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ABSTRACT

This volume is a discussion of monitoring systems. While the applications of
physiological monitoring are many ond varied, the primary concern here is with via-
bility monitoring, the use of a measurement system to obtoin factual, quantitative
information about the physicleyice! responses of a subject in a stressful environment,
in order to plun aotective megsures which will ensure the safety and functional copo-
bility of that subject in such cnvironments. Included are o description of instrumenta-
tion required for ihe measurement of individual physiological parameters, o discussion
of related problems in system Arcign, including simultaneous measuiement of several
parameters, data tronsmission or telemetry, and the use of magne:ic tape recording as a
system odjunct. Basic guidelines of system troubleshooting and interference reduction
are also included, Section IV contains a brief survey of edditional measurement tech-
niques and data handling considerations which, while not state of the art or standard
practice, will undoubtedly affect the field of physiological monitoring in the neor
future.,
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INTRODUCTION

PURPOSE AND SCOPE OF HANDBOOK

This is the third and final volume of a three-vo!lume handbook devoted to the
monitoring of a physiclogical subject in an abnormal environmant by electronic tech-
niques. The handbook is concermed piimarily with the instrumentation used to deter-~
mine tha vital state of normal subjects in varied environments, principally aerospace.

Volume | is devoted primarily to a discussion of the various physiological systems.
It explains briefly the functions which underlie those system parometers or responses
which can be measured by electronic techniques. The known responses to abnormal,
aerospace environments also were surveyed, and system reguirements for electronic
measurement were briefly discussed.

Volume Il discusses the components used in physiologica! systems. Performance
characteristics and capabilities of electrodes and transducers, sigrial modifiers, and
recording and display devices are covered in some detail, including the use of mag-
netic tape recorders. The requirements and capobilities of data transmission and data
processing equipment also are covered.

This third volume is devoted to a discussion of monitoring systems. Section I,
specifically, is devoted to the description of instrumentation required for the measure-
rment of individual physiological parameters. As on introduction to that section, this
fir:t section includes a review cf the general system design factors touched on in
Volume |.

Following the individual system descriptions in Section lI, Section Il discusses
related problems in system design, including (1) simultaneous measurement of several
parameters, (2) dota transmission or telemetry, and (3) the use of magnetic tape record-
ing os a system odjunct. The basic guidelines of system troubleshooting and interfer-
ence reduction are also included.

Finally, Section IV contairs a brief survey of additional measurement techniques
and data handling considerations which while not state of the ort or standard proctice
will undoubtedly affect the field of physiclogical monitoring in the near future.

THE MEASUREMENT OBJECTIVE

While the applications of physiological moritoring are many ond varied, the pri-
mary concern in this handbook is with viabiiity monitoring: the use of o measurement




INTRODUCTION

system to obtain factual, quantitotive information about the physiological responses of
a subject in o stressful environment, in order to plan protective mecsures which will
emsure the safety and functional capability of that subject in such environments.

Such systems are employed in two ways. One is in baosic ressarch, to establish
quantitatively the effect of certain environments upon the vital state of a subjact. The
other is functional monitoring, to obtain a record of such responses during tactical
missions. The record moy simply be historical, or it may be port of an alarm system to
protect the subject in the event of cbnormal deviations from the expected conditions.

Such measurement is the province of ocerospoce medical proctice. The types of
measurement mades have grown out of clinical work, ond the imstrumentation used has
been drawn both from clinical practice and from cerospace telemetry.

There are of course numerows differences betwes the measurement techniques em-
ployed in the clinic and those employsd in field or asrospace applications. The
measurement data required ore not necessarily identical, nor are the environmental
factors of the mecsuremant situation. And in functiona! monitoring the measurement
must be accomplished with a minimum of encumbering instrumentation attached to the
subject.

In clinical practice, measurement by electronic techniques such as those discussed
in this handbook is corried out for o number of purposes, including diagnasis and treat-
ment of patients, ond pathological studies. While the instrumentation employed is
similar to that in the field, it may be either more or less sophisticated. Some of the
obvious differences in these applications ore:

® Aasrcspace monitoring is usually continuous, and may be employed for the full
length of a mission, running from several hours to several days. Clinical
measurement of many parometer: frequently is conducted over test periods of
only a few minutes duration.

® Aerospoce monitoring may entail exposure of the subject (and the instrumen-
tation) to one or more widely varying environmental stresses, including
temperature, atmospheric pressure, g forces, vibration, etc.

® Asrospoce monitoring normally must allow for o greater degree of subject
movement thon prevails in the clinic. The instrumentation that is attached to
the subject is doubly limited, then, both in the complexity and kind of devices
that can be used and in the type of meosurements that can be occomplished
successfully under such circumstances.

Finally, becouse the purpose of cerospace monitoring is frequently routine viabil-
ity checki g, rather thon diognosis, the system requirements for the instrumentation
may be less stringent than in the clinic. Both the content of the data (specifically,
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frequency content) and the occurocy of the meamurement may be reduced from the
minimum levels that would be acceptable in clinical measurement,

MEASUREMENT SYSTEM COMPONENTS

The physiological monitoring system comprises o series of components which permit
the registration of physiological data through a series of intermediate electrical opera-
tions. To cccomplish such operations electrically, the system input must consist of a
sensor which will provide on electrical analog signa! -~ either by electrical tronsduc-
tion or with electrode pickup of bioolectric signals. Registration of the electrical
analog may be in one of several forms. It may be electrical, by mognetic tape record-
ing, to presarve the mecsurement for subsequent display or processing. It may be a
scalar indication, &8 on a panel meter, or it may be o digital printout of numerical
values. Finally, it moy be a grophic presentation, such as on an oscilloscope screen,
or a grophic record obtained with o pen writer or an optical galvanometer,

Intermediate components accomplish the amplification, filtering, ond other shaping
of the input signc! and, as required, the transmission of the signal by wire or radio
linkoge. All of these components are linked together as shown in figure 1. Their capa-
bilities and limitations have been discussad in detail in Volume Il of this handbook.
The following paragraphs afford o brief review of the nature of these components, lead-
ing into the more detailed treatment of their use in the subsequent system discussions.

|. Sensors

To accomplish measurement of physiological phenomeno electrically, the physio-
logical varioble must first be sensed by a pickup device at the input of the system. The
pickup device or sersor provides an electrical analog of the physiological voriable, so
that subsequent operutions in the monitoring system can be accomplished electrically
(electronicaily). This device may be (1) on electrode lead system to pick up bicelec-
trical signals, or (2) an electrical transducer which converts a physiological parameter
into a corresponding electrical output.

Bioelectrical signals are sensed directly with surface electrodes. Other physio-
logical variables are evidenced by minute surface displacements, and can be sensed by
various force, pressure, or displacement tronsducers of suitable sensitivity. These
include piezoelectric devices, such as microphones, variable resistance devices such o3
strain gages, variable reocctonce devices, and differential transformers. Still other
varicbles can be sensed by phoioelectric transducers, where the response is evidenced
by changes in tissue opocity, or by electrochemical transducers, where biological gases
are being monitored. Finally, temperature—sensitive devices such as thermistors are
used to monitor body temperature and respiration.

The sensors ore attached directly to the subject with output connections to condi-
tioning circuitry. Excitation voltages for measurement circuits, as well as output leads,

— . ———- - ———
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Figure 1. Basic Measuring System Components

also may be connected to the s.nsors. These sensors must be mcunted or attached in
such a way as to minimize response o body movement, must be relatively immune to
impact and vibration stresses, ond must in general operate over the range of environ-
ments to which the subject himse!f will be exposed.

The various sensing devices ore described in greater detail inVolume 11, Section |.
Useful surveys of this critical area are contained in references 25, 32, 43, and 57,

Il. Siynal Conditioners

Bioelectric potentials, and the voltage outputs of most transducers used in medical
eisctronics, ore very low in level, in the microvolt and millivolt range. An immediate
requirement then is for sizable amplification, with stages of 500 or 1000 gain factors.

Many signols of intarest are slow-varying, near-dc phenomenc, ond d— omplifi-
cation is also required.

In oddition, the signal must, in most instarices, be modified for a number of reasons.
Filters are used to limit the frequency bandwidth to a particular range of interast, or to
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block out certain interfering signals. Filter circuits are employed also to obtgin dif-
ferantiated or integroted outputs, Amplifiers with appropriate impedance choracter-
istics will be employed to match impedaonces between stages for optimum voltege
tronsfer,

Oscillators are used in many measurements also. They may be employed to provide
excitation voltages in certain electrode-type measurements, or they may provide a
carrier signal which is modified by the output of o transducer that is included in the
oscillator tank circuit. Multivibrator=type circuits are used in some systems to gener-
ate pulses, square waves, and ramp functions which in turn are used to control the
operation of other system components. Also, since the time constants of thesa multi-
vibrator circuits and their outputs can be controlled carefully, they make nossible the
accurcte quantization of analog inputs, by measuring signal amplitude as o function of
time.

Refar to Volume i1, Section I, for more extended treatment of individual modifiers.
I1l. Presentation Devices

The two basic types of signal presentation, or measurement registration, are scalar
and graphic. Digital display ond printout are also desirable in many applicaticns,
The type of display or recording will vary with the application. Frequently more than
one type of device will be used, for multipurpose handling of the measurement.

The most common scalar display device is a moving-coil milliommeter or milli-
voltmeter. Most special purpose devices available from medical suppliers, such as
G5SR meters or cardiotachometers, include amplifiers, ond other signol conditioners in o
single package, with a panel meter for on~line (simultaneous) display and monitering,
and an auxiliary output jack for driving a graphic recording device.

Digital display and printout are used in monitoring situations where fost reading
by the monitor, in easily read numeric form, is desired. Devices for this purpose accept
analog input signals and accomplish the nece.sary conversion for digital output.

Graphic display is obtained by applying analog input signals to the vertical
deflection plates of a cathode-roy tube in an osciiloscope. Permanent records can be
made by photographing the face of the ccthode ~ray tube.

More commonly, when perm tnent grophic records are desired, oscillographic
recorders are employed. For lower frequency (100-150 cps) signals, direct-writing
instruments of the golvanometric or potentiometric type are employed. Pens or heatec
styli trace the input signal variations on scaled chart paper, and movament of the chart
paper past the pen at fixed rates provides the time base for the measurements,

When graphic recordings of higher frequencies are needed, oscillographs of the
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optical galvanometsr type ore wed. These devices employ low-masxs galvanometric
alements capoble of following frequencies up to several kilocycles. A beam of light
defleciad by a mirrx attached to the moving coil traces the input signal voriations of

photoransitive papar.

The various recording and Jisplay devices are treated in further detail in Volume
i1, Secticn ill.

IY. Data Transmission Equipment

Dota trammission equipment provides the link between the components at the
measurement site (sensors anc initial signal conditioners) and the control or recording
site. The complexity of the data transmission requirement may vary widely. Some
measurement situations, cver short distances, require no odditional components, only
direct wire connectior betwesn components. Somewhat longer distonces may still be
covered by wire, but will require either d— line-driving amplifiers or carrier ampli-
fiers to retain the information on the input signal .

Mony acerospace applications will require the use of a radio telemetry link -~ an
cbvious necessity for in~flight monitoring unless on-board recording is cll that is
desired. Various techniques are used to transmit information at rodio frequencies, in-
cluding omplitude, frequency and pulse modulation of r-f transmitters. The *ransmission
of many channels of information on single radio channels is accomplished by time- and
frequancy-division multiplexing schemes. All of these techniques have been discussed
in detail in Volume H, Section V, and system comsiderations for physiological telemetry
are taken up further in Section Il of this volume.

V. Other Components
A, Power Supplies

For the sake of simplicity, power suppli - were not indicated on the block
diagram of figure 1. With the e«ception of some slectrodes and transducers used to
sense the physiological variable, all components of the measuring system require some
source of d-c voltages for their operation. These sources may include chemical bat-
teries or photoelectric energy converters, or d—< power supplies oparating from a—c
power lines. Combinations of battery and power-supply sources ore frequently
employed.,

Many system components contain their own power supplies, each requiring
connection to an a—c source. in other systems, several components may draw power
from the some supply. Common sowsi suopiies are efficient and economical, but they
con be a source of system trouble, by permitting unwanted interaction between compo~
nen‘s through the power supply connections, Refer also to Volume Il, poges 136-148.
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B. Mognetic Tope Recorders

Mognetic tape recording provides a means for storing experimental data in
the electrical form in which it was originally obtained. Such recording is an inter-
mediate step in the measurement process, and it is used ot the same point in a system as
the dato transmission or telemetry link. (It may, of course, be used in oddition to
the telemetry link, with magnetic recording taking place either befcre or after
transmission.)

Magnatic tape recording provides compact storoge with easy access to the
stored information. It permiks real -time recording with minimum instrumentation. Sub-
sequent operations, such as graphic recording or display or data processing, can then
be accomplished at a later time {and, significantly, as mony times as desired) simply by
playing back the recording to furnish input signals to the oppropriate devices. Thus,
while a mognetic tape recorder is not a necessary component for physiological moni-
toring, it is certainly o desirable one for many applications. Refer to the discussion in
Volume I, pages 119-133.

C. Data Processing Equipment

Data processing, while not o part of measurement systems per se, is o relcted
process involving the reduction and interpretation of information obtained with such
systems. And the time may come when physiological monitoring and rapid computer
processing will serve as integral ports of an overall command system, which could be
used, for example to control the operation of a life support system operating in hazord-
ous environments.

A rather extersive introduction to the uses of data processing equipment, in-
cluding both analog and digital computers, is contained in Volume Il, Section VI,
Additional data processing considerations are touched on in the fina! section of this
volume.

An ultimate application of this sort will involve on-line computation, whereas
most data processing currently done in connection with physiological data does nat, in
digital computation, for example, onalog informut >n from a stored record, such as o
chart recording or magnetic tape recording, or tabular numeric information previously
extracted from such recordings, must be converted into digital form before it con be
read into a computer for procassing. There are devices which can perform these oper-
ations automatically. It is therefore conceivable that for certain applications, the
output of a monitoring system could be applied directly to computer input components,
so that computer operations could follow the response of o monitoring system directly,

BASIC SYSTEM REQUIREMENTS

In meeting ond solving the problem of physiological measurement, a monitoring

~
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system must satisfy two general conditions: it should have a minimum effect on the
phenomenon being memsured, and it should respond only to the phenomenon being
megsured . In terms of specific system parameters, the mcnitoring system obviously
must possess carlain resporse charactaristics -~ both in terms of frequency and dynom-
ics, or omplitude -- that correspond to the range of variations in the phenomenon
being measured. Implicitly, system resporse, in addition to being adequote in range,
must alsc be reasonably iinear, and accurate, if the measurements obtained ore to be
meaningful analogs of the physiological system under obsarvation. Finally, these cri-
terio of performonce must ba met by all components of the systam, for fina! system
output can ba no better than that of any of ity components.*

t. Frequency Response

The monitering system must possess satisfactory response to physiological inputs
over the ronge of frequencies contuining the most significant data for the particular
meawrsmant. In general, the inputs from the various human body systems are measured
and recorded as direct—current variations; the frequency content of these variations
ronges from zero t5 sevaral thousand cycles per second. With o few exceptions (heart
sounds, muscle action patentials, etc) significant information on the responses being
monitored is contained in the frequancies below 100 cycles per second, Table | sum=-
marizes these frequency requirements. These ranges are discussed in detoil elsewhere
in ths hondbook, for individual physiological responses,

Generally speaking, the frequency requirements cited above are well within the
capability of electrical and electronic instrumentation. Possible problem areos in
frequency ronge and response are discussed below,

A, Transducers

Transducars operate on a physiological input to produce a voltage {(or a
change in some other electrical characteristic) that is related in volue to the input.
This input-output relatiomhip is the transfer function of the transducer. Transducers
ara designed for specific applications so that the transfer function will be constant
with frequency (linear) over most of the frequency range of the input,

As can be seen in figure 2, tramsducer response is dependent upon the rela-
ticnship of the input frequency to the natural frequency of the transducer. The
transducer will have o sharply pecked response (solid lines) at its undomped natural
frequency. With an appropriate amount of domping in the transducer system, the

*With certain axceptions. Linear system response, for example, may be obtaincble
aven though one component (say, the transducer) has a nonlinear response, by insert-
ing elsswhere in the system o component (such os an amplifier stoge) which possesses
an equally nonlinear, but inverse, response.
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change in the transfer function will be more nearly constant (linear) with changes in
the input frequency (dotted lines) (ref, 40).

TABLE |, TYPICAL REQUIREMENTS FOR FREQUENCY RESPONSE IN
PHYSIOLOGICAL MONITORING SYSTEMS

Measurement Spectrum (cps)*
Heart potentials (ECG) 0.1 to 100
Heart potentials (rate measurement) S5to 25
Heart sounds 16 to 2000
Pressure pulse 0to 30
Brain potentials 1 to 80
Muscle potentials 10 to 5000
Basal skin resistance Otol
Galvanic skin response 0.01 to 1
Respiration (qualitative) 0.1t02
Respiration (true shope) O0to 10

*Spectrum limits are between the half-power points (3 db down).
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There ore instances, of course, whers nonlineor transducer response is desir-
able. An example of this is in the recording of heart sounds, where o microphone with
a nonlinear charocteristic may be employed to produce a graphic trace which is similar
to the logarithmic response of the human ear, as experienced by the clinician accus-
tomed to listening to these sounds directly with a stethoscope.

B. Amplifien

It is usually possible to design amplifiers and other electronic circuitry which
wiil pomess the desirable frequency response characteristics necessary for the measure-
ment at hand. One area of difficulty is in the handling of d-c baselines and slow~
varying data signals. It is difficult to design o high-gain d—c amplifier that will be
free of baseline drift for extended periods of time, aspecially within the limits of size,
weight, and power consumption that are necessary in gerospace environments.

Chopper amplifiers and corrier amplifiers will provide high gain and more
stoble operation than direct-coupled omplifiers, but they too possess certain disadvan=
tages. Mechonical choppers may impose o limit upon the high-frequancy response of
the system. And carrier anplifiers are inherently noisier thon tne other types, so that
there will be some sacrifice in the signal ~to-noise ratio.

C. Presentation Devicas

Of principal concern in selection of the appropriate presentation device for o
given measurement is the high-frequency response desired. Direct-writing instruments
-~ galvonomstric or potentiometric recorders -- have on upper fraquency limit of about
100 %o 150 cycles per second. For those measurements where higher frequency infor-
metion is desired, recording must be accomplished by on optical galvanometer, or with
an ascilloscopic comera.* For wide-range or high-frequency recording, even the
oscilloscope may be unsuitable. This is becouse the illumination on the face of the
cathode-ray tube varies inversaly (generally speaking) with the speed of beam travel
(sweep ond deflection). If both high- ond low-frequency phenomena are being dis-
ployed, the variations in illumination will Iimit the effectiveness of photographic
recording.

O. Other Frequency Considerations
Certain other frequency criteria must be considered, besides the inherent

capability of the measuring system to handle the frecuencies of the phenomenon being
measured .

*Higher frequency data can also be recorded on direct-writing instruments if the data
is first recorded on magnetic tope as an intermediate step. The tape can then be
played bock at a slower speed to provide a lower frequency input that is within the
frequency handling capability of the direct-writing recorder.
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1. Telemetry

In a remote monitoring system, with telemetry components employed for
transmission of the measured data, overall system performance will be tied to the band-
width or channe! capacity of the telemstry link. A narrow-band chonnel may place a
limit on the frequancy content of the transmitted signal; this in turn can permit reloxa-
tion of the requirements for frequency response in other components of the system.
Conversaly, a firm requirement for monitoring several different physiological responses
will diciate an increase in the channel bandwidth of the telemetry link to be used in
the system.

2. Interference Filtering

In physiological monitoring, there is always a likelihood that simultane-
ous phenomena will be sensed along with the desired response. Too, in the measurement
situation in the field or in aerospace environments, interference from movement-
generated artifacts may intrude on the desired signal. When frequency-selective filters
are employed to minimize such ortifacts, there will be a corresponding reduction in the
overall system bandpass, ond the frequency response requirements of the system compo-
nents may be reduced accordingly.

1. Dynomic Range or Response

A physiological monitoring system, ond all components in it must be able to
respond to the full range of omplitude variations in the phenomenon being measured.
Obviously, a transducer with an operating range of 0 to 14 psi cannot be used to moni-
tor pressure variations of 20 or 25 psi.

Equally important, the opercting range of the system should not exceed the meas-
ured variation by too large a degree, or the resolution and precision of the system will
foll short of its potential. As o general rule, o system should be designed to handle
the highest expected amplitude signal omplitude variation, with perhaps o 20-percent
added copability for overloads.*

Dynamic range comsiderations aoffect all components: in transducers the operating
range must equal the input variations; in omplifiers the optimum bias or operating level
should accommodote maximum variations without overdriving or distortion; in telemetry
components, carrier and transmitter units should be set to operate near full modulation;
in recording and display devices, sensitivity settings should permit full range response
at the highest input level expected.

*At the some time, system components should be able to handle dynamic overloads of
perhaps 10 times the measurement range without damage.

11
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The dynamic range of a system is clearly related to the overall resolution and
precision that con be attoined with the system. For exomple, if a 50-psi pressure vari-
ation is to be measured with a 0.5 psi resolution factor (1 percent), a transducer with
on operating range of O to 500 psi should not be used, or the actual resolution will be
reduced by a factor of 10,

Similorly, improper handiing of the dynomic range in a telemetry link can reduce
the effective signal-to-noise ratio, and system precision will be lost. In a data chan-
nel of a telemetry link, the noise level is ir dependent of the information level.
Therefore, the higher the level of the information signal, the higher the precision. For
example, a 5—volt information channel may possess an inherent ncise error of 0.1 volt;
if the transmitter is set for full modulation by the information signal, a precision of 2
percent caon be attained; if the information signal modulates the transmitter only 50
percent, precision falls off to only 4 percent (ref. 54).

HI. System Accuracy and Precision

The accuracy of a monitoring system may be considered as the degree of freedom
from error in the measurement, Component specifications, in fact, usually express the
accuracy of an imstrument in terms of error, such as 1 percent of full scale, or 0.1 volt
in @ 100-volt range. System precision, on the other hand, is a measure of system reso-
lution. A voltage reading of 0.026 volt is more piecise than one of 0,03 volt. It may
not be more occurate. That depends upon the amount of error present in the system.

Error may be one of three types: systematic, dynamic, ond random. Component
specificotions generally refer to systematic error. Within a given range, for example,
a transducer will have a linear output, but only within the cccuracy figure quoted.
Systematic error can usually be allowaed for in calibration (ref. 40).

Dynamic error results from the inability of a component to follow the variations in
the phenomenon being measured. It con also result from changes in the environment of
the measurement. Dynamic error of the first type, when it is a function of a known
system operating characteristic, such as nonlinear dynamic or frequency response, con
be compensated for by calibration. Error caused by environmental change may escape
detection ond definition, unless the environment is being monitored at the some time.

Random error resuits from many variable factors. in o panel meter, or oscillo-
groph, for example, mechanical factors such os stickiness or electrical factors such as
hysteresis may produce accidental errors; a known input value of, say, 1.45 microvolts
may in repeated operations be read or recorded as 1.64,1.67, 1,65 or 1,66 microvolts.
In electronic circuits, tube ond circuit noise are random in nature. In radio telemetry,
atmospheric noise also is random in nature. All these errors are statistical in nature,
and they may therefore be accounted for statistically in interpreting the system output.

The degree of error that con be tolerated, or the amount of accuracy that must be

12
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attained, will naturally vary with the application. In most instrumentation schemes,
an accuracy figure of 1 percent of full scale is certainly desiroble, and frequently
approachable. In aerospace field applications, an accuracy figure of no more than 5
percent may be the best that can be hoped for in terms of the overall limits of extreme
environment, equipment cost, and equipment size and weight.

Overall system error is a geometric sum of component errors, Therefere, when
there are practiccl limits on the omount of error reduction that can be effected,
attempts to minimize error should be concentrated on the one or two components that
have the greatest error. (See also ref. 39 and 72.)

IV. Effacts of the Act of Measurement Upon Measured Parameters

Ideally, the techniques employed to observe physiological phenomenc sheuld in no
way affect the measured parameters. However, since these effec!s can seldom be
eliminated completsly, the goal logically becomes that of minimizing the inaccuracies
that result from the act of measurement. There are three principal ways in which such
inaccuracies may occur,

First, the measuring device may absorb energy from the system under considera-
tion. For example, an ECG ampliifier with a low input impedance will decrease the
voltoge available at the amplifier input terminals, degrading the accuracy ond validity
of the measurement.

Second, the sensors attached to the body may distort that region of the body or
sxert unnatural forces upon the system under observation. For example, o tempercture
probe may be attached so that it irritates underlying tissues. Such distortions will
lead to misleading data.

In reality, few measurement errors of this sort can be ascribsd completely to a
single foctor. As an example, consider blood pressure measurement by means of a
catheter. Here, the catheter-transducer system cbsorbs energy from the circulatory
system, and the catheter itself obstructs the normal blood flow to some dagree. Thus,
both energy absorption and distortion of normal conditions ore inveolved in the meas-
urement, and their effects may be so closely related as to be indistinguishable. Similar
problems exist in measuring respiration (by either chest-strap or spirometry techniques)
in plethysmography and in muscle strength measurement.

The third source of error is much more subtle and for more difficult to ovarcome,
and it is frequently ignorad. It is the psychological state of the experimental subject.
Many physiological porameters, such as heart rate, vasomotor tone, GSR, and brain
potentials, are highly susceptible to psychological influence. And the psychological
state of the subject may change markedly, either as o result of the instrumenting pro-
cedure or in reaction to the environmental stresses to which he may be subjected. The
psychological factor, then, must be recognized ond accounted for if meaningful dato
are to be obtoined.

13
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SYSTEM INTEGRATION

All of the factors discussed above must be borne in mind when the time comes to
put together on instrument system for o particulor physiological measurement., The
planning of such a system begins with the choice of phenomencon to be measured. Then
the range of aomplitudes and frequencies expected must be determined. This determines
the elementary system input, and the system tronsducer requirement. System output is
determined by the type of recording or display that is required (ref. 67).

The components between input and output are logically determined in the same
fashion:

o The type of conditioning that the input signal requires to make possible the
recording desired.

e The requirements of data transmission.
o The type of power needed to operate all components,
After the initiol measurement requirements are sat, other considerations follow:

® The environmental stresses at the measuring site, and how they will affect
system operation.

e The physical limitations of components, such as size and weight.

¢ How active the subject will be, and the problems in attaching the trensducer
to the subject.

® The probable sources of interference, and the steps that will be necessary to
minimize this interference.

Finally, the effect of combining the desired components into a system must be consid-
erad so thaot they will work together without reducing, at any point, the desired
information content of the signal.

These are the foctors that must be considered in planning individual measurement
systems such as described in Section Il. Most of the problems of component selection
associated with adequate output levels and signol handling capabilities are discussed
elsewhere in this handbook. Problems affecting integration of components are discussed
briefly below.

I. Impadonce Matching

Adjacent components in a physiological monitoring system must be matched prop-

14
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arly, in tarms of input and output impedances, if signal transfer is to be accomplished
between them without loss or distortion of the signal. Signal transfer entails the
tronsfer of voltage only (disregarding current), or of power (voltage and current).

Power transfer is maximized when the output impedance of o driving component
exactly matches the input impedance of the driven component. At the system level,
most signal transfer betwesn components it o voltage transfer, with power transfers
being needed between circuits of certain components. Thus, a voltage tronsfer tokes
place ot the input of oscillogrophic recorder (an input voltoge preamplifier), ond o
transfer takes place between the driving omplifier and the galvanometric mechanism of
the recorder, Power trunsfer depends upon the resistive and reactive impedonces pres-
ent in the input and output circuits. Maximum transfer occurs when the reactances are
equal and opposite (capacitive versus inductive). Properly adjusted tronsformer circuits
are frequently employed for interstoge impedance matching.

For voltage tronsfer between components in o system, the impedance matching
problem is not so great. The chief requirement for affective voltoge tronsfer is a
relatively low impedance at the output of the driving unit, and a relatively high
impedance at the input of the driven unit. The actual voltage transferrad is a function
of the resistance ratio between the output and input circuits. In vacuum-tube cir-
cuitry, input impedances of most stages are generally high, and it is not difficult to
effect voltage transfer. In transistor circuitry, however, many circuit configurations
possess very low input impadances. Maximum voltage transfer may require the insertion
of emitter-follower amplifier stages in the system. Emitter-followers have no signifi-
cant gain (maximum gain is about unity), but they do have high input impedances.
They con be used effectively then as input stages to couple signals to voltage amplifier
stages with low input impedances (ref. 47).

