
by Geddes et al. (7), a 100-kilohm resistor is placed in series with
the signal source. This resistance, 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



designs permitted.. In this study a constant current source plethysmo-
graph, using operational amplifiers, hasbeen designed and constructed.

'II.' DESIGN PROCEDURES

Two major characteristics: required consideration in designiing
this impedance plethysmograph: (1) safety features - for its use
in monitoring human-subjects, and (2)-design flexibility - for its
use as a xresearch instrumiient. 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
firequency.

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

Design

Stable constant current source.

Internal 100-kH-i-oscillator.

May be connected to a variable frequency generator
which permits observations over a wide ±Lange of
frequency.

Operates over a wide impedance range.

Capable of measuring a 1% impedance'change.

Basal body impedance and impedanme changes resulting
from minu,.e-to-minute respiration are measured.

Operates. with bipolar or tetrapolar electrodes.

2



Safety features.

The'hazards; associated with supplying a current -to the body
represent an important design consideration. Therefore, the effects
of current andývoltage- on the body are a: prime concern in this study.
Several investigatoi's'•have studied the effects of electrical current
on thebody (5, 8, 17). Geddes and Baker (8) repoi'ted that as the
frequency of the stimulating current inctieases, the current required'
to produce threshold sensation also increases. Figure 1 shows the
relationship between thfeshold sensdtion and frequency for various
electrode-positions. This graph shows that' a low stimulating current
at a high f reýquency eliminates the possibility of discomnfort.
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FIGURE 1

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 bc coil-
sidered when currents greater than those needed for sensation are
used. In particular, structures such as the vagus anu phrenic !-er\9s
and the ventricular fibers require the most attention; Stimulatio' 4!
vagus and phrenic nerves can cause heart stoppage or prevcnt respiration.
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Stimulationi of the ventricular fibers 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 ventricuiar fibrillation as a function of
frequency - transthoracic electrode placement. (Reprinted by
permission of author.)

S~.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
S~ma. is needed to produce ventricular fibrillation in dogs.
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These figures indicate that as frequency increases, more current
is required'to cause ventricular fibrillation. Therefore, 5 ma. at

j lO0OkHz 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 fibrillation as body Weight increases. By assuming that
this. relationship is independent of frequency, additional graphs can be
drawn foi' various frequencies. Figure 4 (upper half) shows the body
Iweight-current relationship at 10 kHz for both the transthoracic and
neck- abdomenelectrode configurations. These additional curves show
that the '0-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 probalbiy: safe to assume that the results would be similar.
These current values ate far above the operating current of this system.

WSO Afh
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SFIGURE 4

:• Current needed to produce ventricular fibrillation in animals
S~of large body weight. (Reprinted by permission of author.)
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Two 6. 8-v. zener diodes (D1 and D2 ) 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.

10O0 KHZ. Es CONST. 1. El-E2ý HIGH INPUT E3 BAND PASS
-- •OSC SORCEIMPEDANCE FILTERO CSO R EI DIFF. AMP. ,80-100 KHZ

L--•ECT FUL WAVE" Er, HIGH GAIN E- Z
RET HL AMP a DC. A

-- " l CIRCUIT BALANCE

BAI

AMPLIFIER 8 BODY Z

FIGURE 5

Impedance plethysmograph block diagram.

This 100-kHz voltage (Es) 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 (El-E?.) across the body to a single-ended signal (E 3 ) 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. (E 6 ), using the full-wave rectifier
and hold circuit. The d. c. voltage serves as an input signal to a high-
gain amplifier with d. c. balance and to an additional 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. 7



The complete circuit, describvd 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

2r RIC2

For best results, the potentiometer R4 should be adjusted to the point

at which the circuit starts to oscillate. At this setting the peak-to-peak
output voltage (Es) is approximately 2. 75 v.
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FIGURE 6

Impedance plethys mogr aph circuit diagram.
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TABLE II

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

R1, R2 453 C1  . 0066

R3  100 C2 , C3  . 0033

R4 200 04

R5 20K C5  .004

R6, R8, Rg, R15 , R2 1  10K

R7 , R2 3 , R3 1  500 DI, D2  1N3016

RIO, R2 2 ,R25,R 2 6 , R27  IK D3 , D4  IN3484

RII, R12, R13, R14 4.7K D5  1N539

,RIO, R18 9.1K

R17 , R19  2K A1  SMl0

R2 4  10 A2 to A9  3307

R2 8  IM

R2 9 , R3 0  lOOK

Constant current source (16)

Ohm's Law, E=IZ, will demonstrate that a constant current source
can be utilized to i Neasure thoracic impodance. 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 voltage 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 R5 is equal to the current through the body.
Since the voltage between amplifier inputs is approximately zero, the
voltage across R is equal to the oscillator voltage. Therefore, the
current through the body is determined by

I Body Es

R5

9



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 (El) is given by

El = Es RL + R5

R5

Since voltage E2 equals oscillator voltage Es, the voltage across the body
(EI-E 2 ) is given by

RL E
El - E2 =RL E

R5  s
This equation shows that the voltage mcasuredcacross 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 ina. ±10%, for test impedancG varying from 40 ohms to 75 kilohms.
This variance in the current occurred only at " extremes of the
impedance range.