Il. Environmental Factors

The environmental extremes that will be experienced at the site of measurement
must be taken into comsideration, since they can have comiderable effect upon the
operation of the monitoring instruments. Electronic circuits, both signal conditioning
and telemetry, may be located in the same physiccl environment as the subject. Equip-
ment specifications with respect to such environments as shock, vibration, temperature,
and otmospheric pressure must meet the demands of such aerospace opplications as
centrifuges, temperature-humidity chambers, vertical accelerators, and of course high~
performance aircraft and spacecroft.

Perhaps the greatest problem is in the successful attachment of electrodes and
transducers to human subjects who will themselves be moving about, and will be subject
to shock and vibration environments. Enormous movement artifacts con be generated
in the sensors under such circumstances, seriously distorting or ever. completely over-
riding the desired physiological signal.
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Many tromducens are offscted by environmental phenomena such os prassure, tem-
perature, acceleration, etc. Variations i~ the snvirorments will produce unwanted
signal variations or changes in baciine signal jevels. Tronsducer specifications must
define their performance in the oresance of tuch environmerits,

Hl. Equipment Size and Weight

Limitations to equipment siza and weight are fairiy self-<avident, In ground
measuring environments, there moy be no signitican’ limit nn the size and weioht of
components used in o0 measuring syttem. In-flight ond spaceborre monitoring must giva
due comsiderction to the critical limit: on paylsad of the flicht vahicle. Largz, un-
miniaturized components wing vacuum-tube circuitry may be further limited by the
amount of power available in the vehicle to uperate the instrumontatian. Transistor-
ized equipment is certuinly preferable, including miniaturized units with small, self-
contained battery power packs.

Miniaturized components also focilitate the use of personai telemetry systems,
These systems permit the attachment of signal conditioning circuitry and ever snall
short=range telemetry transmitters directly to the subject. Such attachment minimizes
the wire connactions that must be made between the subject and external instrumerta-
tion, or even eliminates the need completely.

Size, weight, and power limitations in in~flight monitoring will also affect other
system decisions, such as the featibility of on-board recording in place of qir-to-
ground telematry.

IV. Equipment Interaction

Artifact ond inlerference in a system con come from within the system as well as
without. Internal interference can arise in several ways, o3 follows:

o Improper grounding, or too many ground points in a system, can create un-
wanted circuit loops, permitting the signal in one circuit to affect the signal
in another,

o Electromognetic coupling moy couse unwonted coupling between circuits,
especially in tronsformer circuits.
]

® $imi|m|y, capacitive coupling between lines may distort signals.

e spurious rodiation from oscillator circuits, such as those in subcarrier oscilla-
tor stages, may be picked up in other circuits by lines which act as antennas,
completely drowning out the data signal in that circuit,
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e Circuii parformance may vary when two or more components draw power from

the same power supply in such a way as to affect the stability of the output
from that power supply.

These ore impertant considerations. How to troubleshoot o system for such prob-
tams is discussed in Sectien Hi of this volume, together with ways of minimizing such
inte farence (incivding external interference),
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INDIVIDUAL
MEASUREMENT SYSTEMS

HEART POTENTIALS

One of the most useful indices of cardiovascular Function is the electrocardiogram,
or ECG. The ECG is a graphic trace of electrical potentials that are mecsured at the
surface of the body and are related to cardiac activity. Electrocardiogrophy as a clin-
ical technique has well-established norms based on millions of measurements, ond it
provides useful physiological dato regarding heart rate and chronic and acute irregu-
lorities in heort rhythm, both os a result of environmental stress and of cardicc diseate.
It is also o possible index of overall subject alertness an! excitement, especially when
irsed in conjunction with other measurements such as blood pressure und respiration.

As measured ot the surface of the body, heart potentials have peok amplitudes of
1 to 2 millivolts, ond frequency components ranging from O to 100 or 200 cycles per
second. Since the potertials at different points on the surface vary with the distance
and the direction from the heart, they can be recorded simply by placing two elec~
trodes on different parts of the body, amplifying the potential that appears acrose them,
ond opplying the amplified signal to o grephic recording device. (The recording ob-
tained, which shows changes in potential with time, is colled the electrocardiogram;
the opparatus employed, which includes sensors, omplifier, and recorder, is called on
electrocardiograph.) In practice, of course, measurement is not that simple, since
there are other potentials at the surface of the body besides those having their origin
in cardiac activity. Chief omong these ore resting potentials and muscle action
potentials,

Resting potantials, which arise from electrochemical action that takes place in all
body tissue, may run o3 high & 150 millivolts. Being essentially d—c phenomena, they
ore readily removed from the meosurement situation by the use of capacitive coupling
between the ECG eleztrodes and the input of the ECG anmplifier or preamplifier (ref.
58). Muscle action or electromyographic potentials ore coused by the contraction of
skeletal muscle. In clinical electrocardiography these potentiols are minimized by im-
mobilizing the subjoct; in oerospace nonitoring, however, subject movement must be
accepted, ond some degree of interference from this source must be expected. Fortu-
nately, electromyographic potentials are highest in amplitude at frequencies above the
range of interest of elactrocardiogrophy. Comsequently, some measure of control con
be effected through low-pass filtering.
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The measurement problem is further complicated by the numerous refinements in
electrocardiographic technique which must be considered if successful recording is to
be accomplished, These refinements involve: (1) the maintenonce of good electrical
contact at the skin-electrode junction, (2) the selection of points of the body of the
subject for the most useful elecirocardiographic signal, and (3) the use of signal modi-
fiers to remove elecirical artifacts from the electrocardiogrophic signal. Furthermore,
electrocerdiogrophic techriques that are suitable to the clinic must be modified to
satisfy the environmental and operational requirements for monitoring in ocerospace
applications.

I. Electrocardiographic Normis

The electrocardiogram, which has been used for many years in clinical observa-
tion ond diagnosis, is a readily interpretoble record. The form, omplitude, and time
content of the electrocardiograph have been well established ihrough literally millions

of clinical .

Figure 3 depicts rhe composition of a standard electrocardiogram obtoined with
lead Il electrodes (refer to the discussion of leads o poge 24). This electrocardiogrom
shows the potential changes during one heartbea:. These potential changes are a func-
tion of the depolorization and repolarization of muscle tissues concerned in heort
action . *

The smocth P wave in figure 3 results from depolarization of the aotrium. The sharp
spike demarked by Q, R, ond S (called the QRS complex) results from depolarization
of the ventricle. The smooth T wave corresponds to repolarization of the ventricle.
(Repolarizction of the atrium tokes place during ventricular depolarization ond is
masked in the electrocardiogrom by the QRS complex.) The smaller U wave following
T olso is amociated with ventricular repolarization; it is low in amplitude and does not
oppeor on ull electrocerdiograms.

The lead || waveform is the standard representation of the electrocardiogrom. It is
obtained with one electrode attached to the right wrist and the other attached to the
left onkle. Table Il gives avercge vaives for the lead Il electrocardiogram of an odult
maie subject, listing the amplitudes of the various PQRST components and the duration
of clinically significant intervals. Electrodes placed at other points on the body will
produce electrocardiograms of similar character, but there will be marked differences
in the omplitudes (ond even the polarities) of the vorious components of the waveform.
Table I}l lists averaoge elecirocurdiographic amplitudes for the various leod systems in
standard usage (ref. 3).

——

—
Refer to Volume | of this handbock (poges 18-32) or to stondard physiology texts (ref.
48, 61, 62) for a discussion of the relationship between electrical and mechonical
oction in the heart.
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Figure 3. Composition of the Electrocardiogram

TABLE 11. CHARACTERISTICS OF THE TYPICAL ELECTROCARDIOGRAM*

Parometer Duration (milliseconds) Potential (millivolts)
P wave 90 (70-120) 0.1 (0.02-0.25)
P-R interval 160 (110-210)

Q - 0.03 (0-0.19)

R - 0.98 (0.5-1.72)
S - 0.01 (0-0.82)
QRS durotion 83 (50-100)

T wove - 0.29 (0.05-0.63)
Q-T interval 397 (337-433)

o R FE TR TS T SORYAR PRRE T YA " et

PR intervol - time required for airial depolarization.
QRS duration - time required for ventricular depolarization.
Q-T interval - time required for ventriculor depolarizotion and repolarization.

- ABMIERPT &

*Leod I, on an w it male subject.
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ii. Speciol Monitoring Requirements

The problem in electrocardiographic monitoring in cerospoce medicc: applications
is to obkain recordings which provide significant information on the general physiclog-
lcal state under limitations imposed by the experimental situation (ref. 60). Like all
of the monitoring systems discumed in this hondbook, the electrocardiographic system
should be adapteble fo measurement situations with siringent limits on size, weight,
and power corsumption. It should not interfers with the functioning of the subject,
and it should provide stabie aperation for extended periods without adjustment.

Factors that offect the quality of ECG recording and which may have to be toler-
ated or provided for in the system design are:

e Motion of the subject.
¢ Vibration from airfrome, centrifuge, etc.
® Physical interference with body sersors coused by flight sits, etc.
® Long~term measurements (from several hours to over 24 hours).
® A high degree of subject perspiration.
e Telemetry bandwidth |imitations.
e High g acceleration loads.
Maust of these foctors aoffect the design and placement of the electrodes.
. Electrodes
A. Requiremenhs
The basic requirements in the design and selection of electrodes are good
slectrical contact and low impedance. For electrocardiogrophic measurement beyond
the controlied conditions in the iaboratory, odditional requirements are imposed by the
need for long-term attachment and for subject freedom during measurement. Under
these conditions, the following foctors are significont:
o The electrode material should be nonpolarizing.
e The electrode should be small and low in mass.

® Electrode-skin contact should be liquid rather than dry.

® The electrode should couse little or no skin irritation.

leg
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B. Chorochrristics

Electrocordiography outside the laboratory, while not standardized, isa
proved technique. Numerous users have successfully mode long-term ECG measure-
menfs under various conditions of environmental stress and subject movement. The
various electrode techniques employed are summarized below.

1. Configuration

Electrodes ore formed os flat discs, circulor wire meshes, or cups (with
preformed "pockets" for restraining an electrolyte). They are small and light, with
electrode—skin junctions as smoll as 1/2 inch square, as compared with clinical plate
electrodes measuring roughly 2-1/2 x 1-1/2 inches.

2. Material

The elecirode element is generally stainless steel or Monel metal, silver,
or silver/silver chloride composition. Acceptably low amounts of polarization con be
maintained with ony of these materials.

3. Physical Attochment

Some users attach the electrode directly to the body by lopping the edges
of the electrode with a quick-drying, hard cement such as Duco. Adhesive tope and
adhesive cork combinations are more commonly employed. Simple elastic straps about
the chest also are used, but at the cost of some additional subject discomfort.

4, Electrical Contact

An electrolyte is normally opplied between the electrode and the skin.
It is o poste or a gel with o binding ingredient, such as bentonite clay, to keep it
moist ond viscous for extended periods (48 hours or more). Use of electrolyte assures
good electrical contact and a low junction resistance; more significantly, the liquid
nature of the contact assures a constant junction resistance by isolating movement. A
restricting factor in the use of electrolyte has been the irritation and damage to tissve
it con cause, especially during long-term measurement; this restriction is reduced in
proportion to the decrease in the size of the electrodes employed.

5. Notes on Lecd Impedance
Variations in the previously discussed factors affect the impedance of the
skin-electrode junction. Indeed, many of the voriations have been devised with the
express purpose of minimizing electrode impedance. Certcin of the smaller electrode

configurations, however, were designed primarily to overcome movement artifact or to
reduce discomfort in long-term applications. The higher impedance inherent in ¢
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smaller skin-electrode junction has not been o problem where the associoted elec-
tronlcs have a correspondingly high input impedance; os long as the impedance ratio is
high, good voltage tramsfer is obtained for recording (ref, 60).

When electrode and amplifier impedance combinations are allowed to go
too high, however, reactive pathways are introduced into the system, permitting pick-
up of artifacts from adjacent electrical or electronic systems. Although there are
methods for removing such ortifacts, it moy be more desirable to use electrode and
amplifier circuits with lower impedances. Electrodes of the fluid or floating type gen-
erally provide the required low electrode impedance. An electrode of the fluid type
was used in the NASA Mercury program (ref, 76). It consisted of a metal cup in an
inert holder, with a layer of modified bentonite electrolyte between the cup and the
skin of the subject. The resistance of this electrode at application was only 1500 to
2500 ohms. After 12 hours, the resistance had risen to only 3000 obms, and aofter 24
hours to only 3700 ohms (on the average). Other electrodes, held directly against the
skin with odhesives of various kinds, hcve disployed inherently higher resistances
(50, 000 ohms and up) at application, and these resistances have risen, in some coses,
more than 300 percent over a 24-hour period.

IV. Leads

Historically, the correlation of cardiac activity with surface potentials dates back
to 1856. Quantitative recording awaited the development of suitable instrumentation.

. In 1887, Ludwig ond Waller successfuilly mecsured heart potentials at the chast using a

capillary electroscope. Einthoven, in 1903, established electrocardiogrophy as an
exact technique with successful application of the string gal vanometer.* He originated
the technique of measuring heart potentials at the extremities, and established the re-
cording conventions governing the grophic representation of these potentials. His sys-
tem of electrodes, called limb leads, has remained o standard point of reference for
most subsequent clinical electrocardiography. (See ref. 13 and 62.)

Einthoven's limb leads are termed bipolar; thot is, they register the relative dif-
ference in potentiol between two points on the body. Other systems of leads have been
developed fo record the potential ot various points relative to some reference point:
these ore called unipolar leads. Stil! other leads have been employed to obtain re-
cordings of greater amplitude, to better amphasize certain components of the heart's
electrical activity, or to avoid the myographic potentials from skeletal muscle masses.
The various lead types are discussed below. Note that in these discussions oriented
toward the medical practice, the term "lead" is used differently than in standard elec-
trical or electronic usoge, where the terms "lead" and "electrode" are practically

—————
With the development and perfection of electronic amplifying components, Cinthoven's
string galvanometer hos been lorgely replaced by more sophisticated instrumentation.
Howaver, it has remained the standard despite the fact that it is more difficult to use
and it requires photographic development of the record.
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synonymous. Electrical measurement presupposes the use of at least two electrodes to
complete a measurement circuit. |n electrocardiography usage, the term “lead" actu-
ally designates a system of two or more conducting poths with terminal electrodes.

A. Stondard Limb Leads

Standard |imb leads, using the Einthoven technique, measure differences in
potertiul at the extremities of the body. Three electrodes are used, one on each wrist,
and one on the |eft ankle (see figure 4). D:fferent potentials will be measured between
any two of the electrodes, so that the three electrodes form leads |, Il, and I}l, as
follows:

1. Leaod |. The electrocardiograph is connected above the wrists, between
the right (R) and left (L) arms. The polarity of the connections is chosen (following
Einthoven's conventions) so that when L is positive relative to R, there is an upward
deflection of the P and R segments of the electrocardiegram.

2. Leod Il. The electrocardiograph is connected between R and above the

left ank!e (F). Polarity of the connections is such that there is an upward deflection of
the P and R segments of the electrocardiogram when F is positive relative to R,

LEAD I

LEAD IT

Figure 4. Standard Limb Leads
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3. Leod lll. The electrocardiograph is connected between L ond F. Polar-
ity is such that there is an upward deflection of the P and R segments of the electro-
cardiogrom when F is positive relative to L.

As mentioned previously, |imb leads |, 1i, ond Il do not measure an absolute voltage
at any of the three sites of electrode placement, but rather the difference in potential
thot exists between any two. Thus the voltoges in each lead moy be designated os
follows:

Lead | -\/'=\/L-VR

Lecd Il - V”= VF-VR

Lead 11 - V”' = VF - VL

By simple algebraic reduction, it can be seen then that

Vi,= VgtV

I U] |

This elementory relationship, known as Einthoven's law, makes clear that when any
two of the standord leod potentials are measured, the third is obtained. If the three
standard leads are recorded simultaneously, the relationship is self-evident, The same
rule applies for recording the various leads serially; however, there may be appreci-
able changes in the state of the subject and his accompanying cardiac activity, even
in the brief time between measurements, ond allowance must be made for these
changes. The relationship is pointed out to the reader here for what usefulness he will
make of it; ready knowledge of the relative potentiol values can help in identifying
and labeling traces from a series of measurements.

B. Unipolar Leads

To determine the voltage ot each of the limbs relative to some fixed reference
point as opposed to the difference in voltoge between limbs, a system of unipolar limb
leads was developed (ref. 77). A so-called indifferent electrode or reference point is
produced by forming a central terminal (CT) by connecting each of the limb leads to-
gether through 5000-ohm resistors, as shown in figure 5, and connecting this CT to the
negative side of the electrocardiograph. An electrode from the positive side of the
electrocardiograph, known os the exploring electrode, is then ploced at the right arm,
the left arm, or the left ankle to measure, respectively, VR, V|, or Vg. The indiffer-
ent electrode is the raference point for all measurements.

A modification of this lead technique is used to obtain recordings of greater
potential amplitude. These ougmented unipolar limb iecds, devised by E. Goldberger
(ref. 27), call for the removal of the CT connection to the point where the exploring
electrode is placed (see note on figure 5). Modern electrocardiographs generally pro-
vide for this change in leod wiring through a built-in selector switch; it is the standard
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REFERENCE
ELECTRODE

Figure 5. Unipolar Limb Leads

unipolar iimb leod wired into most electrocardiographs. Polarity of the connections is
as follows:

1. Lead aVR. The exploring (positive) electrcde is placed of R, and the
negative side of the electrocardiograph is connected to both L and F through resistors,

2. Lead aVL. The exploring electrode is placed at L, with R and F tied to
the negative sice of the elecirocardiograph through resistors.

3. Lead aVF. The exploring electrode is ploced ot F, with R and L con-
nected to the negative side of the electrocardiograph through resistors.

C. Precordial Leods

Another major group of electrodes commonly used in clinical practice is pre-
cordial leads, so called becouse the exploring electrode is placed ot various points on
the precordio, that area of the chest overlying the heart, Precordial voltages cre des-
ignated by the point on the chest at wnich the electrode is placed. Six of these points,
shown in figure 6, have been stondordized as follows:

V] - at the fourth intercostal space (ICS) ot the right sternal border.

V2 - at the fourth ICS at the left sternal border.
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3 = ot apoint midway between V2 and V.

fifth 1CS at the ieft midciavicular line,

\
Vv
V5 ieft anterior axillary line at height of V4.
\%

left midaxillary line ot height of V4.
All of the above points are established with reference to an indifferent elechode con-
nected to the CT*, with polarity such that when the precordial point is relatively posi-
tive, there is on upword deflection on the electrocardiogram. (See ref. 3 and 13.)

D. LlLeods for Active Subjects

The lead configurations discussed thus far are those developed in clinical
practice. Under such conditions, rother restrictive measurement conditions prevail:
the subject is not moving (in fact he is usually resting on his back to ensure a "normal”
somple of heart activity); and the measurements are short term. The electrodes are re~
quired fo yield good results for only a short period of time.

Obviously, when monitoring relatively active subjects in aerospace environ-
ments, lead configurations must be used that are less critical than those used in clinical
measurements. For one thing, the placement ot electrodes at the extremities is virtu-
olly prohibited becouse of subject movements, restricting electrode placement to the
torso. Locating electrodes on the torso must be done carefully. The usual criteria are
to find a site over bone and away from large muscle masses. There are two lead con-
figurations, the axillory and the sternal, which generally satisfy these requirements.
(See ref. 60 and 76.)

Measurements clso are made with so-called single precordial leads. For these meos-
urements, no central terminal is employed. The exploring electrode is ploced over
one of the six designated points on the chest, as indicated above, and the second in-
different elecirode is placed ot either the left orm (L), right arm (R), or left leg (F),
To record with single precordial leads, using an electrocardioc aph that is wired for
standgrd leads |, I, or lll, care must be token to maintain polarity, so that upward
deflections ore obtained when the exploring electrode is positive.

The convention is cs follows:

For lead | (R and L) electrodes, R is connected to the left leg, ond L is used as the
exploring electrode.

For lecd | (R and F) electrodes, R is connected to the left leg, and F is used as
the exploring electrode.,

For lead i1l (L and F) electrodes, L is connected to the left leg, and F is used as
the exploring electrode.
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Figure 4. Unipolar Precordial Leads and Typicol Waveshapes ot Each

1. Axillary Leods

Axillary leads perhaps come closest to approximating the voltage relc-
tionships obtained with leads placed on extremities. The equivalent R ond L electrodes
are placed on the chest on the midaxillary line. Potentials obtained here are relaoted
ciosely to the potentials at the shoulder, which are essentially the same as those nor-
mally sensed by electrodes placed out on the arms. The equivalent F electrcde is gen-
erally placed on the left side of the trunk, at the bose of the rib cage. [lectrocordio-
grams obtained with axillary leads resemble very closely those obtained with stendarg
leads | and lI. The resemblance to electrocardiograms obtained with lead | is particu~-
iarly good with the two electrodes pioced on the axillary line ot about the level of the
heart. The voltoge obtoined is not quite as high as thot obtained with a sterncl lead
(see figure 7), but it can be increosed by moving the positive electrode (left side of
chest) forward, closer to the heart. The resemblance to the standard lead cardiogram

29
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STERNAL LEAD

| ) |
AXILLARY LEAD {H
.

Figure 7. Axillary and Sternol Leads

suffers, however, ond there will be significont chonges in the electrocardiogram fer
very slight changes in position of the positive electrode.

Axillury leads are moderatsly free from movement artifacts. They ore
necessarily ploced over muscle tissue, and raising or swinging of the arms con introduce
large electromyographic siganls into the ECG. Where wide arm movements are re-
stricted (for exampie, when the subject is weuring o pressure suit), oxillary leod sys-
tems can produce vseful electrocardiograms.

Figure 7 shows an axillory leod system used in NASA's Project Mercury
(ref. 76). Reiembling o modified lead Il, the equivalent R electrode is placed un the
rib cage ot the third intercostal spcce, and the equivalent F electrode is placed ot the
base cf the rib cage. (The oxillory F eiectrode is sometimes placed neor the left groin,
ard if o ground electrode is used, it is placed near the right groin.)
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2. Sterncl Leads

Sternal leads offer severol advantages cver axillory leads in cerospace
monitoring. Becouse sternal ieads ore plgged nearly directly over bone, they are rela-
tively free from motion artifacts. It hi% been reported thot if the sternal configuration
hos been applied carefully, the electrocardiogrom is undisturbed even while the sub-
ject's chest is being pounded (ref. 73). Further, the attochmeat over bone insures
longer losting skin-electrode contact and freedom from beseline shift during subject
octivity (as seen in other lead orrongements). Sternol leads olso produce readings with
much higher voltage amplitudes than cther configurations with larger, more distinct P
and T woves, because of their proximity to the heart. These higher readings can b2 o
disadvaontage in that only slight shifts in eiectrode placement or in the position of the
heart produce markedly different readings un the same subject. As o result, correlation
of airborne readings with beaseline dota is ditficult., It would be prefeiable if baseline
dato were accumuicted using the same slectrode positions as the actual field experi-
ments (ref. 60).

Figure 7 shows the placement of leads on the sternum. The upper elec-
trode is placed on the manubrium, ond the lower on the xiphoid process. Felarity is
normally established for an upward deflection on the electrocardiogram when the upper
electrode is positive relative to the lower.

V. Signal Conditioning
A, Amplifiers

The principal charocteristics of interest in electrocardiographic omplifiers are
(1) high gain, (2) high inout impedcnce, and {3) differentiol input, with high common
mode rejection.

1. Gain

Cordiac potenticls measured ot the surfoce haove omy ...ues of 1to 2
miliivolts, peak to peck. The first omplifier or preampiifier generally should provide a
minimum gain of 500, so that ot least 0.5 volt, peck tc peak, is delivered at the out~
put. The output voltage required will vary depending upon the panicular application.

2. Input Impedance

The ECG amplifier should hove o high input impedance, ieiative to the
output impedance of the related alectrodes, for o maximur voltoge *ransfer. A typical
value is cbout 100, 000 ohms, measured from eithe: side of o bolanced differentic!
amplifier to ground and an equal or higher value when measured betweer the two sides.
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3. Differenticl Input

In electrocardiogrophy, electricol signals ore mecsured between two
points on the body of the subject, rather than between the subject oand some conimon
point or ground. A d.ferential rather thon a single~ended amplifier is therefore most
generally amployed; the output of this amplifier is o function of the difference between
the voltoges ot the two input leads. One of the chief advantages of such an omplifier
is that o common voltoge present between both inputs, ar<d a grourd point will not be
amplified since it produces no difference voltage. Thus, artifacts present at the input,
such as 80 cps hum picked up by both leads, will cancel our. Amplifiers with common
mode rejection oa the order of 1000 to 1 (50 to &0 db) are commonly available.

4. Copacity Coupling

The electrodes in a leod system ore normally coupled to their amplifiers
through capacitors, or RC coupling networks. The time ccnstont in such o network is
chosen long enough to pass the lowest frequency of interest in the electrocardiogram
(0.10r 0.2 cycle per second), while still presenting an essenticlly open circuit to un-
wanted d-c potentials (such os body resting porential:, which con be lorge enough in
amplitude to completely override the electrocardiographic potentials).

5. Bondwidth

The normal specification for bandwidth in ECG amplifiers is from opprox-
imately 0.1 cycle per sezond to a few hundred cycles. However, oscillographic
racorders often limit the upper frequency response to 100 cycles per second or less,
Furtner, low~pass filters with corner frequencies of no more than 100 cycies per second
may be emoloyed purposely to remove high frequency inrerference from the electro-
cordiogram. It con be seen thai exitemaly high frequency transmission iz not a critical
factsr in ECG systems ond is often undesirable.

6. Output Voltage

Usual ECG amplifiers or preamplifiers normally provide on output of 1.0
o 5.0 volts rms although this may vory with application.

7. OQutput linpedonce

The optimum output impedunce of an ECG amplitier depends upon its
opplication. If it is to feed another ampiifier, and maximum voltage transfer is de-
sired, it is genarally enough to specify that its impedence is low as compored to the
input impedance of the following stoge. !f the amplifier is to supply opprecioble power
to a pen of indicating device, its output impedonce should equal that of the device it
is driving.
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8. Stability

The omplifier choracteristics should remain constant over the time period
of measurement. Since the chief factor offecting stability is temperature variotion,
amplifier stability is frequentiy specified both as _oin stability versus time and over an
ambient temperature range (2.g., 1% from 0° C to 50° C),

?. MNote on Carrier Operation

One of the drawbacks in amplifier operation ot extended low frequencies,
is susceptibility to transient blocking when straight RC coupling is employed. Blocking
occurs when the ampiifier output is driven to soturation by sudden high-aomplitude
transients. With the long time constant required for low-frequency operation, this
condition may be sustained for as long as severol seconds. One method of dealing with
this is to use o carrier amplifier rather thon a standord differential amplifier (ref. 45).
The input sigral is used to modulate o higher frequency ceairier, and it is this higher
frequency moduloted signal which is amplified. The higher frequency amplifier, with
its shorter time constant, will be free from blocking effects. Modulater design for such
an omplifier must be optimized to reduce the inherently high noise leve! in modulator
circuits.

B. Filters

The generally accepted frequency spectrum in zhinical ECG recording is from
0.1 to 100 cycles per second. In cercspace applications, several artifacts will be un-
ovoidobly presert ot these frequencies. Several users hove demonstrated that the
bandwidth of the electrocordiogram can be reduced by cutoff filtering at both the low
and high ends, to attenuate unwanted signols without destroying the pertinent electro-
cardiographic data. (See ref. é0 and 71.) The goal is reduction rotner thon elimino-
tion of ortifact, so that the record obtained is still interpretable. If too much filtering
is employed, in an attempt to completely remnve artifact, significant infermation moy
be removed as well; cbout al! thot mcy be preserved is the rudimentary heort rate
indication.

1. Low=Pass Filtering

With certain leads, ond with certain kinds of subject movement during
recording, muscle aciion potentials are o frequent source of interference. Most of the
energy associated with these potentiols folis within a range from 100 to several thou-
sand cycles. By eliminating some of the higher frequencies, most such myographic
tracings con be removed, or at least reduced to the point where the electrocardiogram
is interpretable. Low-pass filters with a cutoff frequency of 100 cps, and an ottenua-
tion of 12 to 18 dt per octave above that point are generally accepted as having no
significant effect on cardiographic data.
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Lowering the cutoff frequency to 50 cps may also be desirable to remove
60 cps hum, as well os myographic interference. However, with some subjects, the

amplitudes of certain ECG components, such os the Q and S waves, will be reduced.

Filtering out frequencies above 20 or 25 cps will couse even greater chonges in the
ECG components. The ECG may be made readable, ot least in terms of rate, in the
presence of sirong myographic interference; but there will be murked distortions in the
omplitude ond duration of the QRS complex, the S waove, the S-T sagment, and other
components. Some of these chaonges may be attributed to the phase shift that is intro-
duced by filter circuits. Just how much of such distortion con be tolerated depends on
the intended ue of the electrocardiogram so obtained.

2. High=Pass Filtering

Electrocordiograms utilizing frequency response down to dc will exhibit
some degree of baseline shift due to electrode polarization or changes in the resistance
ot the skin-electrode junction. The degree of shift will vary with the type of elec-
trode used, the amount of subject movement experienced during recording, ond the
length of time of the recording. This shift con be minimized by high-pass filtering.

High-pass filters with o cutoff frequency of 0.1 or 0.2 cps, and on
attenuation of 6 to 12 db per octave, will elimincte the very low frequency baseline
shift without destroying useful ECG information. Increasing the cutoff frequency,
vpwards toward 1.0 cps, will distort such ECG components as the S-T segment and the
T wave, seriously affecting the interpretability of the electrocordiogrom.

V1. Notes on Operation

A. Recording

The electrocardiogram is by definition a graphic trace of heart potentials.
Typically, the electrocordiogram is produced directly during measuremsnt on on oscil -
lograph. 1t con also be displayed on oan oscilloscope (ond recorded there with a

comera), or recorded electrically on mognetic tape for subsequent processing, display,
or grophic recording.

Graphic recording of the heart potentials was established as a precise tech-
nique by Einthoven, in his work with the string golvanometer, Following Einthoven's
practice, an input of | millivolt from the electrodes is represented by a pen deflection
of 1 centimeter on the electrocardiogrom. (Refer to figure 8.) Stondord electrocardio-

groph charr paper is ruled in 1 millimeter blocks, with a heavier line every 5 milli-
meters .

Standord char. speed for ECG recording is 25 millimeters per second, so |
block along the horizontal axis represents 0.04 second, or 40 milliseconds, ond 5
blocks along the horizontal axis represents 0.20 second, or 200 milliseconds. Where

34

L e e gy PO IR RPN 1 1

IPEEL




HEART POTENTIALS

' }
0.1 nvj 0.04 szc——j

0.20 SEC —am

Figure 8. ECG Recording Conventions

an expanded record is desired for detai'ed analysis, the chart speed may be increased.
Similarly, on a multichannel recorder, the sensitivity of a given channel may be in-
creased so thot, for a given input, there will be a greater deflection of the recording
pen, permitting fuli-width recording of o single channel on chart paper designed for
two, four, or more channels.

Of course, the actual woltage driving the pen motor in an electrocardiograph
is much highar (by o factor of 1000 or more) than the voitage sensed on the body with
electrodes. To standardize the recording, a 1-millivolt signal from o controlled source
is applied to the input of the electrocardiograph, and the gain ond sensitivity odjusted
until a 1-centimeter deflection is obtained. Most commercial recorders contain such o
colibration voltage source.

B. Balance Control
Mcost differential omplifiers contain a balonce control to permit adjustment of

the common mode rejection. |t consists of a potentiometer control for setting the rela-
tive gain in each half of the amplifier. Fer initial adjustment the two input terminals
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ore connected together ond a relatively high-level signal (about 100 millivolts, for
exaomple) is applied between both inputs and ground. The balance control is then
adjusted for minimum deflection of the recording pen.

L o e SRR T

C. Shock Hozards

In any measurement involving the connection of o subjec* through electrodes
to electronic circuitry, care shoul” be taken to avoid exposing the subject to electrical
shock ond burns. One step that can be token is to employ transistor circuits in the first
stage amplifiers associated with the electrodes, to isolate the subject from high-voltage
circuits, Care should also be token in establishing ground leads, especially when o
ground electrode is used with lecd systems, to avoid ground return paths, through the
lead system, poralleling high-voltoge ground returns.

With the best wiring techniques, however, there is always a danger of shocks
through inodvertent shorts between the jeads and following circuitry. Each electrode
lead should therefore be fused. A 5-milliampere fuse will generally limit current in \
the lead to nondestructive levels. For further protection, primarily from high-voltage
transients, each electrode lead should be shunted to ground through voltage-limiting
diodes. A typical fuse-diode system is shown in figure 9 (ref. 26).

T~

HEART SOUNDS

The pattern of sounds produced by the various mechanical events of the cordiac
cycle is one of the easiest to monitor. As precordial vibrations, these sounds con be
detected with the unaided eor placed on the surface of the chest. A simple mechan-
ical aid, the stethoscope, has been in use since the early 19th century. Phonocardio-
graphy Is the current technique of recording these sounds directly to obtain a graphic
record. The chief limitation of this technique in cerospace opplications is inherent in
the measurement itself: the sound-conducting structure of the torsc transmits high-~
level ambient noise to the transducer with the same facility that it transmits the physi-
ological soun®. Hence, measurements in certain vibratory or sound-pressure environ-
ments are not technically feasible, except with drastic filtering to reduce artifacts.
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I. Components of the Phonocardiogrom

There ore several sources of the sounds that accompany the cardiac cycle: these
o include the hydroulic pressure transients associated with sudden acceleration or decel-
eration of blood flow; valve closure; vibration of the heart chamber walls and valves;
, and turbulence of blood flow (detected as heart murmers).

we et

There are four principal sounds. The first two ore quite pronounced; the latter two
ore seldom heord in direct ouscultation, but are present in most phonocordiograms.

These are: 5
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Figure 9. Typical Fuse~-Diode System for Shock Protection

1. Onset of ventricular contraction, including the ciosing of the atrio~
ventricuiar (mitra! and tricuspid) valves.

2. End of ventriculor systole, including the closure of the cortic and pul-
monary valves, ond the opening snop of mitral or tricuspid valves.

3., Filling of the ventricles.

4, Atrial contraciion, with the final movement of blood from the otrium into
the distended ventricles.

The characteristics of the four sounds are listed in table |V. Refer to stondard text
(ref. 42 and 63) for further cetails.

Figure 1G shows the s..nds as they appear on o typical phonocardiogram ond
relates them to the =!ectrocardiogram {ref. 3). Note the extrocardiac sound that
appears between the firsi and second sounds; while its source is uncertain, it appears
to be related to respiration ana to changes in posture.
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Figure 10, Components of the Phonocardiogrom and Their Relationship
to the Electrocardiogrom

TABLE IVv. MAJOR HEART SOUNDS

5 ' V::c;fi‘::ns DI:c::ilon Period Calculoted Frequency
(cycles) (millise conds) (milliseconds) (cycles per second)
1 5-1 60-160 9-30 45 (33-111)
2 3-8 40-110 - 50 (31-111)
3 1-3 20-90 20-30 33 (32-50)
4 1.5-3 40~-60 12-38 12-84
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ll. Microphones

The stethoscope was the first device used as an aid in the detection ond monitoring
of heart sounds. A purely acoustic device, it does not actively amplify the sound, but
chonnels and directs it more effectively from the chest to the ear. The stethoscope
also aids by distorting the sound so that the frequencies produced by the sound more
nearly match the frequency response of the ear, which falls off logarithmically both at
the low and high ends of the audible spectrum (about 20 and 15, 000 cycles, respec-
tively). Stethoscopes of the diagphragm type attenuate low frequencies, while those of
the bell type attenuate high frequencies.

With the development of electronic instrumentation, trensducers (microphones)
have been employed io amplify the sounds of the heart. Microphones are used in
stethoscopes for improved auscultation. They are essential in phonocardiography to
provide the electrical input to a graphic recording system.

A. Attachment

Some microphones are designed to be attached directly to the subject; that
is, one element (usually the diaphragm) is pressed directly against the chest. This type
corresponds to diaphragm-type stethoscopes, and if the contact pressure required is
high, the microp-ones tend to attenucte low~frequency chest vibrations.

Other types of microphones ore attached indirectiy; a cup or bell=shaped
housing is used to create a closed air volume between the chest and the diephragm.
The air pressure against the diophragm then varies with the excursions of the skin be-
neath the housing. With this type of attachment, resonance of the closed air chamber
must be avoided. A minimum volume of 10 cubic centimeters is recommended, ond tne
air chamber should have o diameter-to-height ratio of 3:1 (ref. 49).

B. Microphone Characteristics

Except for the carbon or carbon-pile type microphone, which is too non-
linear in response for successful recording, most microphones can be used for detecting
heart sounds. Piezoelectric and capacitive microphones produce linear tracings pro-
portional to the displacement of the chest wall. Dynamic or moving coil microphones
produce outputs that are proportional to the velocity of the displacement. A desirable
byproduct of the operation of the latter type is that the response increases with the fre-
quency of the sounds; therefore, built-in signal equalization or low-frequency atten-
uation is provided, which results in balanced response over the frequency raonge of
interest,

Other choracteristics of microphones that are important when measuring the
cardiac cycle are os follows:
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e Output. Most microphone outputs can be applied to any high=-gain
amplifier or preamplifier that accepts millivolt inputs,

® Sensitivity., Sc.sitivity is expressed in terms of output below 1 volt per
microbar of sound pressure. For example, o microphone with o rated
sensitivity of -60 db generctes a voltoge that is 40 db below a reference
level of 1 volt per gyne per square centimeter, Microphones cre cali-
brated accordingly in terms of a constont pressure arplied uniformly to
the diaphragm.

e Frequency Response. Most microphones used in phonocardiegraphy have
a frequency response from 10 or 20 ¢ps to 1000 or 2000 cps. The full-
range response is desired in some phonocardiographic registration, but a
high-frequency cutoff ~* about 500 cps is employed frequently to mini-
mize ambient noise. | either cose, the use of many standard ECG
amplifiers is prohitited because, while otherwise adequate, they are
designed for a linear response to no more than 100 or 200 «ps.,

® Dynamic Ronge. Microphones should have o useful dynamiz range of
about 80 db to handle all sound data from the high intensity low-
frequency waves (about 10 cps) to the threshold response at about 1000
cps.

e Impedance. About 100, 200, or 400 ohms.

I, Signa! Conditioning

The phonocardiogram obtained with the microphone is modified principaliy by se-
lective filtering to remove high~frequency noise compcnents or to equaiize response in
studying the full frequency range of interest. Unless real time monitoring is essential
to the application, the phonocardiogram should be recorded directly on magnetic tape
to preserve all the frequency data possible, and subsequent playbacks should be fil-
tered for more detailed study and analysis of the data. (See ref, 49.)

Since the frequency spectrum of + e phonocardiogram is in the oudio ronge, mag-
netic recording on magnetic tape by the direct technique (AM) usually is sati~factory.
A good quality audio instrument probably serves as well as an instrumentation recorder.
AM recording is preferable because of its inherently better signal-to-noise ratic.
However, there may be some distortion ot the low-frequency end, where the wave-
length may exceed the width of the gop in the recording head. Indirect (FM)recording
on an instrumentation recorder avoids any such distortion.

When a full cnalysis of the phonocardiogram is desired, a single graph or trace

obtained hy a microphone does not properly cover the whole sound spectrum, since
sound intensity decreases with frequency at about 12 db per octave. A more useful
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representation is obtained by dividing the spectrum into several channels, using band-
puss Cilters, and providing attenuation or equalization as required to produce multi-
channel recordings ot a standardized amplitude for each channel or band.* Figure 11
illustrates this concept. The heavy vertical arrows represent the amount of amplifica-
tion or attenuation needed to equalize each channel.
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Figure 11. Five-Band Division of Frequencies for Signal Equalization

IV. Notes on Operation
A. Display and Recording

Heart sou..ds may be disployed readily on a cathode-ray tube. With its fast
response, an oscilloscope CRT can easily handle the wide frequency range. However,
for optimum results, or for good photographic recording of the CRT display, the inten-
sity and focus controls must be adjusted to compensate for the relatively weak beam
intensity ot higher frequencies.

The sound spectrogram is another more sophisticated technique developed by Bell
Telephone Laboratories to give a better visual equivalent of the sounds normally
heard in auscultation. The spectogram yields o frequency~versus-time display on an
oscillograph. While it "looks" more like the stethoscope "sounds, " some authorities
feel that the conventional amplitude-versus-time trace can be interpreted more
readily by the clinician or physiologist.
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For full -range recording, the optical galvanometer is probably a better choice
than the CRT. (Direct-writing instruments, with s maximum frequency response cf
about 200 cps, would only be oble to handle a portion of the phonocardiogrephic
data.*) For phonocardiographic registration, the chaort speed should be 50 to 75 milli-
meters per second (compered to the standard 25 millimeters per second for the ECG).

B. Location of the Microphone

Several areas of the chest (and bock) are suitable for phonocardiographic
registration, depending upon the sound characteristics that are of interest. Four of the
more commonly used locations are the following (see figure 12 and ref. 49):

e Aortic area. At the second intercostal space (ICS) on the right sternal
margin.

e Pulmonary area. At the second ICS or the left sternal margin.
e Left lower sternal border. At the fourth |CS on the 1eft sternal margin,
® Apex beat. At the fifth [CS on the midelavicular line.

C. Correlotion With Other Data

Accurate interpretation of the phonocardiogram usually depends upon its cor-
relation with other physiological data that have been recorded ot the same time.
Simultaneous registration of the ECG is almost mandatory for this purpose. Arterial
(carotid) pulse data also may be useful in pinpointing cortic valve closure. A respira-
tion rate tracing sometimes is useful with respect to the splitting of the second heart
sound that is seen on some phonocardiograms. (In the clinic, respirations are often
marked manually on the phonocardiogram by the recording technician.)

HEART RATE (AND PULSE RATE)

The heart rate, giving the number of beots or pulses per unit time, is a valucble
index of overall cardiovascular function. Although rate information muy be derived
readily from recordings of other measurements (e.g., the QRS complex of the ECG and
the oulses on o pulse pressure weoveform), a cardiotachometer or cardiorachograph is
used to obtain rate information withcut manually processing large amounts of recorcec
data (by counting peaks for a given amount of time).

%*

The Russions have cited a technigue (ref. 5) of integrated phonocardiogrophy which,
while retaining most significant cardiac data, can be accomplished with a relatively
narrow-band channel,
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Figure 12. Location of the Phonocardiographic Microphone

The cardiotachometer consists essentially of o trigger circuit, ond an integrating
network or a digital counter to convert the analog input to o rate indication. The in-
put is taken from ECG leads, or from a pressure or plethysmogrophic pickup. The out-
put, depending upon the circuit details, will be proportional to ecither the heort rate
itself or to its reciprocal, the interval between successive peaks. The disploy or re-
cording may be discontinuous, yielding an instantaneous beat-by-beat rate indication,
or it muy be continuous, yielding a mean rate indication over a controlled period of
time,

|. Sensors

The heort rate input may be derived from any of the sensors discussed under
plethysmogrophy (poge 50) or electrocardiography (page 22). The selection of a par-
ticular sensor depends upon the needs of the measurement situation. For exemple, if
heart rate rather than ECG data are of primary interest, a sternol ECG lead yielding
strong R peaks would be preferred to a modified limb lead, which might be preferred
for certain kinds of ECG data.

iIl. Signal Cenditioning

Typically, « cardiotachometer consists cf an input sensor, a differential input pre-
amplifier, the *achometer unit proper, and o meter display or o high-impedance
graphic recording device. There are numerous techniques for conditioning the signal!
in the cardictachometer unit, depending upon the type of display or recording that is
desired. (See ref. 37.)
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A. Continuous Cardiotachometer fi
A continuous or integrating cardiotochometer produces o d-c output that is
linearly proportional to the integrated rate of the input pulses. Figure 13 shows a cir- o
cuit used for this type of measurement., The input from = preomplifier is ccpacitor- o
coupled to T1, an emitter follower, and then is fed to @ monostable flip-flop, T2-T2. e
The flip-filop produces -ulses of constant durotion, which are applied through T4 to an
integrating filter network. From the filter network, the pulses are applied to emitter-
follower T5, from which the output is token. The d-c voltage across the filter network
is the integral of the current flowing inte it; therefore, the voltage ot the output of T5
is proportional to the rate of the pulses from 72-T3, or
of
V2t N g;
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Figure 13. Circuit for an Integrating Cardiotachometer

B. Instantaneous Cordiotachometer

An instantaneous or discontinuous cordictachometer produces a discrete output
at each beat of the monitored signal. In most configurctions, this type of output is
proportional to the interval between beats or the reciprocal of the rate itself. The
output is essentially hyperbolic with respect to rate; calibration is required to achieve i
lineor recording or display. '

Figure 14 shows an output circuit used for instantaneous measurements. (The
input stages are similar to the integrating cardiotachometer shown in figure 13.) Here,
the output from the flip=flop stoge is used to close relay SR=1 momentarily. Between

pulses, capacitor C1 is charging through resistor R1. During the momentary closing of fon
the relay, capacitor C2 charges to the voltage on C1. When the relay reopens, Ci s ¢
uni

dischorges through T5 and then recharges through R1. The output, determined by the
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amount of charge token by C2, is proportional to the time between pulses or the charge
time on C1.

Figure 15 depicts an integrated and an instantaneous cardiotachogram. The
integrated waveform lags the instantaneous trace, since its response to a step change is
necessarily delayed by several pulses, but it gives o better indication of the trend of
rate variations.

C. Digital Readout

Another form of instantaneous cardiotachograph uses counting circuitry to
provide a beat-by-veat digital output for digitol display or printout. A block diagram
of this type is shown in figure 16. Other types simply total the number of beaots for a
given sampling period (1 minute, for example, as cited in ref. 38).
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Figure 14. OQutput Stages for an Instantaneous Cardiotachometer

I11. Notes on Operation

A. Calibration

Fundamentally, the method of calibrating the cardiotachograph is sticight-
forward. A known input from o slow pulse generator circuit (30-240 pulses per minute)
is opplied to the input, and the sensitivity is adjusted (either in the cardiotachometer
unit proper or in the recorder) for o corresponding indication. The chief difficulty is
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JINSTANTANEOQOUS -

uous

Figure 15, Instantaneous and Continuous Cardiotochograms

in the inherent nonlinearity of those tachometer circuits which are time or interval
sensitive rather than rate sensitive. To provide linear scalar indications or traces, non-
linear circuit elements must be included in the tachometer and the scale must be
compressed,

B. Recording

The heart rate signal can obviously be reccrded effectivaly at the same chart
speed (25 millimeters per second) used for the ECG. When rate information alone is
being recorded, however, chart speeds as low as 10 or even 5 millimeters per second
may suffice, particularly if a compressed indication of rate trend is desired.

There are several variaticns of recording technique employed in the commer-
cially available instantaneous cardiotachographs. Some follow the mean rate variation
in an analog fashion, as shown in figure 15. Others give o beat-by-beat deflection
with the stylus, returning to o baseline after each beat. In this type, the amount of
deflection is proportional to the measured interval between beats, so the envelope of
the tracing shows the rate trend as a function of interval; if the recording is to be
calibrated in beats per minute, the omplitude scale will be inverted.
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Figure 16, Block Diagrom of o Digital Cardiotachometer

BALLISTOCARDIOGRAPHY

Ballistocardiography is another technique for studying cardiac activity. Basically,
it consists of the graphic registration of extremely small ballistic reactions of the body
caused by heart contractions and by the movement of Elood in the large vessels. It
gives a picture of the force, regularity, ond velocity ot which blood is ejected from
the ventricles into the large arterial bodies, and a picture of the filling of the heart
during diastole.,

Heretofore, ballistocardiography has been chiefly a laboratory raethod. The prin-
cipel apparatus (the high- and low-frequency seismic tables of Starr and Nickerson)
have been too unwieldy for widespread use. With the development of practicable
direct ballistocardiography with simple, portable apparatus, general clinical applica-
tion is becoming possible. (See ref. 17.)

While not yet a technique suitabie for continuous monitoring applications, bal-
iistocardiography by direct methods will find more and more application in aerospace
medical practice, Already a standord port of flight zandidate medica! examinations,
ballistocardiography recently has been used to test the effects of pressure breathing,
pressure suits, ond weightlessness on cardiac activity.

I.  Components of the Ballistocardiogram

A fundamental ballistocardiographic (BCG) tracing is shown in figure 17. The
characteristic pulses represent headward and footward movements accompanying one
cycle of cardiovascular action (headword movements cause positive deflections; foot-
ward movements cause negative deflections). At the start of systole, there is a small
heodward movement, H. At or just after ejection, as blood goes up in the acorte, there
is ¢ footward mcvement, |. Then, as blocod turns down in the aortic arch, there is o
heodward recoil of the body, J. A footward movement, K, accompanies deceleration
of the downward flow in the aorta. The smaller following diastolic movements, L, M,
and N, cre not as clearly defined as to crigin.
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Despite the use of many different measirement techniques, there is general agree-
ment on the main H-1-J components of the ' CG waveform, and the BCG has become o
reliable clinical index. Since it is a sensitive technique, the BCG is useful in diag-
nosing conditions with subtle effects that do not appear initialiy in other cordiac
indices such as the ECG (ref. 9).

it., BCG Transducers

Ballistocardiograms con be obtained with different types of transducers, Displace-
ment measurements are possible with piezoelectric transducers; dynamic or moving coil
transducers yield veloc'ty tracings; ond acceler. tion trocings can be obtained from
accelerometers, such as loaded piezoelectric devices, or by differentiating the output
of velocity transducers. Some users have suggested that valuable measurements can be
obtained in terms of jerk, the time differential of acceleration.

A typical transducer is the dynamic or moving=coil type used in the Dock type of
direct ballistocardiograph. 11 the Dock method, two coils are mounted on a bar,
which is firmly attached to the shins of o reclining subject. A permanent magnet is
mounted on a stand (nct attached to the legs) that fits in o space between the two
coils, The legs of the subject are supported at the heels, as shown in figure 18. With
the shin bar firmly attached to the shins, slight body movements cause the coils in the
bar to cut the lines of force of the magnet, producing the output voltage. Standard
parameters for direct measurement of this sort are as follows (ref, 4):
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Figure 18. Dock-Type Direct Ballistocardiograph

® Frequency of normal body vibrations: 4 cycles per second.
® Displacement: 0.006 centimeter.
® Velocity: 0.1 centimeter per second.
® Acceleration: 2 centimeters per second 2,
I11. Signal Conditioning

A. Filters

Filter networks are used in BCG circuits for two basic purposes: one is to re-
move vibrational artifacts above the frequencies of interest; the other is to operate
upon the transduced output to obtain recordings of the parameter of interest -- either
displacement, velocity, or occeleration (ref. 9). Depending upon the type of trans-
ducer used, a combination of filters can be employed which, by either integrating or
differentioting the signal, will yield the wonted measurement. For exomple, if dis-
placement is given by the transducer, differentiate once for velocity or twice for
occeleration; if velocity is given, integrate for displacement or differentiate for accel-
eration; if acceleration is given integrate once for velocity or twice for displacement;
and for jerk, differentiate displacement three times, velocity iwice, or acceleration
once.
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B. Amplifiers

A suitable BCG amplifier should be linear in the region of 1 to 30 cycles per
second. Overcll sensitivity, including the recording device used, should yield a 10~
millimeter deflection with a 1-millivolt signal.

1V. Recorders

Once transduced and properly conditioned, the BCG signal can be recorded con-
veniently on any device suitable for ECG or EEG recording. A multichannel recorder
should be usec 'f available, since correlate ECG data should be recorded at the same

time, as well as other cardiovascular indices of interest.
PLETHYSMOGRAPHY

An instrument called the plethysmograph is used to obtain a mecsiirement of bluod
flow indirectly without exposing or puncturing the blood vessels. The plethysmograph
senses changes in volume in o body region (limb, finger, etc) as a result of the flow of
blood through that region. There are four bosic plethysmographiz techniques: photo-
electric, impedance, segmental, and pneumatic.

Presently, the plethysmograph is more :uited for use in the clinic rather thon in o
hostile environment. Instantaneous volume readings can be rendered meaningless by
small body movements, quite aside from the artifocts generated by moving the trans-
ducer itself. Of the four plethysmographic techniques, the photoelectric is probably
least susceptible to movements; unfortunately, the photoelectric type is one of the more
difficult to calibrate in terms of exact volume values.

In general, the use of plethysmographic techniques in the field is fine for sen ing
orteriai pulses or for recording pulse pressure waveforms, but blood volume or blood
pressure indications so obtained are more relative than quantita*ive,

. Photoelectric Plethysmograph

The photoelectric plethysmograph detects changes in tronsparency in a bodv region
as a resuli of blood flow through that region, and produces an output reloted to the
volume of biood fiowing. Present devices usually house the light source and the photo-
detector side by side in a small unit, which is placed over the area of interest. Most
commercially availoble photoelectric plethysmographs are designed for clipping to or
slipping over the fingertip; the ..onsducer olso can be attached with elastic strops or
adhesives directiy over o major ortery, such os the temporal, brachial, or radicl.

Figure 19 shows a typical circuit arrangement for the photoelectric plethysmo-

graph (ref. 29, 30). The transducer may be either o photoconductor or o photovoltaic
cell. The values of R1, R2, ond R3 in the bridge ore chosen to provide an output suit-
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PLETHYSMOGRAPHY

PHOTOCELL

DRIVER
AMPLIFIER

PREAMPLIFIER RECORDER

Figure 19. A Photoelectric Plethysmograp:

able for transmission or recording. R2 serves additionally as a calibrating potenti-
ometer. The bridge is dc-coupled to the preamplifier; typically, it consists of at leost
one push-pull gain stage (20X), followed by o low-impedance emitter follower output.

The output of the preamplifier is de-coupled (as shown) to a driver amplifier and
recorder. Alternately, the preamplified signal moay be fed to a voltage amplifier stage
for line or r-f transmission.

The use of a photoconductor in such a circuit has the advantage of very small size
and o low impedance when the unit is illuminated., However, photoconductors have o
high temperature coefficient, and they should not be used if large changes in tempera-
ture are part of the measurement environment.

Il. Impedance Plethysmograph

The impedance plethysmograph is another device for obtaining flow measurement
data by means of a calibrated blood volume pulse. The volume pulse is obtained by
impressing a low-level r-f signal across a portion of the body ord measuring the
changes in this signal as it is offected by changes in body impedance. The impeda: e
changes are proportional to the volume of blood in the region at the instant of measu:
ment. Blood flow may be estimated in several ways; i.e., by multiplying the area
under the volume pulse by the heart rate. (See ref. 22.)

This measurement routinely is made at the finger. A pair of metal ring electrodes
is ploced on the finger, usually one on either side of the second knuckle. A low-level
current of no more than a milliompere is applied to the electrodes from cn r-f oscilla-
tor operating at about 175 kilocycles; the r-f output is applied to a tuned amplifier;
ond impedance changes between the electrodes modulate the input to the amplifier.
The amplifier output then is demodulated, providing the d-c onalog of the volumetric
changes.

Like the other plethysmogrophic techniques, the impedance plethysmograph is not
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punc
instrumented readily for cerospoce opplications. Subject movements invalidate volu- vari
metric data easily, calibration ond subsequent data processing are tedious, and stoble The
elactrode placement on the finger is difficult. For further information on the imped- the
ance plethysmograph, refer to standard texts (ref. 55 ond 56). Refer also to the dis-
cussion of the impedance pneumograph (page 88), a measurement technique which is, I,
in part, an outgrowth of the recurrence of respiration artifocts in plethysmographic
measurements .
systo
Il. Segmental ond Pneumatic Plethy:mographs into
vent
The segmental plethysmograph measures volumetric changes in a digit or limb by page
means of a strain gage, usually a mercury-in-rubber type strain gage. Volume is torec
measured cs a function of changes in girth resulting from changes in bloo flow in the tolic
measured member. The strain goge is placed in a bridge circuit for meosurement. place
(Refer to Volume I, pages 23-24, for an illustration of the technique of matching the the K
output of the mercury strain gage to a conventional strain gage preamplifier and
direct-writing recorder.)
uppei
While the segmental plethysmogroph can yield dato on a large number of volu- as the
metric parameters (e.g., vasculor caopacity, blood flow, effects of g forces), its use-
fulness as a source of quantitative data in o monitoring application is limited (ref. 29, |
30). readil
ducer
The pneumatic plethysmograph is perhaps even less adaptable than the cbove- made
mentioned instruments to use outside the clinic or laboratory. True volumetric readings
are obtained with a pressure plethysmograph transducer, which senses the change in E
pressure in a closed air chamber as o result of the pulsctile change in volume of a digit to obl
inserted into that chamber. Such a measurement can be extremely accurate when it is out ar
taken on a subject with o properly sensitive device in rigidly controlled conditions. the p
The stressful environmerts and subject movement anticipated in most aerospace appli- bratin
cations preclude its use there, but it can be used if the subject is quiet during the spond
period of measurement, obtair
BLOOD PRESSURE 1. A
The pressure of the blood in the great arteries is one of the most significant indexes T
of cardiovascular function. Blood pressure is determined by many interacting factors, ureme
including blood viscosity and the elasticity ond diometer of blood vessels. Most im- typica

portont, as a measure of subject viability, blood pressure is related to the volume of shown

blood in the vascular system and to the cardiac output. Like the electrocardiogram, have |
the measurement of blood pressure is a standord clinical technique with well estab- transdi
lished norms, and aos such it is generally considered one of the more valuable and movemn
necessary parameters for an cerospace monitoring system,

Tl

The pressure-measuring systems devised for monitoring systems are necessarily
indirect systems, since the only direct method of measuring pressure is by arterial
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puncture ond the use of intra-orterial cotheters. The following pages describe the
various indirect measuring systems that have been employed with any degree of success.
The principal type used is the outosphygmomanometer, which is the field extension of
the familior technique of auscultation used in the clinic. (Refer also to ref. 65.)