A short circuit (S2) 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 al open
circuit in the feedback loop of the constant current source (i. e. , when no
measurements are being taken).

10
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High input impedance differential amplifier (16)

In order for the voltage across the body (El - E2 ) to be a true measure-
ment of body impedance; there can be no loading by the recording ampli-
Ufier, In order to prevent loading, ultrahigh input impedance is needed in the
recording amplifier. Li 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 boththese problems (16). The typical input impedanceof this high-
impedance differential amplifier is 1011 ohms at each input, The gain of
this amplifier is given by

A 1+ R6 + R7 R9

R8 R8

The cross coupling in this configuration considerably improves the common-
mode response of the amplifier because the differential voltage (E1 - E2)
is only amplified by a factor of 1.

In order to optimize the common-mode rejection, it is necessary to
match the gain of the amplifiers as close as possible. Potentiometer R7
is used to balance the gain of these two amplifiers. This resistor also
compeisates 'for differences in the operational amplifiers.

An additional reasoi,.for requirin& high impedance at the amplifier
input terminals is the impedance 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
impedaii ce 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 A5 converts the differential siL;nal to a single-ended signal.
The following equation shows the gain for this stage, provided that R13 - R14
and R12 = R10 + Rll.

A= R13

R12

Potentiometer R10 balances the gain at each input of the amplifier. This
resistor allows the final adjustment to insure a properly balanced signal.

S~11



Band pass filter

SThe band pass filter for this system was a Dytronics model 723,
which eliminates any stray signals other than the 100-kHz zsignal 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 rectifier and hold circuit converts the 100-kHz signal
to a d. c. 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 uircuit (12). These are: (1) The input voltage (E 4 ) 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 (E 4 ). As E becomes
positive, the signal through A6 becomes negative and diode 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

E5 R1l6 + R17l [2l1L R15  R20

For negative input voltages the signal is also inverted through A6 .
Diode D4 conducts in this situation. Thus, there is a feedback loop from
the output of each amplifier to the negative input terminal of amplifier A6 .
The gain for a negative signal is given as

E5  (R18 + R19 ) (R16 i. R17 + R2 0 + R2 1)

E4 R15 (RI8 + R19 4 RW6 + RI7 + R20)

Although in theory perfect unity 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 R17 and R19 are
used to correct for component differences in RL6 and R17 respectively and
for the difference in gain for positive and negative signals in the first
stage of the rectifier circuit. As R16 + R17 does not equal R 7 + R18 upon
adjusting the first stage, a second potentiometer (R20 is useý to compensate
for this difference and to insure a balanced, rectified output with unity gain.

12



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 20r. Diode D5 prevents-the capacitor
from discharging into amplifier A7 .

Voltage offset,

The voltage E6 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 A8 (gain 1000) is used to amplify them. However, that portion of the
id. c. voltage (E6 ) repre.senting the basal body impedance is ,also amplified,

and this portion of the signal is large enough to cause saturation in ampli-
fier A8 .

In order to eliminate this problem, an offset voiage controlled by
resistors R2 2 to R2 6 inclusive is used in this device. The coarse-adjust-
ment potentiometer R23 and the fine-adjustment potentiometer R24 are
used to set the outpgut voltage at zero volts d. c. With the offset voltage,
the small changes of impedance duc to respiratory motiol. can be measured.
A typical output would be a 4-v. change fur a 10-ohm change. The capacitor
C5 in the feedback loop eliminates any stra4 high-frequency components

::, over 50 Hz.

It is also desirable to measure the basal body impedance of the subject.
For this purpose, amplifier A2 and tihe nillianmneter are included in the
design. The d. c. voltage (E6) is amplified by a factor of 2 in the noninverting
amplifier (Aj) befure terniinatiun to a inilliamimeter or a strip chart recorder.
Since 1700 ohms is the midrange of cxpected impedance for a transthoracic
measurement, this value is set midscale on the meter. Lower and upper
scale impedance values of 110(. and 2300 ohms are indicated on the meter.
The entire impedance mnasur'ing range of thc meter is controlled by poteii-
tiometer R3 1. This produces various 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. c. signal test point. Because of different attenuation levels in
off-the-shelf filters, this point is placed at the filter output. Tests of
the circuit have indicated that a 2-v. peaK-to-peak voltage at this point
(E 4 ) yields an output range high enough to permit transthoracic impedance
measurements on most subjects. This 2-v. value is adjusted by poten-
tiometer R8 .