. The Measurement Technique

Two pressure measurements are of significance: the systolic and the diastolic. The
systolic blood pressure is the maximum pressure that occurs with the ejection of blood
into the corta following ventricular contraction. Diastolic pressure occurs during
ventricular diastole, with the recoil of the blood in the arteries. (Refer to Volume |,
pages 18-31.) In indirect measurements, the air pressure in an occluding cuff is moni-
tored during a controlled cycle of inflation and deflation, and the systolic ond dias-
tolic points are determined by the coincidence of pulse indications from a transducer
placed over the occiuded artery. These pulse indications serve the same function as
the Korotkov sounds in standord auscultation.

The usual site for the cuff ard pulse transducer is over the brachial artery on the
upper arm. At this location, with the arm down, the pressures recorded are the same
as those at the heart, being at the same level.

In a similar technique, an occluding cuff is opplicd to a finger, and the pressure
readings are correlated with volume pulses obtained from a plethysmogrophic trans-
ducer attached to the fingertip. In this type of measurement, compensation must be
made for the lower pressure readings which are obtiined ot the extremities.

Because of the blood volume-blood pressure relationship, attempts have been made
to obtain indirect blood pressure data using the plethysmographic pickup alone, with-
out an occluding cuff. The pulse volume tracing obtained by such means is similar to
the pulse pressure waveform obtained by direct intra~orterial measurement. By cali-
brating the pulse volume waveform against baseline pressure dato, an index of corre-
sponding blood pressure can be obtained; but the excctness of quantitctive data so
obtained is questionable.

1. A Basic Autosphygmomanometer

There are several approaches to automating the auscultatory blood pressure meas-
urement technique, but they all have certain components and methods in common. A
typical device is that developed by the Air Force's School of Aerospace Medicine,
shown diagrammatically in figure 20. Hundreds of successful inflight measurements
have been made with this system in high-performance aircraft; the pressure levels and
transducer outputs are relatively immune to high g stresses and to artifacts from subject
movement, ambient noise, and vibration. (See ref. 74.)

The bosic components in this system ore the occluding cuff, a source of air, and o
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Figure 20. An Autospnygmomanometer for Blood Pressure Measurement

programmer to contiol the pressure in the cuff; o transducer to measure the cuff pres--

sure; a microphone to dstect arferial pulses; a microphone preamplifier ond voltage
amplifier; ond tandpass filters to condition the omplifier microphone output. The
microphone anc transducer outputs then are applied to a telemetry system or to record-
ing ond displuy comporents.

The cuff pressure i« recorded os the regulator cycles; the cuff is inflated rapidly to
a pressure well above onticipated systolic pressures ond then ollowed to bleed off to o
point below diastolic pressure. Simultane~wsly, the microphone output is recorded on
separate channels, {[re microphone output is split by bandpass filters into two or more
frequency bands to ass.ire a readabie pulse output even in the presence of noise arti-
foct.) As the cuff pressure folls below the level necessary for full occlusion, the first
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BLOOD PRESSURE

pulse is registered, which marks the systolic point. Pulses continue to register until the
cuff pressure is too low to cause any change in the pulse sound; the last pulse to
appeor marks the diastolic point. Figure 21 shows a typical recording of this type.

ECO

CUFF PRESSURE e—

RESP

DAWAWA YA WANYAUYAWAN

Figure 21. Multichannei Recording Showing Simultoneous
Trace of Cuff Pressure and Pulses

The following paragraphs discuss the various components of this system in more
detail .

A. Programmer

The programmer used in the system shown in figure 20 is an electromechanical
bypass-type pressure regulator. Using low-pressure nitrogen availabie within the air-
frome, the programmer delivers o sawtooth pressure profile, controlled by o com on a
timing motor. This unit is designed for 1-minute sampling cycles. 1t inflates the cuff
from O to 225 mm Hg in 3 seconds, leaks pressure at o linear rate to about 20 mm Hg in
25 seconds, dumps pressure from 20 to O mm Hg in 2 seconds, holds at zero pressure for

Cseconds, and recycies. Pressure levels ore undisturbed by sudden chonges in cuff
volume caoused by arm movement; gas that is bypassed is vented to the cabin or suit so
that the cuff pressure is always read with respect to ambient pressure.

B. Cuff Pressure Sensor

The pressure transducer used in the School of Aerospace Medicine system is a
differential type. A Sanborn diophragm-type strain goge transducer is used in ground
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checks, providing a millivolt cutput.* For inflight measurements, a Daystrom=Wiancko
transducer, Model P2-3136 is employed.** This is o pressure transducer of the Bourdon
tube type, using o variable reluctance bridge circuit. |t operates from 28-volt aircraft
power, and delivers a high-level, 0-5 volt cutput into a 50-kilohm load.

C. Microphone

The pulse sensor in the <ystem is o Gulton Mode!l MP-202 piezoelectric con-
tact microphone.*** Contoct microphones of this type are essentiol in high-level
ambient sound environments that exist in high performance aircraft. This particular
model has the standard mounting disc removed, and .. i1s mounted in an arm pad fabri-
cated of silicon rubber, designed to be slipped between the occluding cuff and the
upper arm. The microphone bution protrudes from the inner surface of the arm pad in
order to sense the arterial pulse properly. Nominal distance is | millimeter above the
pad, but this may vary, depending upon the contact pressure required for optimum out-
put with a particular subject,

D. Microphone Preamplifier

The piezoelectric microphone presents a high source impedance of about 10
megohms. A two-transistoi preamplifier was designed to load the microphone properly
(input impedance of 50 megohms) and retain good low-frequency response. The output
impedance of the preamplifier is 10, 000 ohms. The preamplifier and the small mercury
cells required for its operation are potted with the microphone in the silicon rubber
arm pad, Figure 22 shows the circuit for the preamplifier,

:‘]'__ MALLORY
=t RM. 312
FPS-2 J
D we.202
>
ouT
—me £

Figure 22. Microphone Preamplifier Used in Autosphygmomanometer (Fig. 20)

*

The Sonborn Co., Walthom, Maoss.
** Daystrom-Wianko Engineering Co., Pasadena, Calif.
***Gulton Industries, Inc., Metuchin, N.J.
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BLOOD PRESSURE

E. Voltage Amplifier

The voltage amplifier used in the system is o Taber Model 196G.* 1t operates
from the 28-volt aircraft power, and provides a gain of 200 to 1000. The input, os
shown in figure 23, is shunted by o 100-kilohm resistor; this completes the ground re-
turn for the batteries in the preomplifier (figure 22). Therefore, when the unit is not
in use, the connection between the orm pad and amplifier can be opened, and there is
no drain on the preomplifier batteries.

— +* 27
-27
. Cl =
~ \l 3
rd VA 8
FROM $ ! 7 /
PREAMPLIFIER $ 100k i: 100 X J T?sasec? »
2 50X
\.__
/
4
>
'I’ 100

S0 uF

Figure 23. Voltage Amplifier Connections Used in Autosphygmomanometer (Fig. 20)

F. Filters

Narrow-bandpass filters are used to counter the effects of high-level ambient
noise. Two or more filters are used, each centered at different, hormonically unre-
lated frequencies in the range between 50 and 250 cps. At least one channel will
deliver recognizable pulses, even with ambient noise present (up te 125 db). The fre-
quencies below 50 cps are removed to ovoid ambiguity in the reading of the diastolic
point; frequencies above 250 cps are not necessary for good registration, and are be-
yond the effective response of most recorders anyway. Figure 24 shows a typical three-
channel filter configuration.

. .
Taober Instrument Cerg., Tonawanda, N. Y.
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Figure 24. Microphone Filter Network Used in Autosphygmomanometer (Fig. 20)
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Hi. Other Measurement Techniques

The foregoing description of the School of Aerospace Medicine meosurement sys~
tem is typical of the needs of an automatic blood pressure monitor of the auscultatory
type. Similar systems have been devised with variations in detail to suit individual
applications. Some of these are noted below.

A. Other Methods of Pulse Registration

A system has been developed ot the Aero Medical Laboratory at Wright-
Patterson Air Force Base in which cuff pressure is monitored and recorded as described
previously, but several different techniques of monitoring the arterial pulse are em-
ployed (ref. 80). Initiully, o water-filled plastic bag was inserted beneath the cufi
and pulses were detected with a pressure transducer. Occasicnal leakage of the flui
system in some applications pre rpted the replacement of this type of pulse sensor wi-
a strain gage, which is mounted on a flexiule metal plate and placed directly over th..
brachial artery. With a strain gage in the system, a d-c or chopper amplifier is needed
to amplify the pulse signal. Another approach to the problem wos to use an extremely
sensitive tronsducer to monitor the cuff pressure variations so that arterial pulsations
were sensed directly by the cuff monitor and indicated directly on the cuff pressure
tracing. Such a system is of course equally sensitive to movement artifacts,

A system designed at NASA's Ames Research Center is quite similar to the

School of Aerospace Medicine device. The chief difference between the two is that
the output of the microphore in the NASA system, after being ompiified and filtered
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(bandpass from 15 to 200 cps), is added directly to the output of the cuff pressure trans-
ducer for single-channel transmission and recording. The pulses appear on the record-
ing as blips on the sawtooth cuff pressure waveform. (See ref. 64.)

B. Coincidence Gating

An accessory to the basic autosphygmomanometer system has been designed by
the School of Aerospace Medicine for the purpose of obtaining digital readout of blood
pressure data (ref. 38). (Refer to figure 25.) In this system, the output of the pressure
transducer is read out intermittently to obtain a pressure reading only at the time of
arterial pulsation. To discriminate against artifacts from ambient noise or motion, the
microphone output is passed through two bandpass filters immediately after preamplifi-
cation, and coincident pulses are obtained at harmonically unrelated frequencies. The
signal from each filter is opplied to an impedance-matching emitter follower, o diode
envelope detector, and a trigger circuit (one-shot multivibrator). Both triggers then
are passed to an AND gate. The pulse from the gate is used to gate the output of the
cuff pressure transducer into a digital voltmeter (or into recording or telemetry
circuits).

An autosphygmomanometer made by Systems Research* includes an additional
refinement. This system uses logic and timing circuits to program cuff inflation and
¢ " ation, ond to read out the cuff pressure only at the systolic and diastolic points
a: it redundancy and coincidence checks have been performed on the pulse-sensing
components. Figure 26 shows the components in this system.

Two pulse sensors, tne microphone and the thermistor, provide a check against
artifacts; both must be activated simultaneously before the AND gate passes the pulse
indication. The thermistor senses arterial pulses indirectly; arterial pulsations change
the pressure in the cuff minutely, and with each pulse, o smell portion of air is vented
from the cuff across the thermistor, cooling it and producing c pulse indication.

A further check against artifacts, and o means of assuring a more accurate
pressure indication, is obtained by a timing and logic circuit which requires second,
confirming pulse indications ot pressure points of interest. This system is illustrated in
the description of the measurement sequence below.

1. Diastolic Pressure Meosurement
The cuff is inflated rcpidly to a point just below diastolic pressure, and
then slowly inflated (2 mm Hg per second) until a pulse is obtained from the sensor
AND gate. At this point, inflation stops and o 1-1/2-second timer is activated. If o

second pulse passes the sensor gate during this interval, the cuff pressure is read out; if
no pulse is received, the cuff deflates and the measurement is repeacted.

*Systems Rescarch Laboratories, Inc., Dayton, Ohio
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2. Occlusion

After diastolic pressure is read out, the cuff is inflated ropidly to o
pressure just above systolic, to occlude the artery. The timer is activated, ond the
cuff inflates slowly. If a pulse is received, the timer resets and inflation continues
until no pulse is received during the 1-1/2-second interval.

3. Systolic Pressure Measurement

When occlusion has been verified, the imer is deactivated and the cuff
deflates slowly until a pulse is received from the sensor gate. At this point, deflation
stops and the timer is reactivated. If a second pulse oc:zurs during the 1-1/2-second
interval, the cuff pressure is read out; if no pulse is received, the pressure is returned
to above systolic, and the measurement is repeated.

The system normally obtoins diastolic and systolic readout in the time
required for 7 to 10 heartbeats. Consequently, whole or partial arterial occlusion
occurs for about 6 seconds in each cycle, and venous occlusion for about 15 seconds
in each cycle. The entire system, as packaged by Systems Research, fits in a light-
weight backpack measuring 11 x 9 x 3 inches. With the addition of a transistorized
FM transmitter ond a small 28-volt power pack, short-range telemetry of blood pressure
data from an ambulatory or working subject is possible.

PULSE WAVE VELOCITY

Pulse wave velocity refers to the velocity of propagation of the pulse presture
wave through the arterial tree. While this parameter is of clinical interest in iis own
right, recently it has been investigoted as a means of obtaining an indirect index of
overall cardiac function, and particularly of blood pressure. Blood pressure can be
measured successfully with the automatic sphygmomanometers described previously, but
only on cn intermittent basis and not continuously. Techniques of measuring pulse
wave velocity, while not yet perfected, do permit continuous monitoring, which pro-
vides information on the overall tone of the vascular system (arterial distensibility);
thic information in turn can be related to the systolic blood pressure.

'{.  The Pulse Wave Phenomenon

When the ventricles contract, forcing a volume of blood into the aorte, twe quite
different events occur: one is the flow of blood through the arterial tree, ot a velocity
of 0.2 to 0.6 meter per second in the larger arteries and ot a much slower velocity in
the smaller vessels; the other is an expansion of the vessel walls, occurring first in the
corte and then travelling out along the peripheral blood vessels as a result of a pres-
sure wave transmitted in the blood. 7 4is is the pulse wave that may be detected at any
convenient point on the surfoce ovi  the crteries. The velocity of the pulse wave
varies from roughly 5 to 15 meters ner second (see icble V).
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TABLE V. AVERAGE PULSE WAVE VELOCITIES BETWEEN VARIOUS
ARTERIAL POINTS

B e
Reccrding Sites Velocity (Meters/Second)
From To
Aorta Brachial artery 7.2 (5.4 - 8.5)
Aorta Radial artery 8.8 (6.5 - 13.8)
Acrta Femoral ortery 6.3 (4.7 - 10.4)
‘Brachial artery | Radial artery 12.5 (9.3 - 22.5)

The pulse wave velocity is reloted diectly to the rigidity of the arterial walls.
An increase in internal (blood) pressure increases the rigidity of the walls; it follows
that there is a corresponding, proportional increase in the pulse wave velocity. For
example, for an increase of diastolic blood pressure from 100 to 150 mm Hg, the ve-
locity of the pulse wave increases from o mean of cbout 9 to about 16 meters per
second. Figure 27 shows this relationship.

Pulse wave velocities have been determined in the laboratory by several complex
techniques. One of these is to apply a known blood pressure recding (obtained with an
intra-arterial catheter and pressure transducer) to an analog computer which is set up
to solve a general equation for fluid dynamics (ref. 36). For a continuous monitoring
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Figure 27. The Relationship of Pulse Wave Velocity to Diastolic Pressure
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PULSE WAVE VELOCITY

system, such biood pressure data are not available, but the measurement of velocity
can be determined conveniently as a time interval measurement.

One method for measuring the time interval is to sense the pulse pressure wave at
two sites on the body separated by a known distance, and measure the difference in
arrival time of the pulse wave between the proximal ond the distal site (ref. 21). The
arrival time is always computed at the intercept of the diastolic point of the wave and
the ascending anacrotic limb (figure 28) at the start of systole, since this portion of the
waveform is most clearly defined on all recordings. Hence, the corresponding pressure
at the time of measurement is diastolic. Another time interval measuring technique is
to measure the elapsed time between the peak of the P wave on the ECG and the
arrival of the pulse pressure wave at some point along the crterial tree.

PRESSURE SENSOR | > U

PRESSURE SENSOR 2 > "\

Figure 28. An Indirect Technique for Measuring Pulse Wave Velocity

. Instrumentation

Pulse wave velocity data can be obtained by the monual processing of the re-
corded traces ot two simultaneous pulse pressure waveforms, os indicated above, or by
the manual processing of the simultaneous puise-pressure and ECG waveforms. To
obtain velocity data automatically, the sensor inputs must be processed in circuitry
similar to that used in‘the cardiotachograph. This processing yields time interval data
which can be colibrated in terms of velocity or, with sufficient empiric data, in milli-
meters of mercury (diastolic pressure).

To obtain quantitative pressure data, the relationship between pressure and vetoc-
ity rust be formulated. The expression, :

P=12.2V - 130
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for example, holds trus for the linear portion of ile curve in figure 27 (between 50 and
150 mm Hg) when appropriate empiric correctior« u-e applied, To instrument the pres-
sure measuremant in terms of a time interval dt) measurement, two pulse pressure sen-

sors are located on the subject a kncwr. distance, D, apart. The above expression is
then modified as follows:

P = 12.2D/dt - 130

The output of the appropriate time interval or tachometer circuitry, thsrefore, can be

calibrated directly in mm Hg. The block diagram of figure 29 shows this arrangement.

The pulse pressure wave arriving at pressure sensor 1 starts the digital counter, The
arrival of the wave at pressure sensor 2 stops it.

PRESSURE
NOSTA
SENSOR o 3sv BLE | START
i
Loy (O TR NI esu-ﬂ.aﬁa‘ﬁ.gmun
R TR L R (e COUNTER 4t INTEGRATOR MEAN
- i gt YEIOCITY
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SENSOR “":Sv st srop
2
|

Figure 29. Components for Automatic Registration of Pulse Wave Velocity

Any suitable pulse detector may be used. The piezoelectric microphone described
on page 56 is typical. |f the R wave of the ECG is being used to trigger the time
interval count, the ECG lead system should be cne that provides a strong, well -defined
QRS complex. Trigger circuits, integrators, counters, and recorders should be selected
to provide the type of record of wave velocity desired (instantoneous, continuous, or
digital) in accordance with the considerations on pages 44 to 46,

BRAIN POTENTIALS

The recording of potentials emanating from the human brain offers one of the few
objective meassurements of the activity of the central nervous system in man. A vast
body of data has accumulated in the iast generation which has been useful in the study
and treatment of organic disorders, such as brain lesions and tumors, ond diseases such
as epilepsy. These dato also hove been used to draw correlates of the electrical or
biochemical activity in the central nervous system showing a relationship between
human brain potentials and psychophysiologic or behavioral responses. It is in this
latter use that the study of the electroencephalogram has been of interest in aerospace
medicine, because it offords a measurable index of the state of consciousness or alert-
ness of o subjact exposed to the stresses of aerospace environments . *

—
Refer also to Volume |, pages 8-12,




BRAIN POTENTIALS

As measured on the scaip, potentials from the brain usually are about 50 micro-
volts in amplitude; quite often they are less and rarely do they exceed 200 microvolts.
Amplitude variations generally are nonperiodic, complex, and of low frequency
(largely in the range of 1 to 60 cycies per second, but with some frequency components
of several hundred cycles per second). When measured directly on the cortex of the
brain rather than on the scalp, potentials are as much as 100 times greater in amplitude
(up to 50 millivolts), since in this case there would not be signal loss through the thick
bone of the skull. Such measurements, properly called electrocorticograms, are other-
wise identical with the electroencephalogram in such characteristics as frequency ond
phase.

The electrocorticogram is by its nature restricted to the clinic in opplication, und
even there it is rare, because of the difficulty ond hozard in penetrating the skull.
The electroencephalogram is the accepted and most easily instrumented method of
monitoring brain poterntials.

The electroencephalogram is obtained by placing on array of electrodes on the
scalp, connected as independent bipolar pairs or as a varicty of unipolar leads, using a
central terminal and an exploring electrode much the same as is dore in electrocardio-
graphy. There are, understarlably, several similarities between eiectrocardiographic
and electroencephalographic 1=chniques. In both techniques, the recording of poten-
tials requires the use of capacitor-coupled elactrodes and differential input stages for
the successful isol~tion of unwanted potenticis. Both broin and heart potenticls require
considerable amplification; the brain potentials measured at the scalp, however, are
about 1/20th the amplitude of the heart potentials measured on the body, o irput EEG
circuitry must be correspendingly more sensitive.

There are differences in brain and heart potentials which dictate differences in
ECG ond EEG systems. For one thing, the electroencephalogram is not repetitive as is
the eiectrocardiogram; therefore, recordings must be obtained over greater periods of
time to obtain meaningfu! data. In oddition, the complex of potentiais on the scalp
beccuse of the complex struciure and function of the brain requires many more elec-
trodes for meaningful recording and interpretation. As many as 18 electrodes may be
switched together in various combinations, with simultaneous recording on as many as
cight channels.

1. Components of the Electroencephalogram

The electroencephalogram is much more complex than the electrocardiogram, and
not at all easy to typify. In general, biological sources of electrical pctentials do net
generate pure sinusoidal waves, But the zlectrocardiogram, reacting to the rhythmic
beating of the heart, displays a regular, consistent pattern, marked by a monophasic P
and T waves and o diphasic QRS complex (figure 3). Its components are measurable
(tables 11 and IH1), and interpretation of these measurements follows long-established
clinical procedures.
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The electrosncephologrom is not so easily aterpreted. Most EEG recordings do
contain two basic rhythms (ihe c!pha and beto rhythms discussed later). But some
sources of EEG potentials have not os yet been identified, and the potentials therefore
connot be definitely ottributed to specific physiologic or psychophysiologic functions
in the central nervous system (ref. 1), EEG trocings nevertheless do contain dato of
proven clinical wufulness, and H.tvy may be described in terms of the individual char-
acteristics of their waveforms.

A. Frequency

The electroencephalogram appeors as o complex, nonperiodic waveform. It
contains mony frequencies with shifting phase relations and varying amplitudes. When
subjected to frequency analysis, the alectroencephalogram revaals a fairly brood spreod
of energies, between the frequencies of 0 and 100 cycles per second, with peaks in
certoin frequency regions. When analyzed visually, the EEG tracing appears to con-
tain the following distinct frequency bands:

® Slow or delta rhythms 0.5103.5cps

® Intermediate slow or theta rhythms 4to7 cps

® Alpha rhythms 8o 13 cps
¢ Intermediate fast frequencies 14 to 17 cps
® Fast or beta rhythms 18 to 30 cps
® Very fast frequencies 30 cps ond up

Note that these designations ore largely a convenience; a given wave com-
ponent may ke designoted as an alpha wave, or a 10—cps wave, becouse it is measur-
ably cbout 0.1 second in duration. It may appear tronsiently in the overall tracing
only oncs every second, and not necessarily as 10 cycles in a one=second interval
(ref. 51).

B. Amplitude

While the overage pofential difference between electrodes in an EEG leod
system is about 50 microvolts, EEG signals of interest range from as low as 2 microvolts
to as high as 200 microvolts. Electronic circuits must be particulorly noise-free to
permit the successful recording of such low-omplitude potentiais (ref. 10).

As o general rule, the slower waves of the EEG have the higher amplitudes.
Common exceptions to this rule include fast spike potentials and the low-voitoge slow
waves of eorly sleep (ref. 51).
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C. Phase

Components of the electroencephalogram may be characterized as either di-
phasic (swinging both positive and negative with respect to a reference level) or mono-
phasic (the excursions from a reference level are either all positive or all negative).
The phase characteristic for a given lead ur channel may change during o recording
over a sufficiently long period of time.

D. Wave Groupings
The overall pattern of an EEG tracing may be characterized as fo!lows:
® Regular - rhythmic or repetitive.

e Irregular - arrhythmic, with waves of dissimilar durations during a 1-
second intervol.

® Paroxysmal - high-amplitude bursts above background voltage level,
possibly including large changes in frequency.

E. Signal Localization

While their sources and mechonics are not fully understood, brain potentials
are known to originate in neuronal tissue. The spike potentials of individual neurons
travel over the surface of the cortex (as well as through the deeper layers) so that the
potential ot any point on the scalp (os under an electrode) represents an average of the
potential changes in a large number of neurons. The potential changes or EEG patterns
vary from one region of the brain to another, which is the reason for the large number
of electrodes and channels used in EEG recording.

1. Regions of the Brain '

Recording channels and their associoted electrodes ore identified by the
region of the brain whose potentials they sense. The eight principal regions comprise
the four major lobes -- frontal, temporal, parietal, and occipital -~ in the right and
left hemispheres, respectively. Individual electrode locations within a region are then
designated with an arbitrary system of numbers, os shown in figure 30. This drawing
also shows the relatively indifferent points on the head that also are used in monopolar
recording: the right and left ear lobes, the nose, the occipital protuberance, and the
vertex. (See ref. 1.)

The interpretation of EEG tracings usually requires o comparison of data

received from symmetrically placed electrodes (e.g., right frontal vs left frontal), with
the presence or absence of symmetry in the two tracings being of clinical significance.
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Figure 30. Location of Electrodes on the Scalp

2. Associated Electrical Activity
a. Delta and Theta Rhythms

A small amount of delta and theta activity, if symmetrical and of
low voltage, is not considered abnormal. Delta activity is generally sensed in the
frontal leads.

b. Alpha Rhythms

While alpha rhythms may not appear in all EEG recordings, they are
considered the normal rhythm in a reloxed, awake adult. Alpha octivity is found
mostly in the occipitol ond parietal leads. Alpha rhythms offer an index of subject
alertness, since they disoppear with the initial opening of the eyes, and remain sup-
pressed during periods of alert attention (concentration on mental problems or on visual
scanning).
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c. Beta Rhythms

Beta rhythms are most commonly the strongest on frontal ieads. As a
general rule in all areas, fast waves of low voltage are considered normal, and high-
voltage activity is considered abnormal; the latter may result from barbiturates or other
drugs). Very fast spikes or sharp waves are always considered abnormal .

ll. Aerospace Medical Applications

Tha instrumentation and techniques for EEG recording that are described herein
draw heavily upon fairly standardized clinical practices. There are no standard tech-
niques for comparable recording on active subjects, in stressful environments. How-
ever, much of the data that is desired in the clinic is pathological in nature; its
significance is not measured in terms of varying response to environmental stress.

In aerospace medicine, on the other hand, relatively less significant date are
sought, and recordings of the complexity and quality required in the clinic may not be
required. For instance, as a simple index of alertness or cc .iousness, an airborne
EEG recording may be desired to provide (1) a measure of the subject's reaction to
high g stresses, or (2) a warning of hypoxia. Potentials of interest are concentrated
lergely in slow wave activity, low on the EEG spectrum (say, 3 to 30 cycles per sec-
ond). (See ref. 31.)

This greatly simplifies the bandwidth and performance requirements for the tele-
metering of individual channels of data. Further, since indications of generolized
activity rather than comparative area activity will often suffice, the complex clinical
electrode arrays will probably not be required. Successful measurement with such
limited but significant objectives may be conducted using only four, two, or even one
pair of electrodes,

In general, it should be noted that in field applications involving subject activity,
the EEG as a general physiologic index is of limited utility. The low signal level and
the required electrode arrangements make it subject to extraneous signals and artifacts.

11l. Electrodes,
A. Requirements

As in other physiological monitoring systems using electrodes for sensing po-
tentials on the human body, electroencephalographic measurement requires electrodes
providing good electrical contact ond low impedance. The electrodes should be small
and easy to attach, causing a minimum of subject irritation or discomfort. They also
should be firmly ottached and nonpolarizing for long-term measurements with moderate
amounts of subject movement or activity.

59



INDIVIDUAL MEASUREMENT SYSTEMS

B. Charocteristics

Corsldering slecirical requirements alone, needle electrodes ore the most
witable, The offer tho best elactrical contact with minimum resistance, since they
bypass (by penetrating) the high-resistance dermal tissue on the surface of the scalp.
However, there are obvious objections tu their use, especially in aerospace environ-
ments, 30 moit eleciroencephalogrophy is done with some type of surface-attached
electrode. Charocteristics may be summarized = follows:

1. Configuration
The usual configuration is that of a small metal disc or cup, dbout 3 to 6

milliommeters in diometer (less than 1/4 inch), oand no more than 1 or 2 millimeters
thick.

2. Material
The metals wed are stainless steel, silver, or silver/silver chloride. The
latter is preferred because of its freedom from polarization. Suitable electrodes moy be
formed from flattened drops of solder.
3. Attachment

Electrodes usually are attoched to the scalp with collodion or a hard
cement such as Duco.

4. Electrolyte

An slectrolytic paste or gel normally is used to emnsure good electrical
contact and o low junction resistance. It is rubbed info the scalp at the point where
the electrode will be attached. Many cup electrodes hove a small hole through the
back permitting the insertion of paste or gel (with o syringe) ofter the electrode is
attached.

5. |Impedonce
Most commercial electroencephalographs are designed for o low elec-

trode-pair resistonce of about 3000 ohms. If the scalp is cleaned and the eiectroiyte
ond electrodes applied carefully, suitable resistances below this figure can be gtained.

IV. Electrode Connections

There are two basic methods of connecting electrodes for recording the electro-
encephalogram: the monopolar and the bipolar (ref. 66).
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A. Monopolar Electrodes

In monopolar electrode connections, an active electrode is placed over the
cortical region of interest, and an indifferent electrode is placed at some point rela-
tively distant from the cortical region. An indifferent electrode is formed commonly
by attaching one electrode to the right ear lobe, attaching another electrode to the
left ear lobe, and connecting the two electrodes electrically. Electroencephalographs
are wired generally so that any active electrode of interest can be paired with an in-
different electrode by a simple switch connection. While many points on the cortical
area may be of interest, active monopolar electrodes usually are placed as follows:

® Frontal: high on the forehead over each eye (points 1 and 2 of figure 30)

® Parietal: on the midline of the parietol region, above the external ear
(points 3 and 4 of figure 30)

® Occipital: above and to either side of the occipital protuberance
(points 5 and 6 of figure 30)

e Temporal: halfway between the external ear and the parietal electrode
(points 7 and 8 of figure 30)

The lobe of the ear does not provide a truly indifferent electrode, since some
brain potential is sensed at this location. In some applications, an indifferent point is
obtained by averaging techniques, such as those used in electrocardiography; all elec-
trodes on the scalp, except the one considered active, are tied together, and this
combination serves as the indifferent electrode.

Another method for obtaining indifferent electrodes is to place the electrodes
far out on the body, away from the head. These electrodes pick up extraneous poten-
tials, such as those from the heart or skeletal muscle; although these potentials distort
the record, they are easily distinguished from brain potentials.

B. Bipolor Electrodes

In bipolar electrode connections, two active electrodes are placed over the
cortical regions, recording the difference in potential betweer the two regions. Clin-
ically meaningful data usually are obtained by the simultaneous recording of several
electrode pairs placed symmetrically over the right and left hemispheres. For example
(refer to figure 30), the recording obtained from points 1 and 9 is compared to one
obtained from points 2 and 10, but not with one obtained from points 4 and 6. Essen-
tially monopolar connections, such as between point 1 and the right ear, or point 2
ond the left ear, are compared in the same fashion.
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The main application of bipolar connections is clinical; they are most useful
in localizing electrical activity in connection with bra’n disorders such as lesions or
i tumors, Soma workers In cerospace medicine have reperted success with nonsymmetri-

cal bipolar connections; they have recordec potentint differences between the left
: parietal and right occipital regions, and between the right parietal and left occipital
: regions, in studying the responses of certain subjects to airborne stresses, such as the

4
high g forces of acrobaotic maneuvers (ref. 50). \
i
: V. Signal Conditioning s
The requirements for recording the electroencephalogram are essentially the same \
as those for recording the ECG and other physiologiccl potentials. High-gain, high-
impedance input stoges are used, and the leads are copacitor-coupled to isolate d-c
artifact. The differences that exist in ECG circuits are required to maintain stable,
linear, noise-free response to inputs of extremely low amplitude ond extended low
frequencies. k
t
A. System Characteristics s
n
1. Gain c
EEG potentials from the electrodes range from as low as 2 microvolts to
as high as 200 microvolts, The first=stage amplifier or preamplifier associated with o
each electrode pair should provide a minimum gain of 1000. Additional omplifier c
stages then raise the signai to a level suitable for data transmission or recerding. k
e
In some coses adequate recording can be obtoined by coscading two spe- b
cially designed low-noise type ECG amplifiers with gains of 500 or 1000 each. Several b
manufacturers also supply EEG preamplifiers with gains of 50 for use with ECG
circuitry.
(s
2. bandwidth m
{
As in other systems, the frequency response of an EEG system is limited F;
first by the capabilities of the recording system, and second by the high- and low-pess th
filters employed to reduce artifacts. While most recordings cover a bandwidth of 0.1 ¢
or 0.2 to 100 cps, the following frequency ranges often are used:
® For accurate, noise-free recording of extended low frequencies,
chopper amplifiers with flat response from dc to 150 ¢ps.
e For removal of baseline shift and other low-frequency artifacts, bf
variable low cutoff frequencies of 0.35, 0.7, and 1.5 cps. mi
e
e For personal telemetry where interest is centered on slow-wave sg;,
activity (such as olpha rhythms), miniaturized amplifiers with a low~ g
frequency cutoff of 2 cps.
72
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e For removal of EMG and other high-frequency artifacts, variable
high cutoff frequencies such as 30, 40, 50, or 70 cps.

3. Sensitivity

The maximum sensitivity of an EEG system is normally 1 millimeter
deflection tor 1 microvolt input. For optimum response (full-scale deflection) to the
wide range of amplitudes (2 to 200 microvolts) that may be present in a given record-
ing, most electroencephalograms incorporate variable attenuators to provide a range of
sensitivities, such as 1, 2, 5, 10, 20, 50, and 100 mi¢rovolts per millimeter deflection.

VI. Notes on Operation
A. Recording

For recording an electroencephalogram, the amplified potentials from the
brain are applied to an oscillographic recorder (an integral part of the clinical elec-
troencephalograph). Recording normally is done at o chart speed of 3 centimeters per
second, but most oscillographs used for EEG iecording permit half-speed (1.5 centi-
meters) and double-speed (6 centimeters) recording, and even faster speeds (up to 25
centimeters) are used for study of expanded slow-wave recordings.

Standard clinical multichannel recorders with 4, 6, 8, or 16 channels allow
about 1 inch per channel (about 25 millimeters full-scale deflection). The recorder
customarily is calibrated before each recording or series of recordings by applying a
known calibration voltage to each channel simultaneously, and adjusting the gain on
each channel for identical deflections. Most commercial electroencephalographs con-
tain calibration voltage sources, from which voltages from 10 to 1000 microvolts may
be selected,

When several bipolar electrode pairs are being recorded simultaneously
(standard clinical practice), symmetry and polarity of the electrode pairs must be
maintained. Figure 31 illustrates this point. if, for example, the right frontal-
parietal EEG (points 1-3) is being compared to the left (points 2-4), reverssed lead
connections must be cvoided (i.e., points 1-3 compared with points 4-2) to prevent
the introduction of an artificial and clinically misleading phase reversal on the re-
cording (ref. 51).

B. Balance Control

As is typical using ECG and other differential input recording techniques, a
balancing potentiometer should be provided so that the inpui stage can be adjusted for
minimum output when a test signal is supplied common to the inputs with respect to
ground. When a chopper~type amplifier is employed, this provision is unnecessary,
since the input is coupled through o transformer and is completely isolated from
ground.
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Figure 31. Artificial Phose Reversal Caoused by improper Electrode Polarity

C. Shock Haozard

In any meosurement involving the coupling of o subject and circuits through
electrodes, the individual electrode leads should be fused to protect the subject from
shock hazards. Junction boxes with this provision are available for most systems that
ore built around off-the-she!f components,

D. Artifacts

The EEG recording is susceptible to several sources of external interference,
such as é0-cycle hum and radino-frequency intciference (discussed in Section 1), Sub-
ject movement and improper application of electrodes also can interrupt and distort the
recording, and there are s2veral sources of electrical interferance on the body of the
subject which can be sensed by the EEG electrodes (ref. 66).
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1. Electromyograms

Electromyogrophic potentials emanate from the muscles of the scalp,
neck, ond jaws, which are under continuous tonic stimulation. These potentials may
be minimized by the use of low-pass filters.

2. Skin Resistance

Slow changes in skin resistance may vary the voltage sensed between
electrode pairs ond can produce a slow shift in the baseline of the EEG recording.
These effects are minimized by the use of high-pass filters,

Sweating, particularly in the front.l regions, can also produce baseline
shift by contributing to electrode polarization. Nonpoiarizing electrodes should be
used and, if sweoting is profuse, the offected scalp crea should be sponged dry and
cooled periodically during the recording.

3. Eye Movement

The retinal metabolism normally generates a steady potential of about 1
millivolt, which is present across the surface of the head; being steady, it does not
normally oppear on the electroencephalogram. With the ciosing of the eye, however,
or with eyelid flutter or movement of the eyeball, noticeable shifts in potential occur.

Potentials from blinking ond tremor are relatively high oand are easy to
distinguish on an EEG recording. The artifacts produced by rhythmic eye movement
(nystagmus), however, are quite similar to the standord brain wave. They sometimes
can be distinguished clearly by slight reorientation of the affected electrodes. If this
doesn't prove feasible, the artifacts can be compensated for by making o separate,
simultoneous recording of the eye potentials alone, and then comparing this recording
with the electroencephalogram for identification cf these eye movement artifacts.
(Refer to the discussion of electro-oculography on page 80).

MUSCLE ACTION POTENTIALS

The action of skeletal muscle (contraction and reloxation) is controlled by the
central nervous system. Contraction of muscle fibre is triggered by electricol dis-
charges from a motor neuron. Electromyography is the technique of measuring and
recording the potentials in the muscle fibres which are associated with musculor
contraction.

In clinical practice, electromyography has been used in the study of neuromuscular
disorders. Using needle electrodes inserted into the muscle tissue of interest, chorac-

teristic electrical data can be obtained from very small regions of muscle, down to
single motor units (o single motor neuron and its associated muscle fibres),
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For continuous monitoring of action potentials, needle slectrodes cannc* be used
and surfoce electrodes, similar to those used in EEG, are employed. With surface
electrodes, localization of muscle action potentials is impossible, and only gross
potentials over relatively large muscle blocks can be obtained. Such measurements
con be useful, howaver, and surface electromyography is used to assess gross body
movemant patterns and to evaluate cartain physiological states such as fatigue. Corre-
lated with other data such as the EEG and the GSR, the surface EMG can contribute
to the drawing of psychophysiological profiles, which are useful in stress studies ond
in monitoring for subject viability.

I. The Electromyographic Waveform

The action potenticl from a single motor unit is typically a single sharp diphasic
or trinhasic spike which swings about the baseline or resting potential of unstimulated
muscle. The surface electromyogram consists of a series of such spiked discharges
(figire 32) from the many motor units which underlie the surface electrode contact
area, A typical waveform accompanying muscle flexion contains from just o few to 25
or more polyphasic spikes, depending upon the size of the electrode and the degree of
synchronism of the underlying muscle fibres, These spikes are intermittent, with an
opparently Gaussian distribution (ref. 66).

+ 1.0 MV

~ 1.0 Wy

Figure 32. A Typical Electromyogram

The duration of the spikes is short (roughly between 5 and 15 microseconds), aond
they contain frequency components of 20 to 1000 cycles per second. Spike omplitudes
may vary from as low as 25 to os high as 5000 microvolts; on the average, however,
the variation is from 100 to 1000 microvolts (0.1 to 1.0 millivolts).

I1. Electrodes

All the EMG parameters are offected by the areo and quality of contact of the
surface electrodes. Small metal disc or cup electrodes of the EEG type are commonly
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used. Good ottachment techniques with electrode paste or jelly are required to mini-
mize contuct resistance, so that low-level signals are not attenuated.

The movement of electrodes is a prime cause of wrtifacts during EMC recording.
The electrodes are necessarily placed over active muscle, and they are subjected to
considerable movement during exercise. Every effort must be made to minimize the
breaks in contact that can occur. One approach that promises success is to fabricate
electrodes of extremely low mass material. Small disc electrodes with a mass under 2
groms, made of foil-backed Mylor tape or aluminum foil, are attached to the skin with
a ring of adhesive around the perimeter, which entraps the electrode paste used and
prevents drying (ref. 69).

As in most other electrode techniques, ungrounded bipolar leads are preferred,
measuring only the potential difference existing between the two measurement sites.
Interference potentials present at both electrodes are blocked. The electrodes should
be located so as to avoid an ECG ortifact. Even when placed on the same limb, a pair
of EMG electrodes may act as an ECG lead. Placement perpendicular to the long axis
of the leg or arm reduces the likelihood of ECG artifacts.

Similorly, electrodes placed on the head, neck, or scalp may pick up EEG signals
which, above 20 cps, are difficult to distinguish from the EMG. Electrodes placed on
the forehead should have a nonvertical clignment to avoid picking up the corneal-
retinal potential. Also, placement over a pulsating artery should be avoided, since a
rhythmic artifact synchronous with the heartbeat may be detected. (See also ref. 16.)

I1f. Signal Conditioning

Routine requirements for low-level, high-impedance electrode sensing are appli-
cable. EEG preamplifiers and amplifiers may be used with success, since they possess
suitable high gain and a high inpui impedance. An expanded bandpass may be desired
if an EEG amplifier is used that was modified so that the instrument could be used with
recording devices of low-frequency response.

Filters moy be used to remove noise from the EMG with only limited success, since
there is usually an overlap in frequencies of interest. However, high-pass filters are
used to remove the lower order EEG crtifacts, and the slow shifts in baseline skin
resistance. Filter networks are also employed to integrate the EMG, providing an out-
put whose amplitude (envelope) is proportional to the repetition rate of EMG spike
activity, a measure that is useful in some applications (such os evaluating muscle tone
and pathology). :

IV. Recording

EMG frequencies of interest are generally too high to be recorded properly with
direct-writing instruments. Golvanometric recorders' may be used or the EMG display
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on an oscllicscope may be photographed. If magnetic tope is used for on-line record-
ing, then subsequent graphic recording is possible with direct-writing instruments, with
the tape being played back ot a slower speed to lower the frequencies of the compo-
nents of the EMG waveform. A typical system configuration, with simultaneous oscil-
loscope display and magnetic tape recording, is shown in figure 33.

OCULAR POTENTIALS

Two measurements made by elactrode techniques attempt to shed light on the
visual process by correlating certain visuol phenomena with observable accompanying
electrical phenomena. One of these is the electroretinogram, which is a measure of
potential diffsrences between the cornec and the retina of the eye; the other is the
electro-oculogram, which measures potential changes in extra-ocular muscles as a re-
sult of eye movement.

OSCILLOSCOPE

VOLTAGE ORIVER
AMPLIFIER AMPLIFIER

- >
™S -0~ - OPTICAL
L~ L GALVANOMETER
MAGNETIC
TAPE
RECORDER

Figure 33. A Four-Channel Electromyograph With Multiple Outputs
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1. The Electroretinogram

The electroretinogram measures changes in potential between the cornea and the
retina resulting from responses to light stimuli. While the measurement is useful in
aerospace medicine for such applications as dark-adaptation studies, its application fo
continuous monitoring is doubtful beccuse the sensing of corneal potentials requires the
use of a contacting electrode (a plastic cup or contact lens) over the eye of the subject.
(The reference electrode is placed on the forehead, where the potential is assumed to
be the same os that at the retina or fundus.) Also, its usefulness in an cerospace envi-
ronment is not presently known. Therefore, the characteristics of the electroretinogram
are summarized only briefly in the following paragraphs.

The cornea is always at a positive potential with respect to the retina. The
potential difference between them may be sensed with suitable electrodes, and varia-
tions in this waveform (which seldom exceed one half a millivolt) are registered when
the eye is stimulated with light. The characteristic waveform of this response is shown
in figure 34. The waveform is generally considered to be the resultant of the three
components shown in broken lines. When light is applied to the dark-adopted eye,
there is a small drop in positivity of the cornea (the a-wave), followed by a sharp
positive spike (the b-wave), and then a long slow positive surge (the c-wave). After
strong, prolonged light is extinguished (light-adaptation), there is a smaller positive
rise (the d-wave) before the corneal potential drops off.
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Figure 34. The Electroretinogiam

The relationship of these responses to visual mechanisms is complex, involving to
varying degrees optic nerve discharges and rod and cone octivity in the eye. The |
component, for instance, disappears with light adaptation, which is suggestive of rod
or scotopic vision. Component I, which produces the positive b-wave, is regarded by
some ds a reaction primarily of the rods. Component Hli, which is negative, is con-
sidered an inhibitory process, often thought of us the process which "wipes® the retina
clean of previous stimuli.
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All of the above described foctors show marked differences with individual retinal
characteristics; with the frequency, duration, and intensity of light; and with the
physiological state of odoptation. (See ref. 10 and 34.)

11, The Eiectro-oculogrom

The electro-oculogram measures changes in the potential found on the skin sur-
faces as o result of movement (rotation) of the eyeball within its socket. Electrode
pairs placed horizontally ot the corners of the eyes detect horizontal movements, while
electrode pairs ploced above and below the eyes will detect vertical movements
(ref. 51).

Actually, the electrode pairs ore sensing the steady potential -~ gbout 1 milli-
volt -- that exists between the cornea and the retina. When the eyes are fixed straight
ahead, the electrodes detect a steady baseline potential; with movement of the eyes,
the potential across the elecirodes chonges, and, if the electrodes are connected to a
recorder, there Is a corresponding deflection on the recording. The deflection is either
positive or negative, depanding on the polarity of the connactions, and the amplitude
is proportional to the omount of movement. Figure 35 shows this relotionship diogram-
matically, and olso illustrates the opproximate electrode locations.

Simple movement dota so obtuined provide relative indications of such psycho-
physiological states as alertness and mental activity. Movement data also can show the
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Figure 35. Method of Obtaining the Electro-oculogram




GALVANIC SKIN RESPONSE

occurrence of nystagmus, which the Russians have reported to be o possible effect of
the weightless condition (ref. 2). If baseline data are obtained on the sukject anc
compared against a calibration signal amplitude, quantitative data as to the umplitude
of eye movement, in degrees, also are available.

A. The Measured Potentiol

The electro~oculographic (EOG) potentiol depends upon the highly vorichle
phenomenon of eye movement. Whether the signal is processed os on a-c or d-c signcl
depends largely on the opplication. If relative movement o1 nystagmus is being moni-
tored, the signal is treated os an a-c input; if a constant indicatior. of eye position is
wanted, the signal is processed os a d-c input. The amplitude of the EOG moy be os
small as 0.05 millivolt and as much os 3.5 millivolts for measurable rotations of uz to
70 degrees.*

B. Instrumentation

Electrodes for EOG measurement, usually small disc or cup electrsdes of the
type used for EEG work, are fabricated of either stainless steel or silver/silver chloride.
They are attached with collodion or similar odhesive, using electrode paste. Un-
grounded bipolor leads are employed.

When measuring the EOG as an a-c phenomunon, copacitor-counied ampli-
fier stages, such as those used for the ECG or the EEG, may be used. If tne latter are
employed, the channel gain should be reduced or attenuators should be inserted in the
input because of the relatively high signal level. When measu:ed as a d-c phenome-
non, of course, a d-c or chopper~type amplifier must be used.

GALVANIC SKIN RESPONSE

The galvanic skin response (GSR) is used in many research projects concerned with
psychophysiological effects. The GSR and the electroencephalogram are the two most
important electrical indices of nervous activity in man. Basically, the GSR is o rela-
tively slow chonge in the resistance of the skin measured between two points. The
change is triggered by both internal and external stimuli, and it can be detected in
several ways, chiefly by passing o small current through the skin and measuring the
changes 1 stance thot accompany the stimuli.**Responses to specific (identifiable)
stimuli ¢ ate with the emotional state of the subject (anxiety, fear, etc). The lie
detector . 3 fomilior application,

*The electro-oculogram is sometimes obtained in conjunction with the myogrom. The
oculogram gives directional data, and the integrated mycgram gives force data
(ref. 12).

**Actually, passing @ current through the skin creates polarization potentials in the skin
which behave like a complex impedonce. Under the constant current conditions of
most GSR measurements, these potentials may be meosured in terms of equivalent
resistances.,
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Resporses to nonspecific stimuli ore smaller, but they have distinctive patterns
similar to the specific responses and are readily distinguishable from rondom fluctua-
tions or artifocts. The frequency of nonspecific responses is low during sleep, and it
increcses with subject alertness, so they ore valuable in studying or monitoring stotes
of consciousness.

There are three basic techniques for maasuring the GSR: measuring resistance with
a direct current impressed ocross the slecirodes; measuring impedance with alternating
current; and measuring skin potentials with no excitation current (ref. 70). The d—
mecsurement is the most common, and is discussed in the following paragraphs.

The basic requirements for skin resistance measurements are fairly simple. A mini-
mal circuit arrangement that could be used is shown in figure 36 (ref. 35). The system
shown provides a linear scale with resistance proportional to pen deflection, so long as
skin resistance is small compared to the 10-megohm resistor. Calibration is possible
with a helipot or decade resistors across the electrodes.

Mecsurements token with this system would show the baseline skin resistonce and
variations of resistance, or GSR (responses to stimuli). The voriations are usually in
the range of tens of kilohms, but the baseline resistonce itself may vary from the kilohm
to the megohm range. In measuring the GSR, it is customary either to use a differential
input or o capacitor-coupled stage at some point before transmission or recording; in
this way the slowly shifting (essentially dc) baseline is blocked and only the more ropid
responses aore passed. An RC stoge with a time constant of about 5 seconds usually suf-
fices for this purpose.
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Figure 36. Basic GSR Circuitry

I. Electrodes for GSR Measurement

Among other factors, the GSR is related to the activity of sweat glands, and the
most clearly defined responses can be measured with electrodes placed on the palms of
the hands or the soles of the feet. Use of the honds os an eiectrode site has obvious
objections in many oerospace applications, so the electrodes are usuaily placed ogainst
the soles of the feet.




GALVANIC SKIN RESPONSE

The type of electrodes used depends upon the requirements of the particular con-
ditioning circuitry in the system. Electrodes must be selected with suitable bose resist-
ance, which depends upon the size of the electrode-skin contact, the material, ond
whether or not an electrolyte is used. Some users feel that dry electrodes are unsuit-
able bescouse of variations in the contact area (subject movement or loosening of the
attachment). Others object equally to the wet electrodes because of the resistance
changes that accompany drying of the slectrolyte after application. Much success has
been reported with electrodes consisting of soft metal plates of zinc or lead; but it has
been reported also that chlorided silver is preferable, since there is evidence that zinc
electrodes augment the GSR (ref. 44 and 59).

The preferred electrode lead configuration is an ungrounded, two-electrode
arrangement (bipolar). A floating configuraotion of this type prevents ground loop
interference if the system is being used in conjunction with other electrode systems
such as the ECG. Similorly, this arrangement isolotes the subject and protects him
from accidental shock. If a grounded electrode configuration is used, o fuse-diode
arrangement similar to that described for the ECG electrode, should be placed in the

ungrounded lead to protect the subject (refer to pags 3¢).
1. Signal Conditioning
A. Baseline Skin Resistance Measurement

A small, transistorized, resistance-measuring circuit for measuring GSR ina
personal telemetry system is shown in figure 37 (ref. 44). The d-c voltage to the elec-

trodes is supplied from an oscillator (20 to 100 kc) through o full-wave rectifier.

Changes in resistonce ot the electrodes vory the load on the oscillator. The output is
taken from the primary winding of the oscillator transformer and passed through a
vol tage -doubling rectifier ond integrator to remove the oscillator frequency. Adding a
capacitively coupled amplifier to the output would block tne baseline date and permit
readout of the GSR. However, a fast change in baseline resistance might block the
amplifier for several seconds.

The output of this circuit is nearly logarithmic; the output voltage varies
roughly as the square of the resistance change. However, for small variations, the
response is essentially linear with a small percentage of error.

B. True Differential Input GSR Measurement

One drowback of the circuit shown in figure 37 is that the omplitude of the
GSR depends upon the omplitude of the baseline resistance. An improved circuit con-
figuration measures the absolute value of the G5R independent of the baseline voltage.
Here, the oscillator supplies a constant voltoge (clipped by o Zener diode), and a
transistor supplies o constant current to the electrodes through a transformer. The volt-
age drop across the electrodes is reflected into the transformer, cousing a voltage drop
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Figure 37. A Circuit for Baseline Skin Resistonce Measurement

linearly proportional to the drop across the electrodes. The signal on the transformer is
amplified and rectified with o voltage-doubling diode circuit (ref. 44).

C. Range Centering

The recording or display of skin resistance measurements is usually done on
two chonnels (one for baseline resistance and one for GSR proper). The boseline
measurement is much |ess semsitive becauss of the tremendous range of baseline varia-
tions (the amplitude of the scale is compressed), The GSR (or fine resistance) measure -
ment is much more sensitive, with the scale expanded to measure small variations cbove
or balow a center point.

An electronic reset circuit is sometimes employed to prevent the fine resist-
ance measurement from exceeding the selected scale range. A reset circuit, designed
for the two signal conditionars described above, is shown in the block diagram in figure
38 (ref. 44). Tha baseline resistonce output, taken from the input signal conditioner,
also is opplied through a capocitor, C, to o chopper amplifier, which provides the fine
resistance or GSR output.

The two Schmitt triggers (ST) are set to the high and low limits of the desired
range. If the GSR output drops below the lower limit, ST-1 is activated; if it exceeds
' the upper limit, ST-2 is activated. Either will trigger the electronic switch, discharg-
i ing copoacitor C1. The sudden voltage drop on the input or the chopper returns the GSR
output to the center volue and resets the Schmitt triggers.
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Figure 38. Components for Linear GSR Measurement

The base resistance output varies from O to 10 volts (for O to 100 kilohms
resistance). The fine resistance output is centered at 5.5 volts, and may vary between
3 and 8 volts. For some recording systems, the value of the fine resistance output will
have to be lowered. The sensitivity may be aodjusted for 500, 1000, 2000, or 4000
otms at full deviction (2.5 volts). Figure 39 shows a typical tracing obtained with this

system.
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Figure 39. A Linear GSR Waveform

D. Skin Conductance Measurement

While most GSR meosurements are by definition resistance measurements, the
GSR also can be expressed as changes in skin conductance. Among other things, the
amplitude response of the GSR is more linear with changes in tissue permeability, and
quantitative measurements are considered more exact when expressed in micromhos.
For conductance measurements, o constant volinge tha* does not vary with skin
resistance changes must be supplied to the electrodes. The tissue resistonce monitor
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deveioped by Airborne Instrument Laboratory* is of this type. It supplies a low-
frequency (5 cps) voltage to the electrodes. A recording milliommeter calibrated in
mi ~aromhos is used to record the response (ref. 28 and 59).

I1l. Notes on Recording

The sample tracing shown in figure 39 was made on a Brush** recorder at a chart
speed of 5 millimeters per second (ref. 44). The GSR is commonly recorded at this
speed or at the standard rate of 15 millimeters per second, so that specific and non-
specific responses con be studied (ref. 35). For long-term measurements or boseline
skin resistance, o much slower recording speed is desirable, so that overail trends in
baseline shift are opparent. Chart speeds of 1 millimeter per minute or less are used

for this purpcse.
RESPIRATION RATE AND DEPTH

There ore severol proven instrumentation technjques for obtaining accurate respi-
ration rate information, even in inaccessibie or stressful environments. In such environ-
ments, however, it is difficult to obtain reiiable quantitative data, which makes the
measurement of respiration depth difficult by these techniques. The three most com-
monly used techniques, to be discussed below, are:

1. The chest strap. [t measures the changes in girth that accompany respira-
tion by means of o displacement transducer mounted on a flexible strap.

2. The temperature monitor. |t senses changes in temperature in a thermistor
or thermocouple as a function of the passage of air from the mouth or nostrils during
respiration.

3. The impedance pneumograph. [t senses the impedance changes in the
chest that accompany respiration by impressing a current across two axillary electrodes.

if the monitoring situation permits, certain other, standard laboratory techriques
may be used, such as flovmeters, spirometers, and gas collection and analysis equip-
ment. (The iotter does not lend itself to continuous monitoring, however.)
I.  Chest Excursion

A chest strap with o dimensional tronsducer o sense the excursions of the chest

during breathing is used commonly for measuring respiration. The strup is ploced about
the chest, somewhere between the ripple line and the base of the sternum. The

“FAihorne Instruments Laboratory, Cutler-Hommer, Inc., Mineola, N.Y.
**Brush Instruments Div., Clearite Corp., Cleveland, Ohio
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transducer may be a linear or o rotary potentiometer, o resistance wire strain gage, or
an electrolytic strain gaoge. The fransducer normally is placed in a bridge circuit to
obtain a d-c output proportional to the resistonce change produced by the chest dis-
placement, Strain gages made of small rubber tubes filled with mercury (Whitney
goges) perform better than most other types. According to o series of experiments car-
ried out by Dr. Albert Ax, the combination of two Whitney gages (one around the
nipple line and the other around the abdomen) gives better correlation to a spirometer
measurement than the impedance pneumograph. The transducers are also lightweight
and very comfortable for the subject.