- : .. . .= -. = - ...1 3



The meter-for this design-is calibrated so that the readable range is. 1.
.to 2ý. 3-kilohms. If a diff erent, rangre is -des ired, the meter would have to

b~ plaed.Figrure 7 shows the meter used in this circuit. Figu'e 8
.shoWs. -0yp.ca_8signa~ls _f rom -the filter stage to the meter for body impedances

o 1, 1) 1.17, and -2- 3 kilohms (rows A, 13, ýanS C respectively). It should
be ntoted th~at although the ripple- appears. on the toscillos cope, it does -not
appear on~strip chart, records or the meter becaUse of the low-frequency
-respons e associated with these devices.

NA it~l

C

AMF M"SCALE Ar,* B ~7000
* )ROW C (Y' AXIS

Reprouced~rom ,:i'AXIS
lbest ava, ab e oY

FIGURE 8

Voltage comparison for three different impedance levels.
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Figure 9 shows the change in impedance (E7 ) around a basal
impedance ldvei; (E8 )'-of 1. 7 4kilQhms: Illustration C shows, the change in
output for a 10-ohm change,, while illustrations A and B show a 1-ohm
change.

As illustrated previously, this impedance plethysmograph can be
adjusted to handle different impedance values. The lower limit, deter-
mined by the constant current source, is 40 ohms. This is the lowest
resistance for which the current source willumaintain a constant current.
The maximum limit is determined by the diefirential amplifier (A to A5 ).S,• " 3 5'
The minimum voltage gain of this stacr is-three. Therefore, approximately
4 v. is the highest voltage across the body that. can be measured without

!using saturation. This corresponds to approximately 15 kilohms of
body impedance. By adjusting R8 , R20, and R3 1, 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 S1
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 takento insure that there is no d. c.
voltage at the oscillator output.

•• $I3NAL E,A Z

-I17050

All'
SCALING:

A A N D 8 1/IV
-704 5 %TS/DIVI Y AXIS

C 2 VOLTS/DIV
A TOC; AXIS1O-EC/OlV XAI

FIGURE 9

Voltage change for a 1-ohm and a 10-ohm change on a base impedance
level of 1. 7 kilohms.

16



Previous investigators haveý_.,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 S3 .

In the bipolar position of S3 , 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 sulpplied 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 A2 to A 7 should have a frequency response of at least
100 kHz. The Burr-Brown 3307 operational 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 A8 .

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

Alignment

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

III. RESULTS

Final design

Figure 11 shows the completed impedance plethysmograph. The
inserts show the output jacks, operating controls, and electrode inputs.

Subject test

Several tWsts were performed with the impedance plethysmograph to
verify its operation: normal, impulse, inhale-and-hold breathing

17
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FIGURE 10

Point-by-point voltage waveforms for eacih portion of impedance
plethysmograph circuit. Voltage nomencl,'ature 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 tetrapolar
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 electrodes were placed 1. 25 inches in front of and on the same
line as the current electrodes. The only skin preparation was cleaning
with acetone.

18
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FIGURE 11

Impedance plethysmograph ',howing operating controls and
connections.

19



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

.1W

NORMAL IMPULSE

S, I

INHALE AND HOLD ARM MOVEMENT

FIGURE 12

Results of measuring thoracic impedance change on a huAman 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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f t

INHALE AND HOLD ARM MOVEMWNT

FIGURE 13

Results of measuring thoracic impedance change on a human
subject in the sitting position with a bipolar electrode system.
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IV. CONCLUSMON

An impedance plethy,4mograph 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 clirrent

VOL
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I I

INHALE AND HOLD ARM MOVEMENT

FIGURE 14

Resuits of measuring thoracic impedance change on a human s. bjectin the supine position with a tetrapolar electrode system.
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method to ma, i accurate measurements. It is capable of determining
the basal impedance level as well as minute respiratory impedance
changes, and of 'recording these data on either paper or magnetic tape.
The sensitivity of the device is sufficient to show a I-ohm change over
a basal body impedance level between 40 ohms and 15 kilohms, using
either the bipolar or tetrapolar electrode system.

VOL

-- *• tlL. I

NORMAL IMPULSE

INHALE 2'ND HOLD ARr M!1OVFIM FNI

FIGURE 15

Results of measuring thoracic impedance change on .1 human subject

in the sitting position with a tetrapolar electrode system.
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