This method can yield satisfactory rate information when the bridge current and
the strap tension are properly odjusted; recognizable d—¢ pulses ore produced which
are switable for analog recording or for integrating or counting in a pneumotachometer
circuit,

There are, however, several objections to this type of measurement. Postural
chaonges and movement may produce artifacts. Also, in long term measurements, the
belt may be quite uncomforiable. A subject who breathes normally initially with the
chest strap in place may in time unconsciously chonge his breathing rhythm to avoid
working against the srop, with the result that chest excursions are reduced and o use-
ful signal may be lost. While many users have found it perfectly satisfactory in a wide
variety of opplications, none has found it free of artifacts or capable of calibration for
recording quantitative (minute volume) information.

ll. Temperature

Another method of monitoring respiration rate is with the use of a thermocouple or
thermistor to sense the flow of air in an air line, or in the vicinity of the subject's
mouth or nostrils. In the lotter type, the transducer may be mounted on the outlet of a
face mask or on the microphone of o full face mask. The housing should be designed to
channel air from both mouth and nostrils. Even so, movement of the subject's head
may direct the expirations away from the transducer.

Thermocouples generate a small voltage when warmed by the passage of expired
air. This voltage may then be applied to on amplifier for processing. Thermistui-
operate differenily in that they are generolly heated to several degrees above ambient,
and their significant resistance change results from cooling by the passoge of expired
air,

Thermistors are inserted in bridge measuring circuits to obtain the necessary output
voltage variation. The bridge is balanced with o second thermistor in the opposite leg,
which is not exposed to changes in temperature. If the respiration is being measured
as a function of oxygen flow in on air line, o third thermistor may be used to monitor
the base temp=roture of the oxygen supply, compensating for any bridge imbclonce
created that is not a function of respiration.
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Figure 40. A Thermistor Bridge Circuit for Respiration Rate Measurement

Figure 4C shows a circuit that is used fer such o measurement (ref, 26). RTI is the
respiration sensing thermistor in the flow line, and RT2 is the balancing thermistor.
RT3 responds to and corrects for chonges in temperature in the flow line, without re-
sponding to flow itself. The 12-volt excitation heats RT1 to about 500°F. The bridge
output is suitable to drive a gaolvanometric recorder directly.

Quantification of respiration rate data obtained with the thermistor is difficult ot
best. The head-mounted thermistor is subject ro artifacts when head movements deflect
the stream of expired air. Furthermore, the voltage amplitude changes produced by cir
flow do not correlate directly with the tidal volume, and the resistance change of the
thermistor is logarithmic, not lineor, with temperature. There have been attempts to
make the signal response finear by certain circuit operations; for example, the ther-
mistor output is applied to a function generator with an inverse charocteristic, and its
output is then colibrated os linear with respect to air flow.

1. Impedance Changes

A device cailed the impedasice pneumogroph can be used for the measurement of
respiration. In certain individuals under favorable circumstances, it shows good corre-
lation with respiration volume., However, the impedance pneumograph, like the trans-
ducers employed in the first two techniques cliscussed on page 86, o 2 difficult to
calibrate for linear depth indications, and the;, ore generally subject to gross artifact.
Using o simple electrode techriique, it permits accurate mecsurement of rate informa-
tion with minimum subisct inst-smentotion (the data can in fact be token from elec-
trodes which are being usad t5 monitor the ECG). ([Sez ref, 26 cna 47,)
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The technique consists of applying o high-frequency low-level carrier signal
through the thorax. This carrier is modulated by transthoracic impedance chonges
accompanying respiration, cnd the modulated signcl is amplified and demodulated to
derive a d-c voltoge proportional to the rate and depth of respiration. With baseline
resistance through the thorax of several hundred ohms, resistance changes of 1 percent
or only 1 ohm can be measured accurately.

The circuitry required consists of a suitable oscillator to generate the carrier, a
reliable electrode lead arrangement, and amplifying and demodulating circuits that
provide an output adequate to drive a recording or telemetry stoge without further d-c
amplification.

Figure 41 shows a typical circuit (ref. 23). The oscillator operates at 20 kilo-
cycles and develops a 3-volt open circuit voltoge on the secondory of on isolating
transformer. The transformer output is applied through impedance-matching resistors to
the electrodes. With a boseline resistance in the chest, the voltage drop across the
electrodes will be about 0.15 volt, and no more than 0.3 milliompere will flow through
the subject.

The voltage diop across the electrodes is transformer-coupled to o bandpass ampli-
fier and to a bridge rectifier-demodulator, which provides a d-c signal for subsequent
telemetry or recording. As a function of transthoracic impedance, the voltage drop
across the electrodes represents the level of respiration. The minimum signal following
expiration is the baseline, and, above this, the voltage is proportional to the depth of
the breath.*

A large coupling capacitor con be aodded to the output circuit so that respiration
pulses only will be passed. This copacitor will remove the d-c level (the respiration

baseline), which is subject to drift becouse of changes in electrode contact impedance.

A convenient time constant is 5 seconds, but shorter time constants may be used if ex-
tensive subject movements are anticipated.

A. Electrodes

With impedance changes os small as 1 ohm producing the pneumographic sig-
nal of interest, the importance of good electrode techniques is obvious. The factors
discussed for in-flight electrocardiographic measurements (poge 28) apply here as well.
Firm attachment and low mass are important ‘to ensure a constant contact resistance and
to minimize artifacts due to movements. Electrode resistance, and attachment, are
more critical in impedance pneumography than in any other measurement.

*Tt should be noted, however, that the exact relationship of this measurement to respir-

atory mechonics is not known. Marked deflections of the impedance pneumogram
have been obtained during Valsalva maneuvers (forced expiration against a closed
glottis) indicating that other factors besides tidal volume contribute to impedance
chonges (ref. 47),

89




1. 1 S glln

F LA . S

INDIVIDUAL MEASUREMENT SYSTEMS

The nature of the preumogrophic measuremsnt dictates that electrodes be
placed in the axillary region, one on each side of the chest. There are variarions in
response with small chaonges in electrode placement. It has been determined that on
most subjects, with the electrodes on the mid or anterior axillary line, greatest re-
sponse is obtained in the region of the sixth intercostal space, and it folls off cbove cr
below that region. Furthermore, there are marked (and somatimes extreme) differences
in response between subjects of different boay build and with different skin thicknesses.
The most well defined signals hove teen obtained from persons of light build and move-
mant artifact is more prorounced when the skin fold under the electrodes is thicker

(ref. 47).
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Figure 41. An Impedance Pneumograph

B. Oscillator and Demodulator

Figure 42 shows the circuit diogram for o complete impedance pneumograph
thot wos developed for simulicneous use with ECG electrodes (ref. 47). The electrodes
are connected directly to the seccndary winding of the oscillator transformer. (A 0,1~
microfarad capacitor isolates the oscillator circuit from low-frequency cardiac volt-
ages.) The voltage drop across the electrodes presents o changing load to the oscillator
during breathing, which effectively modulates the oscillator signal on the primaory
windings of the transformer. This signal is applied to o voltage~doubling diode recti-

fier, and the d~c voriations are fed to o two~stage amplifier, with the outpur taken
frcm the second-stage collector,

With the coreful sefection of resistance values for R1 and R2, an output of 4.5

volts is possible, which will vary o full volt for o 1-percent variation in transthoracic
resistance,
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Figure 42. An Impedance Pneumogiaph for Quantitative Meosurement

C. Calibration

Figure 43 compares a recording from the circuit described above with a cor-
responding recording made at the same time with o conventional spirometer (ref. 47).
There is a good correlation in both amplitude and frequency response, with no notice-
able phase shift. If calibrition runs are made prior to a test measurement, the ompli-
tude variations of the impedance pneumogram can be scoled for quantitative volume
indications. With good electrocde techniques ond reliable circuitry, the impedance
pneumograph should permit tidel and minute volume determinations, as well as respira-
tion rate.

PARTIAL PRESSURE OF RESPIRATORY GASES

A comprehensive system for monitoring the respiration of a subject in stressful
environments should include the measurement of oxygen partial pressures as an index of
oxygen consumption, and of carbon dioxide partial pressures for indications of obnormal
corbon dioxide retention. Exact quantitative dato on these partial pressures are best
obtained with closed-air resniratory systems, using laboratory-type gas analyzers, but
these instruments are too bulky for most aerospace applications, ond do not always iend
themselves to continuous monitoring.

Two techniques are used for the continuous measurement of oxygen partial pressure
in a monitoring applicotion; both hove been investigated for possible use os hypoxia
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Figure 43, Comparison of Simultaneous Recordings With the Impedance
Pneumograph and a Spirometer

warning devices. One of these measures the oxygen tramsport function by examining
the blood photometrically with an oximeter to determine the saturation of oxygenated
hemoglobin. The degree of saturation can be related to the partial pressure of oxygen
in blood. The second technique, only recently applied to the continuous monitoring of
oxygen, monitors the respiratory partial pressure with on oxygen-sensitive polarographic
coll.

Polarographic techniques, also used for the cciirinuous measurement of carbon
dioxide portial pressures, have been limited primerily to environmental gas measure-
ment, such os suit and cabin pressures., The response time of the carbon dioxide cell is
too slow (several minutes) to follow the respiratory function.

I. Polorogrophic Measurement of Oxygen Partial Pressure

Most measurements of oxygen partial pressure ore made with a variation of the
polarographic cell, called the Clork electrode (described in Volume Il). The Clark
electrode is polarized by a small voltage. [t depolarizes in the presence of ambient
oxygen, cousing a current flow that is proportional to the omcunt of oxygen present.
The current is measured with o series microammeter by potentiometric methods, or with
a servo device such as o d-c feedback amplifier.

The system described below was developed at the School of Aerospace Medicine
as a potentiol hypoxia warning device. The systam uses o tronsducer which, while
similar, is not a true polorogrophic cell; it generates its own emf sufficient to reduce
oxygen ond permit current flow,

A. Tramducer
The cell developed ot the School of Aviation Medicine* uses a cathode or

*This device is commercially availoble from Chemtronics, Inc., Houston, Texos
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sensing electrode of gold, a reference electrode of cadmium, and a chloride electro-
Iyte such as dilute potassium or sodium chloride (ref. 53). The entire surface is en-
capsulated in a permeable polyethylene membrane which has u high specificity to
oxygen. With a potential of about 0.5 volt between the electrodes, oxygen intro-
duced through the membraone collects at the cathode ond is reduced, depolarizing the
cothode ond permitting current to flow.

The characteristics of this cell are as follows:

Qutput current: 4 milliomperes at 150 mm Hg (20 millivolts
across a 5000-ohm compensating thermistor)

Response time: As fast as 2 seconds to 95% of equilibrium, de-
pending upon membrane thickness

Range: Zero to about 700 mm Hg (linear)

Sensitivity: Within 0.5 mm Hg

Accuracy Within 1% of full scale

Temperature Range: =~ 5 to 45° C (20 to 40° recommended)

This device can be conveniently calibroted by exposure to ambient air. While
it does have o positive temperature coefficient (about 5%/°C), this can be compen-
sated for readily by shunting the celi with a thermistor, which has o negetive tempera-
ture coefficient.

B. Signal Conditioners

The circuitry developed for this device is shown in figure 44. The initial
stage of d-c amplification is followed by a 400-cps chopper, a feedback amplifier, «
power amplifier, and a bridge rectifier. The output of the rectifier is a varying dc
showing the breath-by-breath response of the cell, with amplitudes representing oxy-
gen partial pressures. A typical record obtoined with this system is shown in figure 45
(ref. 52).

C. Hypoxia Warning Circu’try

The actual warning circuit is o relay circuit that operates off the output of
the rectifier in figure 44. The rectifier is shunted by o relay thet controis a warning
light. When the output falls below a predetermined level, the relay deenergizes, and
the alarm light goes on. When the output rises above the alarm level, the relay is
energized and the light goes off.

The optimum level at which relay cction should tcke place has not been de-
termined completely, but the limits are fairly obvious. The critical levei for uncon-
sciousness due to hypoxia is 60 mm Hg; at this level the partial pressure of oxygen in
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Figure 44, Circuit for o Hypoxia Warning System Using an Electrochemical Transducer

the lungs falls below the venous partial pressure, and oxygen exchange no longer
occurs. The normal partial pressure of oxygen (O7) in expired air is 100 mm Hg.
Allowing a buffer zone at either extreme, o setting between 70 and 90 mm Hg is
dictoted,

A sensitive relay is needed for this type of alarm whose pull-in current is
approximately the same as its drop-out current. If the pull-in current is too high, the
relay will not re-energize promptly when the pressure level rises back above the alarm
point. The alarm indication will continue even though the pressure is well above the
dangsr point. To overcome this possibility, o manual reset switch can be incorporated
in the warning system, as shown in figure 44, The relay is connected into the feedback
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circuit. When it is closed, the feedback is momentarily decreased, cousing the ampli-
fier gain to increase just enough to reset the relay.

Il. Oxygen Saturction of Blood

The oxygen saturation of blood can be determined by measuring the percentage of
.hemoglobin in blood in oxygenated formwith a photometric device called the oximeter.
The oximeter employs two separate photocells which respond to red and infrared light
that poss through the lobe of the eor. The responses of the two cells vary because of
the absorption of the red light by the oxygenated hemoglobin in the blood in the ear.
When the outputs of the two cells are connected to elements of o bridge measuring cir-
cuit, a difference voltage results that is proportional to the percentage of oxygen
saturation in the blood (ref. 79).*

A. Transducer

A standard transducer for this measurement is the oximeter earpiece made by
Waters (Model XE-60A)**. The unit provides continuous monitoring of the relative
saturation of the blood in the ear, using two iron-selenium photocells. A pressure dia-
phragm is incorporated to occlude the ear to obtain reference readings through the
blocdless ear. When used with suitable signal conditioning circuitry, this instrument
measures absolute percentages accurcte to within 2 percent (standard mean deviation)
in the 90 to 100 percent saturation range, and to within 5 percent at the 75 percent
range.

B. Signal Conditioning

The output of the oximeter transducer is nonlinear, and meaosuring and ampli-
fying circuitry used with it must be logarithmic to provide output voltages that are
directly proportional. Waters makes a unit which incorporates amplification and gal-
vanometric display in o single unit. With proper calibration and manual conversion of
the golvanometer display, full scale accuracy of 2 percent con be obtained. Ensco***
makes a logarithmic amplifier (model OAS-1B) for use with the Waters earpiece that
displays the percentage of saturation on the golvenometer directly. It also provides o
0.25-volt output to drive a recording device.

TEMPERATURE

Body temperature is one of the most valuable indexes of the overall physiological
state and of reaction to specific physiological stress. lts measurement is a vital part of

*Refer also to Volume I, pages 41-42.
**The Waters Corporation, Rochester, Minn.
***Ensco, Inc., Salt Lake City, Utah.
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continuous monitoring from certain stressful environments, and it is generally included
in most general physioiogical monitoring systems,

Normal body temperature measured orally is about 98.6° F (rectal temperature is
about a degree higher, and axillary temperature is about o degree lower). Deviations
of more than 2 degrees from these figures indicate unusual ambient conditions or serious
change in the physiological state, For monitoring, the temperoture span of interest is
roughly 95° F to 105° F,

As discussed in previous volumes, three devices have been used for monitoring
temperature: bimetallic thermocouples, calibrated resistance thermometers, and ther-
mistors. Of the three, the thermistor is by far the most sensitive. A semiconductor
device, the thermistor has o high negative coafficient with temperature. Typical unih
undergo o 4 percent change in resistance per ° C change in temperature (2.2 percent
per ° F). Used in o bridge circuit with o meter of only moderate sensitivity, the ther-
mistor con easily detect temperature changes as small as 0.1° F (ref. 11). '

Eorly thermistors were not used extensively because their characteristic resistance [
changed os they aged. Current manufacturing techniques have overcome this [imita-
tion, and they are now ovailable with a resistance choracteristic that permits easy
calibration and even interchanging of individual probes used with the some thermometer
unit. (The thermometer unit consists of the measuring and display circuits that read out
the thermistor resistance change in degrees of temperature.)

Thermistors are available in small ceramic-like beads for probing small surfaces or
orifices, or in flat discs of various sizes for surface temperature measurements. Some
probe types are small enough to fit in a 22-gauge hypodermic needle; the surface tem-
perature units are about 1/2 inch in diameter.

Body temperature is measured ot several points on the surface of the body or
several inches deep in the rectum. The rectal probe affords the most stable body tem-
perature measurement, if the depth of insertion can be maintained, but its use is a
source of discomfort to most subjects, and therefore is avoided when possible.

Measurement of body temperature at the surface introduces several problems. Body
temperature is not constant at all points, and several sensors may have to be ottoched
to the body to obtain mean or average values of temperature. The axilla probably
aoffords the single most stable surface temperature measurement. Also, the method of
attachment is somewhat critical. If attached too loosely, the thermistor responds to
surrounding ambient air temperature; if attached too tightly, the temperature readings
are offected by local skin irritetions.

A typical system used for temperature measurements with a thermistor is shown in
figure 46 (rof. 26). The system uses a Yellow Springs* thermistor (Model 409) to

*Yellow Springs Instrument Co., Inc., Yellow Springs, Ohio.
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Figure 46. A Thermistor Bridge Circuit for Body Temperature Measurement

measure skin temperature in the range of 80° F to 120° F. Over this ronge, the re-
sistance of the thermistor changes from approximately 2100 to 840 ohms. The 350-chm
bridge circuit is calibrated by the substitution of 1000- and 2000-ohm precision
resistors for the sensor. The 500-ohm potentiometer adjusts the output of the bridge,
and the 10, 000-chm potentiometer balances the bridge when the temperature range is
shifted. The output of the bridge is fed to an optical galvanometer (CEC*Model
7-341), which is a multichannel instrument that can record other channels of physio-
logical and environmental data.

in other applications, the bridge output might be opplied simply to a sensitive
milliommeter circuit for direct display or to a low-frequency telemetry channel. The
bridge output requires direct coupling to signal conditioning circuitry, since the signal
derived from the measurement is by its nature a d-c, boseline phenomenon. A high
signal level avoids drift in d-c preamplification.

If the temperature sensor is not exposed to widely chonging environmental temper=-
atures, the normal temperature deviation expected is small, and low-frequency telem-
etry channels con be employed. Furthermore, if time-division multiplexing is used,
the duty time of the telemetry channel can be very low, since it is a slowly changing
variable.

*Consolidated Electrodynamics Corp., Pasadena, Calif,
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Certain ospects of monitoring system design and operation must be considered
when individua! system components are used in proctical coplizations. While individ-
ual physiological parameters may be 11onitorad or measured in certain situations with
few problems, usually, however, two or more physiological porameters must be measured
simultonsously. Further, data transmission may be required to accomplish monitoring
from an inaccessible location or stressful environment.

The problems of instrumenting multichannel systems, including such difficulties os
mutua! intorference betwaan duta channels, are discussed in this section. Also treated
are the use of a data transmission or talemetry link, the requirements for such a linkage,
ond the limitations it may impose upon the overall «vstem performance. In oddition,
the capabilities ond limitctions of mognetic tape 1. - iing, either as an odjunct to or
a substitute for a telemetry link, are reviewed. Finally, the likely sources of interfer-
ence that moy hinder system operation are considered, and guideiines for troubleshcot-
ing o monitoring system arc esteblished.

MULTIPLE CHANNEL OPERATIONS

As irdicated above, most monitoring systems are designed for applicatioms in which
severol physiological voriables (plus relared information) are to be moritored and
recorded at the same time. Certain inputs plainly require correloted physiclogical data
for comgle*s interpretation, ond, up to a point, the uce of certain complex and expen-
sive sysiem componenis, such as a radio-frequency telemetry link or ¢ multichonnel
oscillographic recorder, becomes justified economically when many channets of infor-
mation must be handled simultanecusly.

instrumenting such multichonnel systems requires considerable plonning; simply
connecting the severl individual moniforing system components together may result in
many problems. Interaclion between channels may result in recordings that ore dis-
torted or filled with artifacrs, the infarmation capacit; of data transmission chonnels
inay be overtaxyd, and there may be problems in the simultaneous registration of the
several dota inputs.

The problem of multiple date channels has already been touched upon in the dis-
cussion of individual meosurament systems in Section ll. Blood pressure monitoring by
mears of the curosphygmomanomater (poge 52), for example, entails the simuitaneous
recording of (1) the occluding pressurs in on arm cuff and (2) coincident arterial



MULTIPLE CHANNEL OPERATIONS

pulses. In most such applicotions, two separate data channels must be provided in the
monitoring system, one for each input. In the more automatic versions of this type of
measurement, the signals conveying arterial pulse informotion are used to trigger in-
stantaneous readout of cuff pressure signals; thus, beyond the initial signa!~conditioning
stages, only one data channel is required for the transmission und recording of cuff
pressure data.

There are systems in which a single input data signa!, with appropriate signal con-
ditioning, can be used to monitor two discrete physiological voriables. For example, a
single data channel for recording an electrocardiogrom caon furnish, through counting
circuitry, the automatic registration of heart rate information. Also, the output from o
single chennel for monitoring basal skin resistance data can be modified by condition-
ing circuitry to remove the baseline data and provide a separate output for the gal-
vanic skin response (ref. 44). Similorly, asingle electrode lead (two wires) for the
electrocardiogram, with appropriate excitation circuitry, can monitor impedance vori-
ations that are an analog of the respiratory cycle (the impedance pneumogram, page
88, and ref. 24 and 47). In this instance, o single sensor, the ECG electrode lead, is
coupled to the two data channels through frequency—sensitive circuit elements of the
appropriate impedance to prevent the signal variations in one channel appearing in the
other and interfering with the signal variations there.

l. Sources of Interchonnel Interference

A multichannel system generally will use multiple sensing devices, with separate
data rhonnels to hondle and record the output from each sensing device. The chief
problcm in such a system is the complete separation of channel information; interfer-
ence between channels may occur at almost any point in the system. [t may occur at
the source or point of signal pickup from the body of the subject, particularly when
electrodes are used to sense different physiological variobles. It may occur in signal
conditioning circuitry, or in data transmission circuitry.

Interfering signals or artifacts may be coupled betveen channels directly (through
common ground or power supply connections or common electrode leads), capacitively,
or inductively. Potential sources of interference are multiple electrode leods, exposed
leads or lines in adjocent circuits, unshielded oscillator or transformer circuitry, trans~
mitting antennas, and a-c power supplies. There are various techniques and devices
used for eliminating interference; for example, differential input circuits are used to
block out extraneous voltages at the physiological source, grounding connections are
well planned, circuit elements are bypassed to conduct some kinds of interference to
ground, and shielding is used to intercept electromagnetic or electrostatic interference.

Some of these remedial techniques have been described for individual measure~

ments in Section ll. Refer aiso to the general discussion of interference and its elimi-
nation further on in this secticn,
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Il. Problems in Multiple Electrode Pickup

A sensor ottached to the body of o subject may respond to some variable other
than the one desired or to more than cre variable, especially when electrodes in close
proximity are used to sense bioelectric phenomeno. (These undesired responses also are
possible with physical transducers: o displacement transducer used fo monitor respira-
tion may pick up a pressure pulse, a phonocardiogrophic microphone may pick up a
respiratory component, etc.)

This problem with electrode techniques is not peculiur to multichanne! monitoring.
Diverse unrelated voltages are present on the surface of the body at cll times. Even in
single-channe! monitoring, then, electrodes and signal conditioning components must
discriminate among these diverse voltages, so that only the parometer of interest is
recorded by the system. As described for specific variables in Section Il, three basic
techniques are used to biock out extraneous voltage signais: careful electrode place-
ment, frequency-salactive filtering, and differential input connection.

There are times when none of these techniques is completely affective. Electro-
occulographic potentials interfere with or appecr on the electronncephalogram, partic~
ularly when recording from the frontal regions of the brain. Filters cannot be used
bacouse they would remove EEG as well os EOG data. The only reccurse here is to
record the EOG on a seporote channel at the same time (using o separate lead system
for this purpose), so that the crtifact on the wanted charnel can ve idantified recdily.
In some applications, artifacts may be just os difficult to remove but they are easily
identifioble; therefore, they can be detected and compensated for in subsequent analy-
ses of records. For example, o steady pattern of spikes on an EEG is recognized os the
QRS complex of the ECG, or o rhythmic artifact superimposed on the EMG is identi-
fied as a pressure pulse resulting from the location of one electrode over an ortery.

It. Transmission Factors

If multiple chanrels of physiolegical data must be obtained from remote or inac-
cessible locations, there are two factors that must be considered when choosing o data
transmission link: First, the data channels must be combined (multiplexed) for trans-
missicn over a single data link, which involves the study of the vorious methods of
modulation and multiplexing availoble. Second, the bandwidth of the telemetry link,
which varies with the type of multiplexing employed, must be determined so as to
establish the best combination of bandwidths of the channels feeding into and oui of
the data lines,

These subjects have been treated in detail in Volume I, Section V, and they cre
reviewed below under TELEMETRY SYSTEMS considerations.
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IV. Multichannel Display and Necording

When several channels of physiclogical data are being monitored at the same time,
it is usually desirable to provide simultaneous registration of the various channels on a
single record. Recording or display can be accomplished with the necessary number of
individual, single-channel devices, but a multichannel device offords greater conveni-
ence in comparing data on different channels against the same time base.

For simple meter or dial display, of course, a bank of instruments, one per channel,
necessarily must be provided. But for graphic presentation numerous multichonnel
techniques are availoble. Display of several channels on an oscilloscope can be
accomplished with a multi-gun cathode-ray tube, or with o single~gun cothode-ray
tube equipped with an electronic sampling switch and a long-persistence screen.

Graphic recording devices are readily available for simultoneous recording of
two, four, eight, or more channels of information, oll on the same time base. The nor-
mal arrangement is to allot a certain portion of the strip chart to eoch channel, but
with optical galvanometers, the recording of each channel can make use of the full
width of the strip chart. Recorders powered by pen motors are also available with such
full -width recording, but only by offsetting each of the styli so thot they do not inter-
fere one with the other; this makes interpretation of the record somewhat difficult
t.ecause of the displacement of each channel along the time base.

Multiple-channel systems can also be recorded on magnetic tape. On subsequent
playback, one or all of the chann:ls of recorded daota can then be applied to the
graphic presentation devices described above.

TELEMETRY SYSTEMS

When the remoteness or inaccessibility of a monitoring locotion makes it necessary
to employ a telemetry link to transmit the informution from the sensing devices to the
presentation devices, equipment should be choser. thot is an uncoriplicated and in-
expensive as possible while still providing @ minimum of distortion or reduction of the
desired information. The first step in establishing a telemetry link is to determine the
actuol transmission requirement. The following factors should be considered: (1) trans-
mission range, (2) transmission environment, at the meosurement site and over the link,
both . "ysically and as a source of signal error, (3) number of data channels to be
accommodated, and (4) bandwidth of the individual channels, which is the chief cri-
terion for the information content of the signals.

The appropriate hardware must be selected that possesses the operating principles
and capabilities that will satisfy the requirement. A choice must be made between
wire and radio links. If any but a simple direct-wire link is used, appropriate methods
for multiplexing several channels and for modulating o corrier also must be chosen.
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Ali of these aspects of data trarsmission have been discussed in detail in Volume Il
of this handbook. The next few paragrophs review certain foctors that are pertinent to
the overall systems discussion in this final volume.

I. Wire Versus Radio-Frequency Telemetry

The emphasis hare and elsewhere in this hondbook is on rodio-frequency teleme-
try. The criterion for wire-link telemetry is fairly simple: transmission must be over a
ground 4to-ground hookup and preferably over a short span (perhaps no more thon o few
hundred feet), permitting direct-wire cunnection. Wire—arrier systems certuinly are
possible for longer ground-to-ground links, but modulating ond multiplexing compo-
nents ore necessary for a successful system. Once these ore involved, it usually is
preferable to go another step ond provide the greater flexibilicy of an r-f link.

Wire systems have numerous opplications in cerospace medical work. They can be
used to monitor subjects in such stressful environments os a centrifuge or vertical ac-
celeration tower. One obvious odvantage is the greater bandwidths that are possible,
ond, in oddition, continvous data con be obtoined from remote locations which corre-
late more precisely (compared to on r-f link) with baseline measurementz obtained
with short, direct-wire hookups in the laboratory. (Some information is lost in any
system where the data signal must be processed for sampling, modulation, multinlexing,
demultiplexing, and demodulation.)

There often ore applications for short—range telemetry that con be served by eithe:
wire or radio links. With limited performance requiremants that con be satisfied by
either type of hookup, the choice depends largely upon equipment availability, cost,
power requirements, and ullimately, the personal choice of the usars, who will be
guided by their own equipment experience and the degree of success or foilure they
have hod with such instrumentation in the past. Frequently, an opplication con be
ssrved adequately by a direct-wire link, but a small personal telemetry r~f system is
chosen insteod, simply because of the extra comfort and degree of freedom of movement
afforded the subject (freedom from wire connections between the subject's body and
extarnal instrumentation).

Monitoring o subject in a high-performance aircroft or spacecraft from the ground
cbviously necessitotes the use of a wireless, radio-frequency system. The decisions to
be made in this opplication are the selection of oppropriate methods for modulation
ond multiplexing to satisfy the transmission requirament.

H. Modulation Techniques

In rodio telemetry, some voriation of carrier~frequency operation is employed to
convey the intelligence fror the transmitting to the receiving site. The high rodio~
frequancy signal generated by the transmitter must be processed so that its variations
will contain the information in the relatively low-frequency signals coming from the
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sensing and signal conditioning components which precede the transmitter. The
two basic transmission techniques are (1) magnitude domain and (2) time domain
transmission,

Magnitude domain transmission is, simply speaking, amplitude modulation. The
desired information is contained in the amplitude variations of the radio-frequency
carrier. Amplitude modulation is relatively easy to instrument and it has the advan-
tage of retaining the information in analog form. Unfortunately, olmost oll forms of
interference and artifacts that can affect a carrier signal oct directly upon signal
amplitude; therefore, the potential loss of intelligence in the system is greatest with
magnitude—-domain transmission. Signal ottenuation, system noise, system nonlinearity,
and interference of various kinds (power lines, static electricity, etc) cause unwanted
variations in signal amplitude. Amplitude modulction then is seldom employed in the
transmission of precise quantitative data, except in intermediate stages before the
actual transmission.

Time-domain transmission uses modulating techniques that convey the desired
information as variations in the time characteristics rather than amplitude voriations of
the radio-frequency carrier. The variations may be changes in the instontaneous fre-
quency or phase of a sinusoidal carrier, or they may be changes in the characteristics
of a pulsed carrier signal .

Frequency modulation, or FM, is the simplest form of time~domain encoding. Suc-
cessiv 2 cycles of a sinusoidal carrier signal are made to vary in period or frequency in
accordance with the variations in amplitude of the information signal. Like amplitude
modulation, this technique retains the information in continuous, analog form.

Pulse modulation techniques convey the desired information in discrete or discon-
tinuous analog form. The information signal is sampled ot periodic intervals, and pulses
are generated at those intervals which convey, through some characteristic of the
pulse, the amplitude of the information signal ot the interval. The following are the
basic types of pulse modulation (described in detail in Volume I, Section V):

® Pylse Amplitude Modulation. This is o special cose of pulsed magnitude
domain transmission; the intelligence is transmitted as a function of pulse
amplitude, and as such is subject to the same limitations as continuous ampli-
tude modulation.

e Pulse Duration Modulation. The duration or width of the pulse is made to
vary in proportion to the amplitude of the data signal ot the time of pulse
generation.,

e Pulse Position Modulation. The time of occurrence of the pulse, with refer-
ence to some fixed time index, is made to vary in accordance with the ampli-
tude of the data signal.
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¢ Pulse Code Modulation. A train of fixed uniform pulses is keyed on or off in
occordonce with a binary code tiat represents the digitized value of the data
signal amplitude .

Since carrier modulation or carrier keying essentially is a switching action, rela-
tively simple, error-free circuit elements moy be used, Systems become complex in
pulse-type modulation, however, because correct timing must be maintained between
transmitter ond receiver, particularly when high sampling rates are used to accommo-~
date o multiplicity of wideband channe's on a single pulse-modulated carrier.

Itl. Multiplexing Techniques

Typically, o radio-frequency telematry link transmits information from several data
channels simultanecusly. The several inputs are combined into one signal, which is
used in the transmitter to modulate the carrier. At the receiver, the combined signal
is saparated into individual channels, from which the desired information is extracted
and passed on to multichannel display and recording devices. The two principal types
of multiplexing are time division and frequency division.

In o time-division multiplexed system, several channels of pulsed dota signals are
interlaced to form o single pulse train which then is used to modulate a carrier signal
generated by o transmitter. Muliiplexing and modulation of the analog input signals
essenticlly are accomplished simultaneously, since the sampling component (the com-
mutator) samples each input channe! in a sequential, cyclic fashion.

Frequency~division multiplexing uses an intermediaie step called subcarrier modu-
lation, The input signal for each channel modulates a subcarrier signal (uscally in the
range of 400 to 70,000 cycles per second). The modulated subcarriers then are mixed
{odded) to form a composite signal, which is used to modulate tne final r=f carrier.

Various combinations of these techniques may be used, especiall:- in applications
like aircraft or missile testing that may require mony separate information channels. In
time-division multinlexing, o technique called subcommutation may be used to com-
bine mony signals for optimum use of channel bondwidth. CSeveral low-frequency
channels ore commutated, and the resultant signal is applied as one input to a final
commutator for combination with several more high-frequency chennels.

Similorly, time= ond frequency-division techniques moy be combined. Several
chanrels of low-frequency information may be commutated, and the resuitant signal
applied o3 o single input to modulate one of many subcarrier oscillators to produce a
composite modulating signal for on FM/FM system,

IV. Radio-Frequency Component Consideraticns

The selection of rodic-frequency components depends upon many factors, all of
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which must be considered in order to satisfy the tron.mission requirement with the
proper coribination of components,

R-f transmitters, for example, are selected on the basis of the transmission range
requirements, the transmitting frequency, and tho type of modulation being used. Also
involved are the type of antenna and the sensitivity of the receier that will be used,
and practical criteria such as cost, size, ond power consumption. For example, power-
ful transmitters are needed to overcome the signal attenuation of long-distance r-f
links, but the stronger signal may be unnecessary if sensitive receivers or high-gain
receiving antennas are used,

Whan a choice is to be made between FM transmitters and pulse~-modulated trans~
mitters, the selection may be determined simply on the basis of ready equipment
availability, For some applications, puise systems may ba preferred to FM/FM systems
because of objectionable baseline shifts in the latter caused by subcarrier oscillator
drifting. Pulse-code modulation is probably the most error-free for the transmission of
precise quantitative datc but it may not be chosen because of the added complexity of
the necessary analog-to-digital conversion components. Systems employing pulse-

amplitude and pulse-duration modulation, on the other hand, are gaenerally less complex
than FM/FM systems.

V. Radio-Frequency Interference

One factor that must be considered in instrumenting for r-f telemetry of physio-
logical dota is the possibility of radio-frequency interference destroying or distorting
the output signals., In an airborne system or o small personal telemetry system, the
transmitting antenna is fairly close to the sensing circuitry, ond improperly shielded
electrode leads can act as an antenna, picking up radiation from the nearby trensmit-
ting antenna. R-f signals as high as 30 volts may be induced by this means at the
system input, completely destroying the usefulness of the particular data channel . Caore
must be exercised in packaging and wiring such compact systems to avoid this possibil-
ity. (See also the discussion of electromogretic and rodiative interference further on
in this section.)

MAGNETIC TAPE RECORDING

Magnetic tope recording is one of the most useful odjuncts to o physiological
monitoring system, Located in the overall measurement system at either the transmit-
ting or receiving ends of the telemetry link, magnetic tape recording provides a means
for holding experimental data in compact, readily available form for a wide variety of
purposes. Among its capabilities ore the following:

@ Racordings retain sigi=i information in the originol electrical form os ob-
tained from the sensiny devices,
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® Recordings are avaiichle for immediate playback.

e Recordings may be played back as often as desired, giving great flexibility to
data reduction and analysis programs,

¢ The frequency range of the tape may extend frum dc to the megacycle range.

o With appropriate multiplexing, literally hundreds of channels may be recorded
simultaneously on the same taps.

® The rape itransport mechanism mokes it passible to alter the time base of the
rocording during playback; therefore, the data can bs exwunded or compressed
clong the time axis to suit analysis raquiremenis.

Precision instrumentation tope recorders aore available for many applications.
Large console units are employed to record the output ot the receiving end of telem-
etry systems. Smaller units con be placed on board flight vehicles for inflight monitor~
ing, whare they either substitute for or supplement air-to-ground telemetry. Smaller,
compoct units, of the type used for cudio recording, can be ottached to or corried by
the subject, providing a complete, self—contained monitoring system.

These smaller units, although quite suitable for many applications, have their
limitations. Their chief drawback results from their mechanical <omponent.: it is dif-
ficult to engineer smoll ond light tape ansport mechenisms with precise tope speed
control. As g result, recordings are subject to wow and flutter, One way to overcome
this difficulty is to set aside one channel on the recording for flutter compensation.

A typical exomple of flutter compemating is thot which is posible in indirect
(FM) recording. The individual data signals are applied to subrarrier oscillators, whose
outputs are combined and used to modulate the carrier oscillaotor which drives the
recording head. One channel (one subcarrier oscillator) is left unmodulated, with the
undeviated subcarrier frequency being opplied to the multiplexer along with the data
channels. On playback, the d—c outputr in this channel should, after discrimination,
be zero; any variation cppearing in the reccrding of that channel can be attributed to
ape speed voriations alonc. During playback, then, this signal can be inverted and
added tc the cutput signal from each of the data channels, effectively canceliing cut
the signal components causing the wow and flutter.

There are three bosic techniques for recording duta on magnetic tape. One is
direct or omplitude modulation, as is commonly employed in audio recording. While
effective in many applicotions, direct recording has inadequate low-frequency
response, prohibiting its use for recording cartain physiologico! parameters. Much
more often used ore indirect (or FM subcorrier) ond digital (or pulse) techniques.
These latter two are adoptcble to use with the type of modulating and multiplexing
circuitry employed in the multichannel telamatry compunents of a physiologicel moni-
toring system.
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SYSTEM MAINTENANCE AND OPERATING FACTORS

Correct utilization of an instrumentation system for physiological monitoring
requires attention to the prevention and correction of all system troubles. Improper
system operation results basically from two things: malfunctions in the equipment itself,
and the introduction of interfering signals in the data channels of the system. The
following paragraphs describe general preventive ond corrective maintenance consid-
erations for good system operation. The sources of electrical interference, and means
for suppressing interference are also discussed in some detail.

. Equipment Maintenance

There are two objectives in performing maintenance on instrumentation systems:
(1) to have it operate at peak efficiency and (2) to minimize aquipment down time (out
of operation). These objectives are best realized if maintenaonce is considered when
an instrument, major component, or system is designed rather than after difficulties
develop. Good maintenance practice includes the prevention as well as the correction
of trouble.

A. Preventive Maintenonce

The primary function of preventive maintenance is to foresta!l the failure of
equipment while it is in operation with systematic checks ond inspections. A regularly
scheduled preventive mointenance routina should be established for inspecting and
testing the equipment. In general, the equipment should be inspected for signs of
overheating, dirt and corrosion, and loose connections. Indicating instruments, such
as meters and oscilloscopes, should be observed for normal indications and proper
functioning of controls. Preventive maintenance also includes adjustments necessary
for normal equipment operation, battery checks, and checks for obvious abnormal
operation.

B. Corrective Maintenance

In most cuses. the trouble causing a foailure or abnormal condition in equip-
ment is revealed by cursory examination to be simple, obvious, and easily corrected.
Cobles and wires are checked to ensure that they ore connected securely; indicator
lamps, meters, fuses, and circuit breakers are observed for indications of abnormalities;
controls and switches are checked for proper settings; and batteries are tested for indi-
cations of weckness. If the source of trouble cannot be found by o general exomina-
tion, a systernatic and orderly troubleshooting procedure is necessary.

1. Troubleshooting Procedures

A logical troubleshooting procedure is one that will localize and then
isolate the trouble without the need for backtracking and "easter-egging” (the futile
hunt for a trouble without o reacsonable, systematic procedure). The number of checks
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and the time consumed are reduced to a minimum. Gaenerally, o troubleshooting pro=
cedure should consist of ke following. First, the trouble is localized to a particular
unit of the equiprant, ¢.:her visually or with test equipment, When the faulty unit is
located, the troubls is localized to o particular stage or circuit, and the defective part
is isolated. As various checks are made during the troubleshooting process, the infor-
mation should be correlated so tha. the next check can logically be determined.

2. Types of Malfunctions

Troubleshooting procedures are usually predicated on the secrch for the
ouse of o particular malfunction. The most significant indication of malfunction is a
faulty output, such as no output, inadequate output, nonlinear output, extraneous out-
put, and zero level drift.

An indication of no output is usuclly the easiest type of trouble to diag-
nose and correct. iroubles in the primary power circuits are often responsible for this
type of failure. Some of the sources of power failure are: a-c power lines; power
plugs; a-c, d=c, and filoment power switches; power rectifiers; fuses; cnd batteries.
Other likely couses include defective tubes, transistors, and transducers, and faults in
the d-c power distribution system.

Inodequate signal output most likely is caused by weak tubes or low d—
voltoges to tube and transistor elements, Low voltages in a-c supwlies are caused by
weak rectifiers, leaky or open filter capocitors, voltage—dropping resistors that have
i icreased in value, and leaky or shorted bypass capacitors. In battery—operated cir-
cuits, the voltage output of a battery may have dropped below minimum tolerance
under load conditions.

The nonlinear performance of on instrumentation system is indicoted by
erroneous output signals. The output sigrals cannot be related to the input signals at
all levels of amplitude. A careful stage-by-—stage check of the calibration of the
instrumentation system should be made to locate the source of trouble. If the trouble
cannot be corrected by the alignment and adjustment of contiols, the operating volt-
ages to the tubes or transistors in tl'e circuits may be improper and should be checked
carefully. A foulty transducer also may cause a nonlinear response in the output of en
instrumantation system. 1

An extraneous oscillatory signal appearing at the output of the system
(a display or recording device) usually indicates the equipment is passing signals intro-
duced by the a-c power supply. This type of signal appears as a reguler oscillation on
the trace, and its frequency may be determined by studying the output. Signals ot 60
cps (the most commonly found) are generally caused by pickup of power line frequen-
cies in high—gain, high impedance stages. (For a discussion of causes and method of
reducing power line interference, refer to page 112.) Signals at 120 =ycles generally
indicate a faulty filter capacitor in o full wove power supply,
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Other signo's, of o similar oppearance, although they moy occur at
almost any frequency, may be the result of undesirable oscillation within the system
itself. The cause is usually unwanted coupling between high-level and low-level
stages. Generally, foulty components or poor design or layout will be fcund to be the
cause. The remedy lies in thorough systematic troubleshooting techniques.

Zero level drift of the output of a display device muy be caused by
temperature sensitivity of a component part, an unstable power supply, o bad tube, or a
weck battery, or by misadjustment of a balancing control for temperature or power
st'pply changes. A transducer or capacitor, particularly a tempercture-compensating
type, may be unusually sensitive to normal changes of temperature or may be subjected
to obnormal temperature changes created by an overheated part such as a pewer resis-~
tor. Faulty or inadequate reguiation of power supplies may cause instability in the
voltages distributed to the tubes and circuits. A bad tube or weak bottery also may be
responsible for zero level drift in an indicating instrument.

C. Precautions in Testing Transistor Circuits

When connecting power supplies o test equipment to transistor circuits,
polarities must be correct, Transistors and other similar semiconductor devices con be
damaged or destroyed by the application of voltages of wrong polarity. In particular,
be careful when using an ohmmeter. The ohmmeter contains tatteries which may
exceed the voltage ratings of some transistors. Also, in the low resistance ranges, the
ohmmeter may be capable of delivering currents in excess of those which the rransistor
is capable of withstanding. A third problem exists because the polarity of ohmmeters
may or may not be the same as the pclarity labels on the meter panel. Thus any ohm-
meter must be checred with another instrument in order to determine its polarity before
it is utilized to measure resistances in transistor circuits.

High transient currents or voltaces can damage semiconductors while trouble~
shooting in several ways. When applying a-c power test equipment or o soldering iron,
care should be taken to ensure that power line leakage current is not excessive. Use
of an isolation transformer is a good precaution to employ with all o-c operated test
equipment and soldering irons, unless it hus been determined that the equipment con-
tains a transformer in its power supply or shows no current leakage. When using tect
equipment, it is good practice to connect a common ground between the test equip-
ment and *he equipment under te:t.

Transistors may also be domaged when an excessively high pulse is applied
from test equipment. The sofest p zedure is to start with a signal level below the
rating given for the circuit under test and then apply the tequired signal levels. Rela-
tively high current transients can occur when test equipment is connected to a circuit
where low-impedance paths exist.

Further, oll power should be off when connections are loosened or moved, or
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assemblies or parts chonged. Stray inductance at such times often causes inductive
kickbock. This is prevented by ascertaining that all parts of the circuit are secure
before starting the test cr energizing the equipment, that all power is off when any
unit in the equipment is changed, ond that oll possible capacitor charges are removed
from parts ond test equipment before they are used with the equipment.

D. Repair and Replacement

1. Electron Tubes

Electron tubes should be replaced only upon failure or when it is evident
that the tube is not properly performing its function in the circuit. The indiscriminate
replacement of good tubes by new~ ones should not be resorted to as a method of irou-
bleshooting because it may result in the need for recalibration or readjustment of
critical circuits. A faulty tube can be detected by a good tube tester or by functional
tests in the equipment.

2. Electronic Parts

When faulty parts are replaced in electronic equipment, the replacement ¢
part must have the raquired specifications for the circuit. Resistors should be of the
same ohniic value, wattage rating, and tolerance as the original resistor in the circuit.
Capacitors should be the same type, value, voltage rating, temperature coefficient, and i
tolerance as the faulty one being reploced. s

The replocement part should be installed securely in the position of the
original part. Leads should be short, direct, and soldered securely. When several
leads are disconnected to replace a part such as a tramsformer, the leads should be
tagged or otherwise clearly identified to ensure proper reconnection when the new

part is installed. i
e
3. Tronsistors i
fi
Tronsistors and other semiconductor devices are easily damaged by heat.
Connections should not be soldered to the terminal of a transistor unless it is provided
with long pigtail leads. When soldering, use o low-heat iron (less than 40 watts),
Connect a heat sink such as o pair of long-nose pliers to the wire between the point
being soldered and the transistor. One method of checking the efficiency of the heat fr
sink is to put a small piece of beeswax between the semiconductor and the heat sink. fi
When the wax melts, the temperature |imit has been reoched and the heat source at
should be removed immedictely. th
in
ll. Electrical Interference ar
de
Electrical interferance is any electrical disturbonce or signal which couses an ar
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undesirable response or malfunction in electronic equipment. Any visible, audible, or
othervise measurable response is considered undesirable if not produced by a desired
signal . Physiological monitoring equipment is particularly susceptible to interference
(ortifacts) becouse uf the extremely low-level signals being monitored.

The following pages review fundamental considerations in the prevention and
treatment of interference. References 18, 67, and 78 contain useful discussions in this
area.

A, Interference Sources

There are two general forms of interference: random noise and signal. The
term "random noise" is used for disturbances that are completely without regularity in
their detailed properties. Characteristics common to random noise are random ampli-
tudes, random phases, and lack of periodicity. The energy of random noise is spread
fairly uniformly throughout the total or o large segment of the frequency spectrum,
depending on the source. Interfering signals, on the other hand, are usually periodic
and show some regularity, although their waveshapes and phases may be subject to
some fluctuation. Like random noise their energy is often spread over a wide frequency
spectrum. Unlike random noise, the distribution of signal energy usually is nonuniform,
showing wide variations with definite maxima and minima.

Interference may be classified according to the way in which it is generated:
it may be man-made, internal, and otmospheric. Atmospheric and internally generated
sources of interference generate random noise, and man-made sources generate signal
interference.

1. Man-Made Noise Sources

Man-made noise sources of interference include oll electrical and elec-
tromechanicol devices manufactured and operated by man. (This type of interference,
except for radio iransmitters, is broadband, covering o wide range of frequencies. The
interference from radio transmitters usually is found on a specific or narrow bands of
frequencies.)

a. Rotating Machinery

Interference is generated in rototing machinery by the transients
from brush bounce, surface irregularities, arcing, static discharge, ond stray magnetic
fields. Any rotating machinery with sliding contacts such as brushes may be regarded
as a potential source of electriual interference. All d-c and a-c/d-c motors, because
they have brushes, are possible offenders, and some a-c motors, such as are contained
in electric drills, stirring motors, circulating pumps, and centrifuge motors, have brushes
and also may be sources of interference. large a— induction metors are usually
designed to prevent interference, but small clock and fan motors are seldom shielded
and may be interference sources.
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b. Fluorescant Lights

Intarfarence may be cqused by the normal ionization of flucrescent
lamps or by defective sterier and ballast units. |f the interference is not the result of
a faulty part in the lamp, installing o speciai filter at the lamp may be halpful. If the
interference persists, the famp may be moved, or shieided, or replaced by an incandes-
cent lamp.

c. Reiays and Switches

Relays and switches contain contacts that open and close during
normal operation. If the voltage across the contacts is high enough, arcing may occur
as the contacts are actuated. In addition, mechanical bouncing of the contacts may
be a factor. in either case, transients are developad thot can cause interference. For
example, thermostatically controlled heating or cooling devices have relays and
switches which moy prove troublesome. A filter, consisting of a capacitor and resistor
in series across the contacts, is often effective in suppressing the arcing and conse-
quently the interfarence. (See figure 47.)

o

Figure 47. Filter for Suppression of Switching Transients

d. Industrial, Scientific, and Medical Apparatus

Apparatus that generates r-f energy such as diathermy machines,
X-ray machines, and induction heaters, can be serious sources of interference. This
type of interference can be radioted or conducted over long distances and may be dif~
ficult to locate. This type of interference is reduced most effectively at the source by
filter trops or shielding.

ea. Power Lines

The network of power lines installed in buildings, in addition to
being a source of interference with its 60—ycie current, is a common medium by which
interference is transmitted from other sources. The electromagnetic fields set up by
the alternating current may induce an objectionable 60~cycle disturbance in the moni-
toring equipment. The coupiing of interference from other sources by power lines ints
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sensitive equipment can be reduced to acceptable limits by instolling the power lines
in conduit and by using filters in the line at the interference source ond at the equip-
ment. Flexible a-c line cords should be made of shielded cable with an outer insulat-
ing covering.

f. Pulsed Radar Transmitters

The radar modulator pulse is made up of a wide range of harmonics
of the basic pulse-recurrence frequency, and interference occurs at an audio rate
which can be heord as a tone at this frequency. If the.interferer.ce is coming directly
from the moving antenna structure, the signal level may vary in intensity, depending
upon the rpm of the radar antenna. This type of interference is particularly trouble-
some to radio receivers.

g. lgnition Systems

The normal arcing in spark plugs and contact-brecker points of elec-
trical ignition systems used in gasoline engines may interfere with reception in radio
receivers. lgnition noise is limited to the frequency range of about 15 megacycles to
500 megacycles and to a distance of about 500 feet. Ignition noise con be suppressed
at the source by shielding and filtering the entire ignition system. However, interfer-
ence from ignition noise is best avoided by using FM radio systems rather than AM,
since ignition noise is of an amplitude nature.

h. Radio Transmitters

Interference from radio transmitters usually occurs on discrete fre-
quencies within the passband of the receiver. The interference moy originate as
cochannel, adjacent-channel, or harmonic signals. Tuned bandpass or low-pass filters
will eliminate unwanted radiation from the interfering transmitter, except for that
caused by the fundamental frequency. Tuned bandpass or high-pass filters at the
receiver input are used to reduce the pickup of interfering radio signals. It is possible
also for the local oscillator of a nearby superhetrodyne receiver to generate interfering
signals. '

2. Internal Noise

Internal noise: is an inherent random noise generated within the system
by undesirable and.inherent electron motion in resistive circuit elements and tubes.
Although the level of internal noise is low, the signal voltages at the input of physio-
logical amplifiers and telemetry receivers are of such small values that the internal
noise leve! becomes significant. In fact, this type of noise often is the limiting foctor
in the ability of these equipments to handle weak signals. Since internal noise is a
function of equipment design, this problem can be deolt with best by using equipment
with special low-noise circuits and components.

113




OTHER SYSTEM CONSIDERATIONS

a. Resistance Noise (Gaussian or White)

The noise generated within resistive elements is caused chiefly by
the thermal agitation of the molecules of a conductor. This, in turn, sets up a random
electron motion that creates minute noise currents in the conducting material. The
common carbon resistor is particularly noisy and unsuitable for low-level signal ampli-
fiers. Special low noise resistors such as the high—stability cracked carbon resistor and
the wire-wound or metallized resistor are available for this application.

b, Tube and Transistor Noise

The noise generated within tubes and transistors is caused generally
by the effects of random fluctuations of electrons on the various elements., The most
important component of tube noise is called shot-effect noise. This noise is caused by
random fluctuations of plate current and, when amplified and made audible, sounds
like o shower of shot falling on 0 metal surface. The effects of tube noise are mini-
mized by selecting tubes for low-signal level circuits with inherent low noise charoc-
teristics and by operating these tubes at low voltoges. Triode tubes, in general, have
better noise charocteristics than pentodes; and, among the triodes, certain design con-
figurations are better than others for low noise applications. There also are some tubes
that are particularly sensitive to mechanical shock and vibration and create on effect
known as microphonic noise. The electiodes of o microphonic tube are set in motion
by mechanical vibrations, altering the position of the tube elements in relation to each
other. This, in turn, varies the electrical characteristics of the tube accordingly.
Microphonics are minimized by careful tube selection and shock and vibration mount-
ing of the tubes or the chassis.

3. Atmospheric Noise

Atmospheric noise is external noise that originates in the atmosphere and
outer space, The most well -known form of natural noise is atmospheric noise produced
by lightning discharges during thunderstorms. Interference from thunderstorms is great-
eit at a frequency of about 10 kilocycles and diminishes with increases in frequency.
Above 60 megocycles it is negligible, except for local disturbances.

Another type of natural noise in the same frequency range os atmospheric
noise is precipitation static, which results from static discharges at a receiving antenna
produced by particles of rain, snow, sleet, or dust blown against the antenna. The
level of precipitation static is dependent on the weather, and it is most severe in polar
regions.

Above 60 megocycles, the dominant noise factor is cosmic noise from

interstellar space. This too diminishes with frequency un!.l it is negligible at about
1000 megacycles. At frequencies above 1000 megacycies, the wprincipal noise factor
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is that caused by the absorption of energy from radic waves by oxygen and water vapor
in the atmosphere, decreasing the signal level.

Interference from atmospheric noise is minimized by the selection of
suitable operating frequencies, by the use of directional antennaos, and by the use of
the minimum bandwidth required for the transmission of data.

B. Transmission of Interference

Interference is transmitted from its source by copacitive coupling, inductive
coupling, conduction, or direct radiation.

1. Capacitive Coupling

Capacitive or electrostatic coupling occurs when one circuit is linked
with another by mutual copacitance. (Refer to figure 48.) The interference generator
acts as one plate of the capacitor and some element of the monitoring equipment acts
as the other plote. Capacitive coupling is reduced by placing a conducting shield at
ground potentiul between the plates of the capacitor. In practice, the shield is
expanded to form a cag: ihat encloses the whole input circuit where this type of cou-
pling usually occurs.

2. Inductive Coupling

Inductive or electromagnetic coupling occurs when a conductor is
present in the electromagretic field set up by interference. (See figure 49.) The
interference genercotor acts as the primary of a transformer ond some =iement of the
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Figure 48. Capacitive Coupling of Interference
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te

monitoring equipment acts as the secondary. Inductive coupling is the most diffic:
to isolate and eliminate. Reduction of the interference ot its source is most effect .-
but not always possible, The circuit picking up the interference may be enclosed in
multiple grounded magnetic shields, but complete decoupling by the use of shields is
extramaly difficult,
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Figure 49. Inductive Coupling of Interference

3. Conduction

Conduction is the tronsfer of noise energy along a conductor from the
interference source. The return path may be another metallic lead, o mutual capaci-
tance, or a common metallic structure. The most common method of transmitting
interfereance by conduction is through power ond control cables, Such cables may pro-
vide o direct metallic connection between an interference source and a receiver, or
they may have interfering voltoges induced in them which then ore conducted to the
receiver. An example of interference by conduction is shown in figure 50. This type
of interference is eliminated by the use of filters, preferably at the noise source.

Coupling interferance by conduction also occurs as a result of the ground
loop, which is the name given to the loop formed when various parts of an equipment
ore connected to different ground points and there is o resistance between them.
Althoug~ the resistance may be small, usuc!ly less than cne ohm, an appreciable ievel
of signol is developed as the interfering signal currant flows through it. The various
parts of a circuit, equipment, or system should be grounded at the same point or, if
different ground points are used, there should be no resistance between them (i.e.,
resistonce should be as low as possible). An example of o ground loop and how it can
be corrected is shewn in figure 51,
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Figure 50. Interference Coupling by Conduction

4. Direct Radiation

Rodiation is the phenomenon by which electromagnetic waves spread out
in space from a source according to the laws of wave propagation, Interference by
radiation occurs when a radio receiver detects radio signals other than the desired sig-
nal. Interference may enter a system through the untenna or by susceptible circuit
components., (See figure 52.) Radiated interference is reduced by shielding at the
source or at the receiver,

C. Suppression of Interference

There cre five methods of preventing interference from reaching the monitor-
ing equipment: iocation, orientation, shielding, grounding, and filtering.
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Figure 51, Ground Loops

117



OTHER SYSTEM CONSIDERATIONS

oy
oY
W
N S
\\\\\\\\‘ \\\\\\\“\\\‘
ey DAy

SN
R ‘\““\\\\\\\\ ¥
an
AW

oW
vy

Figure 52. Radictive Coupling of Interference

1. Location

in the location method, the interfering equipment and lead wires likely
to carry interfaring currents are mounted or pleced as far away as possible from the
equipment and all power, control, input, and output cables connected to the equipment.
In addition, equipment can be placed to take odvantage of the natural shielding of
metallic structures.

2. Orientation

Conductors sensitive to interference that must be located close to con-
ductors carrying interference currents should be oriented to avoid paralleiing the
interference conductors and should cross them as necrly as possible at right angles.
With proper orientation, the inductive coupling between circuits con be =uuced to
zero, since the number of magnetic flux linkages is minimum between wires perpen-
dicular to each other. The optimum orientation is best obtained by actual experiment.

3. Shielding

A shield is o conducting sheet or covering used to attenuate interfering
signals or noise or prevent the— from reaching sensitive circuits, All practical shields
are made of metals of high conductivity, and either they are used to confine ‘he
intarfering energy lorgely within a limited area or they prevent any apprecioble in‘er-
ference energy from entering a specified orea. The first method is preferred since
detectable interference cannot be radiated to any interferencesensitive equipment.
The second method provides protection for interference-sensitive items placed in an
orea whare interference is present and not easily eliminoted. (See figure 53.)
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Figure 53. Two Methods of Interference Shielding

Constructing an effective shield presents two problems: one is the pre-
vention of electromagnetic energy passing through the shielding wall, and the other is
the prevention of leakage at the seams and joints. The attenuation of electromagnetic
energy passing through the shielding wall is o function of thickness of well material.
Providing a shield wall thick enough to be effective usua!ly is not difficult, since the
mechanical strength required by the shield normally provides sufficient thickness to
prevent penetrations. In many cases the shield does not have to be solid to be effec-
tive. Metal screening or perforated metal con be used for relatively low frequencies.

Preventing leakage at the seams and joints, however, can be a problem.
Wher several parts of o complete shield must be joined, the number cf joints should be
ke *to a minimum. Any joints that are present in a shield must have continuous metal -
to-metal contact along the complete length of the joint. Continuous contact is possible
by using mating members stiff enough to prevent distortion and a sufficient number of
screws or bolts to insure high pressure at all points. When continucus contact along a
joint is difficult to achieve, a conductive gasket can be used, which consists of a core
covered with foil or mesh. ‘“When o shield juint is bonded, the mating members must be
cleaned thoroughly. [f not, the shield will be ineffective.

A shield designed to enclose an equipment or component completely must
have openings for power control and output leads, maintenance ond servicing, and
proper ventilation. The interconnecting wires ore filtered and enclosed in cable
shield. Maintenance and servicing access holes can be closed with semi-permanent
seals. Ventilotion openings can be covered with o screen that makes continuous
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contact around the edges of the opening. The screen must be adequately bonded, with
a material of equivalent reluctance, preferably by brozing or soldering.

4. Filters

A filter is o device that passes or attenuatas o band of frequencies. This
band may be either wide or quite narrow. It is used for the suppression of interference
whan the frequency spectra of the desired signal and the interfering signal differ.
Filtars may be designed for both radio and audio frequencies and are instalied directly
in the transmission line or cable where the interference is to be suppressed.

Thore are four general types of filters: low pass, high pass, bandpass, and
band elimination. Thesa are illustrated in figure 54.

The low=~pass filter passes all frequencies from zero (dc) to its cutoff fre-
quency, rejecting or attenuating all higher frequencies. The high-pass filter attenuates
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Figure 54. Types of Filters
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ail frequencies from zero to its cutoff frequency and passes all frequencies above. The
bandpass filter has two cutoff frequencies and passes all frequencies within its speci-
fiad range. The band-elimination filter has two cutoff frequencies and attenuates aoll
frequencies within its specifiad range.

Filters are zonstiucted of copacitive, inductive, and resistive elements or
combinations thereof. The specific configuration is dependent on the particular appli-
cation or requirement, The most common example of o simple filter is o capacitor
connected between o signal point and ground, effectively bypassing unwanted higher
frequencies., To reject unwanted higher frequencies with an inductor, it is placed in
series with the line. If more effective filtering or special passba:d characteristics are
desired, complex filters containing combinations of circuit elements may be used.

In oddition to these passive filter designs, thers are currently in use o
group of devices termed active filters. Basically, the filterirg elements are the same
as those in the passive networks, i.e., resistors, capacitors, »'.d inductors, but in addi-
tion, active circuit elements are employed to produce isola'i~, impedance transforma-
tion, and feedback loops which enhance the desirable filter properties. Operotion of
active filters is generally similar to that of passive filter nerworks.

Except for the simple capacitor filter, filte:s cre usually inserted in o
line so that all energy carried by the line passes through the filter. The filter ihere-
fore must be capoble of performing its function without disturbing the operation of the
line in which it is inserted. Some considerations in the -election or design of filters
are listed as follows:

a. Voltage and current ratings.

b. Frequencies to be attenuated.

c. Amount of attenuation required.
d. Effects of filter on desired signal.

Filters should be installed as close as possible to the source of interfer-
ence or to the circuit which is to be protected. They should be well shielded ond
grounded, and the lead length and ground returns should be as short as ossible.

5. Bonding and Grounding

Bonding is @ method of establishing a low-impedonce electrical path for
interference currents between metallic ports and equipment. Grounding, on the other
hand, refers solely to the electrical connection of metallic parts and structures to earth
potential to insure that all connected points will be at the same earth potential. The
techniques involved in bonding and grounding are similar. The methods employed ond
the materiols used are often the same.
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In general, thin {0,010-inch), solid-strap~type conductors should be used
for bonding. However, where excessive vibration is present, o braided strop or stranded
conductor is used to avoid breckage from crystallization. Braided or stranded wire is
not recommended generally because the individual strands of wire tend to corrode or
break, creating conditions that could cause cdditional interference. Conductors should
be ot short as posible without mechanical strain. Joined surfaces must be clean and
frae of dirt or paint. Dissimilar metals si:aw'd be avoided wherever possible.

When two units are connec:ad through a bond strap, the length of the
strap has some volue of inductance. The capacitance between bonded members is in
parallel with the inductance of the strop, and the impedance will be very high at the
resonant frequency of this combination of inductance ond capacitance. The resonant
frequency should be placed beyond tte fraquency range of interest by keeping the
inductance low through the use of short .traps with a width-to-length ratio of at least
| to 5 and not exceeding the maximum thickness allowable. Jumpers should be as
direct as possible ond, when practicable, should not exceed three inches in length.
Sheet-metal-type screws should not be used. Connections should be soldered or bolted
with tooth-type lockwashers to insure proper metal-to-metal contact.

Each electronic system should have a common system ground connection
to earth. The resistance from this system ground point to all interconnected units of
tha electronic system should not exceed 0.5 ohm. The ground point should be, prefer-
ably, a direct sarth connection., Since this is not always possible, electrical conduits,
water pipes, and steam pipes often are used. If tap water is in contact in any way
with the input circuit, the cold water pipe must be used as the ground. In some cases,
there moy be a large potential difference between the water system and the ground
wire of the electrical system. In this case, the twe, .ystems may have to be electrically
connected at the tronsformer or circuit breakers of the power system. Occasionally,
an auxiliary ground system may be necessory if the power circuit greund wire is carry-
ing o heavier iood than that for which it was designed. The three-wirs conductors
that are now commonly used io furnish safety grounds for electrical equipment may be
sources of ground loops, particilarly if o cold woter pipe is used os the reference
ground .
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GENERAL

The remaining pages of this handbook discuss future developments which may
affect the field of physiological monitoring. Like most engineeriig disciplines, the
instrumentation for physiological measurements is not static, but exists in a state of flux
with constant growth and changa. Measurements that are commonplace today may well
be supplanted by others which, although presently unfeasible, moy become possible
becouse of a breakthrough in technology.

Most developments will not be the dramatic type that open whole new lines of
investigation. Gradual improvements in equipments and techniques will contribute
slowly to the overall state of the physiological monitoring art. These inevitable
improvements should be considered when evaluating the limitations of available equip-
ment in present-day measurement situations. The trends of new developments are dis-
cussed briefly in the following paragraphs.

I. Refinements in Equipment

Generally, equipment can be improved in three ways: it con be miniaturized, its
accuracy can be increcsed, and its relicbility can be improved. There has been steady
improvemant in the techniques of riniaturization and a correspondingly s*scdy de-
crease in the size of components. As a result, systems have become less complex (by
virtue of the ease with which multiple system functions con be packaged into single
units), and requirements for power to operate these systems have been reduced. Mini-
aturization is especially desirable for sensors, signal conditioners, and telemetry com-
ponents. Among the obvious advantoges are the following:

® More instrumentation can be provided in spacecroft without increase in
payload,

® |ncreased capability and wider use of wireless monitoring from on active sub-
ject are possible.,

® Minioture computers will permit more data processing at the source end of o
system, Among other advantages, more efficient use of the telemetry band-
width becomes possible in remote monitoring applications.

Improvements in the accuracy andreliability of measurements are also foreseeabls,
because designers ond manufacturers are constantly tightening specifications and
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improving component performance, Improved linearity, dynamic response, and temper~
ature siability (among other parometers) can all contribute to consistency of experi~
mental results,

. New Sensing and Measuring Techniques

Among the more direct contributions to monitoring technology will be the app!i-
cation to continuous monitoring or measurement techniques which are presently
experimenial In nature or limited presently to clinical op~lications. Among the pos~
sible developments ore the following:

Radiation monitoring. Monitoring of incident rodiation will become increas-
ingly important in support of space exploration. Clinical techniques of
rodiology and rodiography may be applicable to continuous monitoring os
rodiation dosage is reduced.

Ultrasonic techniques. Ultrasonic blood flowmeters and ultrasonic methods
for measuring and observing internal organs may be extended to remote mon-
itoring situations.

Magnetic techniques. The use of paramagnetic resonance and nuclear mag-
netic resonance techniques to measure blood flow in intact limbs and organs
may be extended to continuous monitoring applications.

it may be possible to sense physiological variables at (at least) short distances
from the subject without uctually attaching sensors to tie body of the subject. Non-
contacting tronsducer applications may be severely limited in scope, but they demon-
strate trends in instrumentation,

Finally, there probably will be developments in opplications of the radio pill
(erdoradiosonde). This method of measuring from within o subject such parameters as
temperature, pressure, gaseocus concentrations, etc, and accomplishing the wireless
tronsmission of measured data, undoubtedly will be improved greatly as sophisticated
circuitry is miniaturized, and as continuing experiments permit more successful corre-
lation ond interpretation of the data obtoined.

{11, Improved Techniques in Data Processing and Transmission

Improvements in data transmission (telemetry) should include (1) an increase in the
transmission range of small personal telemetry systems ond (2) on increase in the band-
width of telemetry links, and/or an improvement in the utilization of existing band-
widths through more sophisticated signal modifying, coding, ond modulation techniques.

Data processing, especially when employed ot the transmitting end of o monitoring
system, will be weful in improving system bandwidth capabilities. More importantly,
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perhapt, dato processing will increase the utility of monitoring systems by the multiple,
high-specd operations it con perform an the dota Jbtained by the system. By the
high-speed reduction, correlaticn, and interpretation of data rmode possible with digital
computers, useful measurement of many paramaters not prasently feasible wiil be com-
monplace, For example, it will be possible to measure quantitatively many complex,
interralated functions such as psychological or behavioral responses that are eviderced
by measurabls physiological variables. Aiso, environmenta! control and life supgort
systems can be controlled directly and qutomaticaliy by computer opergtions using
inputs from physiological monitoring systems,

INEW SENSING AND MEASURING TECHNIQUES
l. Ultrasonics

Ultrasound or ultrasonic vibrations are not new in the field of medicine, but they
have not yet been employed successfully in continuous monitoring applications. Ultra-
sound, which muy be defined as vibrations in excess of 20,000 cycles per second (com-
monly in the megacycie range in current applications), is used in therapy, in surgery,
in diagnosis, and in biological measurements. The ultrasonic techniques used in therapy
and surgery ara active; that is, ultrasonic vibrations are used to alter or change bio-
logical tissue. Physiological monitoring is concurned primarily with possive techniguss,
in which ultrasonic vibrations muy interact with but rot modify biological tissue as a
means of obtaining informaticn on the structure ind function of that tissue, (See olso
ref, 15 and 20.)

Mainly, two types of interaction are involved: one is the absorption o ultrasound
by gross tissue structures, and the cther is the reflection of ultrasoiind by a discontinuity
in internal structure. The first phenomenon, he absorption of ultrasound by gross tissue
structures, can be used in batic physiologizal research for charting the acoustic propa-
gation characteristics of normal (and pathologicol) tissues. This information cun be
used for examination of gross anatomy and orgar dynamics in living orgenisns. With
sufficient data, internal malfunctions can be diognosed, ond deep bedy rissue cun be
altered surgicolly by focusing ultrasonic techniques without substantially affecting
intervening tissue structures,

The second type of interaction, the refiection of ultrasound by a discentiruisy in
internal structure, makes possible a technique for visualizing internal structures that is
comparable to X-ray methods. The difference in absorption characteristic betwean
hard and soft tissue makes X~ray visuolizotion possible. X-roy techniques, howevar,
cannot be used to visualize or differentiote barween different types of soit tissue, sirce
all soft tissue has essentially the same X-ray density. By ultrasonic maans, soft tissue
structures can be distinguished, bacouse they are not ocoustically homogenous. VWhen
ultrasound is beamved intc a region of the body, some ultrasonic energy is reflected
from the interfaces between soft tissue structures. With appropriate scanning ond
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Slaplay aircuiiey, thres=dimensional, dynamic displays can be cbtained which permit
the study of funvtion at weli o8 structure (ref. 8).

Ultrosonic scenning is prasently used !n opthalmology, in the localization and
diognosis of tumors, and in bicod flow measurement. It may have application, with
furthar davalopment, 1 zoatinvous monitoring situations. One technigue would be an
axtersion of a cortiruous—wave reflaction device developed by rhe Joponese which is
g form of phorocardiography. Sound waves are bsamed from the chest wall through
*he cpaning batween a pair of ribs to tha heart. The receiving equipment responds to
tha fregquorcy shift produced by mction of the heart wall in the direction of propaga-
tion of the sound waves. U:ed In conjunction with the ECG and the standard phona-
cardiograph, tis fechniuve can provide detailed information on parcmeters such os
valva timiiyg which would not otherwiwe be obtainable.

The v of culsed rather than continuous ultrasound has advantages in that signifi-
cun! meausrements cor be made in terms of transit time (o function of ottenuation over
distance) rathor then phase shift, which can be difficult to msosure when very small
shifts cre involved. Pulsed uvirrassound tachniques are not limitad to visualizetion
applications, Fulsad vibrations are supleyed in ultrosonic blood flowmeters, In this
clinlcal epplication, an ultrosenic Wansducer wnit is uttache . to a blood vessel through
surgery. While such procedures are not suitohile for romota, wserocspace applications,
thiy measurerent techniqse is of interust becrvsa of i future passibilities,

In the uitrasonic flowmater, *wo transducers are employed (tysicelly, barium titan-
ate piszoslectric crystals). They are ploced at opposite snds of the transducer housing
{fitted o the blood vestel) and serve al*srnutely as tronsmittsr and receiver. The
trans:t time of ultrasound between ihe transducers is meosured first upstream and then
dawnstream, yielding o difference figure that represents the blood flow velocity.
Assuining a constant cross—sectional area in the blood vessel, this difference figure can
ba calibrated in units of blood flow (ref, 19).

it. Radiation Monitoring

Radiation monitoring techniques ore of interest in cerospace medicine: one tech-
nique is the monitoring of environmertal or incident radiation; anothar is the use of
radiaticn detectors to monitor the movemant of rodioactive tracer slemants through a
subject's body. Neither ore, strictly speaking, physiological monitoring techniques,
nor are thay always suiicble for continuous monitoring applications. But they are both
<'osely reloted to physiological studies in cerospace environments.

With mannad space operations advancing to high ovbits and ultimately to lunar

probes and exploration, the monitoring of space raciation becomes increasingly impor-
tant, A recent Air Force® procurement for the design and construction of o space

¥Flaromedical Field Leboratory, Holloman AFB, New Mexico.
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rodiation monitoring syitem wos keyed spacifically to the energy ranges of ionizing
rodiation that are biologically significant (i.e., domaging to human tissue). Figure 55
is a block diagram of this system (ref. 14),

In this system (refer to the block diagram) twe solid state detectors supply pulse
outputs which are applied to logic and pulse height analysis circuits. The logic cir=
cuitry identifies the pulseas as gamma radiation, alpha particles, neutrons, electrons,
protons, or heavy nuclei, and further categorizes them with arbitrarily selected energy
levels. The pulses than are fed into approwiiuie suctions of a binary storage and gating
unit. The outputs of the storage unit (18 categories of rad. ation plus dose information)

CHARGED FARTICLE NEUTRON
AND GAMMA DETECTOR DETECTOR

LOGIC AND PULSE
HE!GHT ANALYSIS

BINARY STORAGE AND GATING
(20 CHANNELS)

l

COMMUTATOR

MAGNETIC TAPE TO TELEMETRY

RECORDER

Figure 55. System for Monitoring of Space Radiation
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are commutated and fed to c magnetic tope recorder for subsequent telemetering to a
ground station. A record-to-playbock speed ratic of 1:18 will permit the transmission
of lorge quantities of stored and recorded date in ropid bursts during those periods of
ideal conditions for communications.

The system includes an ingenious method of identifying radiation by solid state
detectors, The gamma and charged particle detector, for example, is essentially a
coincidence telescope consisting of ceramic magnets; o brass collimator; o lead shield;
a lecd glass light pipe; and three sensing elements, consisting of a p=n junction detec- |
i tor, an iod'de (Cs!) scintillator, and a plastic scintillator, The presence or absence of
‘ coincidence pulses from these sensing elemants determinas the identification of the
incident rodiation o~d, in part, the level of the radigtion. This system permits the

measurement of ionizing radiation of biolegical significance with a degree of discrimi- f
nation and precision previously unobteinabla. f;
The use of rediooctive tracer elements is basically o clinical practice that needs ©
refinement before it can be applied in aerospace environments. In clinical practice a N
tracer element, such as radioactive iodine, is prepared and introduced into some body '
system of the subject (orally, intravenously, etc). Suitable radiation detectors, such as
Geiger or sciniillation counters, measure the amounts of tracer element deposited in )
certain parts of the body or follow the course of the element through the body system. lr’
The clinicol radiological equipment, including scintillation crystals, phctomultiplien, °
and metering and scanning circuits, will have to be made compatible with other minia- ke
turized bicinstrumentation; in addition, some means of maintaining orientation between of
detecting equipment and the subject's body will have to be provided for continuous ”
monitoring applications. Thaese developments will be accelerated by need. For ex-
ample, tracer techniques mcy offer one means of studying metabolic processes under y
conditions of sustained weightlessness (ref. 73). 1
Hil, Mognetic Monitoring Techniques ::
With the present state of the art, there are few magnetic monitoring techniques ar
suitable for aerospace medical application. However, there has been research in the
use of this tachnique for the measurament of at leust two phenomena, blood flow and
oxygen partial pressures. The feasibility of continuous magneiic monitoring is a dis-
tinct possibility.
tre
The National Institute of Health has developed a flowmeter for experimental, A
clinical use to measure mass blood flow in an intact limb, employing nuclear magnetic g‘:

resonance ‘echniques (ref, 41), This type of measurement depends upon the magnetic
susceptibility of the hydrogen protons in the blood. The protons, which normally are qv
randomly oriented, will absorb energy from a magnetic field, become rescnont, and
then align themselves. |f measured bursts of r-f energy ore passed through a limb, the
| amount of r-f energy obsorbed w.ll be a function of the number of protons passing
, through the limb in o given time aond, by extension, a measurement of the regional

blood flow.
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Paramagnetic techniques also have been applied to the measurement of oxygen
partial pressures. The concept here is that the magnetic susceptibility of oxygen,
while minute, is about one hundred times greater than that of other respiratory gases;
therefore, a measurcble indication of the interaction of a magnetic field and respira-
tory oxygen can be obtained. A typical method for instrumenting this measurement
might be to couple a paramagnetic body, on o piezoelectric crystal, to an external
magnetic fieid, with the degree of coupling dependent upon the oxygen partial pressure
(ref. 75).

IV. Endoradiosondes

The endoradiosonde is o tiny measuring device which can be swallowed or im-
planted in a subject to obtain physiological dota from within the body. It can be used
to monitor variables in inaccessible locations that previously could be measured onl-.
through the use of such objectionable devices as catheters or esophageal tubes. The
endoradiosonde couples data from the internal site to external monitoring equipment
without wires or connections of any kind. Thus, the subject under observation is left
in a relatively normal physiological state.

The term endoradiosonde (or radio pill) has come into usage because many of the
ingested devices used for monitoring include a self-contained radio transmitter. Actu-
ally, many measurements of this type are possible by the ingestion of a caopsuie con-
taining only passive circuit elements (and a suitable transducer), and the transmission
of data occurs by the interaction of the circuit elements with an externally supplied
r-f field.

While the endoradiosonde can accomplish certain measurements not otherwis:: pos=
sible, the technique is still in its infancy. There arc numerous limitations. Range is
short and subject mobility is sometimes prohibited. There is a scorcity of quantitative
dota, ond there is sometimes ¢ lack of correlation between measurements obtained by
endoradiosondes and those obtained by classical clirical techniques. (See also ref. 33

and 46.)

A, Transducers

Measurements with ar endoradiosonde ore made most effectively by using o
transducer technique that will produce o change in the reactance of a tuned circuit.
A temperature-sensitive capacitor is an obvious example, or there are numerous direct
(and indirect) methods of displacing a core or coil in a variable inductor. In the
active-type endoradiosonde, the reactance change is converted directly into o fre-
quency shift in a simple FM transmitter.

B. Active Transmission

An active endoradiosonde contains a transducer, modulator, transmitter, and
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power supply. |n o typical pressure-sensitive radio pill, the active circuitry consists
of an oscillator cir~uit containing a transistor, caopacitors, an r-f coil, and a ferrite
disc core. The ferrite core is attached to a rubber or plastic diaphragm, which is dis-
placed by pressure changes in the surrounding fluid or tissue. Power normally is sup-
plied by o small battery within the copsule. The battery will determine the octive life
of the capsule, which may vory in mercury cells from 8 hours to 3 weeks. Experiments
have been conducted using o nickel-cadmium cell that could be recharged by an ex-
ternal oscillator. (It is also possible to eliminate the battery oltogether, and supply
power for tramsmission by exciting a coil in the endorodiosonde with r-f energy.

Endoradiosonde transmitters generally operate from 0.5 megacycle to 10
megacycles, with the optimum carrier frequency depending upon the specific type of
monitcring system used. FM is the most commonly used type of modulation, but other
types (except for AM) may be employed. Transmission is possible using o magnetic
dipole within the copsule; in some instonces, the body of the subject hos been em-
ployed as an electric dipole for transmitting decta.

Reception is possible with ordinary FM receivers, modified to the particular
transmission frequency and modulation technique. Antenna techniques moy be the
chief problem; with the small signal ovailable from the capsule, and the changes in
orientation that the capsule may undergo, multiple and omnidirectional antenna con-
figurations may be necessory.

C. Passive Tronsmission

The possive endoradiosonde consists only of a resonant circuit and o suitable
transducer which changes the reactance of the circuit. Data transmission can be
accomplished in two ways with the passive circuit: by frequency semsitive absorption
and by re-emission. In the first method, the resonant frequency of the circuit can be
sensed by grid=dip metering techniques. Using the re-e~ i ‘ion technique, the circuit
can be excited by short pulses of r-f energy from on extr.rnol oscilloto:, producing a
ringing frequency which is re-emitted between pulses.

D. Measurements
1. Pressure
To dote the most widespreod use of rhe endoradiosonde has been in the
mecsurement of gastro-intestinal pressure. Transduction is accomplished directly, as
indicated above, by attaciiing o moving part (such os o core piece) of an inductive
element to the flexible diaphragm of o small pressure vessel,

2, Temperature

Next to pressure, temperature is the most commonly measured porameter.,
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A simple transducing technique, a temperature-sensitive capacitor in a tuning circuit,
will vary with temperoture directly, but sensitivity here is limited to rather large tem-
perature variations, which are uncommon in the human subject. A somewhat more
sensitive response can be obtained by less direct methods: for example, small tempera-
ture variations can be made to produce, with the use of low-boiling-point liquids in o
sealed chamber, |arge pressure variations, which then con be sensed with greater reso-
lution by the pressure-measuring technique described above.

3. Other Variables

Several other variobles have been monitored or measured by endoradio-
sonde techniques. Certain of these, such as pulse and respiration rates and ECG
potentials, depend upon the careful localization of the capsule, requiring that the less
desirable technique of implontotion be used rather than simple swallowing. Certain
chemical detection olso has been possible on such variables as chloride ion concentra-
tion, and partial pressure of hydrogen and oxygen. These latter measurements usually
are accomplished by tramsducer techniques yielding displacement or dimensional
changes, which can be sensed by pressure-type diophragms. Raodiation detection also
has been suggested as being possible, using an endoradiocsonde with o modified trans-
mitter circuit containing a radiation-sensitive semiconductor.

E. Problems in Using Endoradiosondes

Several difficulties involved in the use of endoradiosondes have been sug-
gested previously; the following are others that are worthy of consideration:

1. Locolization
The capsule can be positioned precisely by implantotion (instead of
swallowing), but there are obvious psychological abjections. Indirect monitoring of
position by fluoroscopy or X-rays yields only relative information, and ploces other
practical limits on the measurement situation.
2. Oscillator Frequency Drift
Oscillators will drift in frequency for severo!l reosons: the transistors
used may be temperature sensitive or, in the pressure-measuring devices, unwanted
variations may be introduced by leakage ot the diophragm or by changes in atmospheric
pressure,
3. Signal Strength
Signal strength depends upon the tottery voltoge ond the orientation of

the capsule with the receiving (or exciting) antenna. As a result, the transmitted sig-
nal normally is quite weak, which limits the effective operating range considerably.
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4. Deloyed Possage

There may be sorve cifficulty in 1sing an endoradicsonde to measure gas-
trointestinal processes accurately. The. e is e /idznce thot capsules do not poss through
the system ot the some rate as food. Th. -nr,ule is apparentiy sensed as a "foreign
body" in the alimentary canal, and the nor~al functions which it is intended to moni-
tor are accordingly disrupted,

V. Noncontacting Transducers

One of the ever-present problems in physiological measurement is the effect of
the act of measurement upon the measured parometer (discussed on page 13). All
sensors will to some extent load the system being measured. Careful electrode and
transducer techniques ond the miniaturization of sensor components cai minimize, but
never eliminate this problem. |t is interesting to speculate to what extent physiclogical
measurements may be corried out with no transducer in actual contact with the subject

(ref. 7).

The limitations to such applications probably are more apparent than the possi-
bilities. The distance over which surface-detectable variables could be detected would
be quite short -- no more than a few feet, perhaops. Alsc, unless the subject were
completely immobilized, most measurements probably would require scanning systems of
prohibitive sophistication and resolution.

There are surface voriables, however, that can be detected, without the transducer
contacting the subject. The following are measurements thot may hove promise:

@ Profile changes. One of several scanning techniques, such as the spot edge
follower, might be employed to detect surface indications of such variables as
respiration, heart rate, and blood pressure.

e Temperature. Passive infrared detection of radiated energy might be made
quantitative, over the small range of humon voriation, permitting obsolute
temperature measurements or, with scanning techniques, monitoring of temper-
oture distribution vver the body of a subject.

e Surface water. The presence of perspiration on the skin might be measured by
some technique such as the reflection of microwaves ot the absorption fre-
quency of water. As an indication of sweat gland activity, such o measure-
ment might furnish on index of psychological state, similar to the galvanic
skin reflex.

o Light reflection. Reflection oximetry techniques might be extended to obtain
pulse variotions at o distance.
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® Eleciromagnetic induction. An induction coil near or oround a subject might
detect circulating currents caused by heart potentials, yielding o remote ECG
pickup. The magnitude of the signals would be quite small, and ronge prob-
ably would be limited to inches from body surfaces.

NOTES ON DATA TRANSMISSION AND PROCESSING

With the ultimate development of new sensing techniques, a whole new gomut of
dota will be available for the evaluation of human physiological responses to stressful
environments., However, the dota-handling copability of the transmission link in o re-~
mote monitoring situation may be overtaxed, and facilities for interpretation of dato at
the output may be inadequate for any kind of recl-time response to the demands of the
measurement situation.

Many monitoring systems employ the standard technique of continuously recording
amplitude-versus-time variations for each of many variables throughout the course of o
given experiment, The volume of recorded doto thus produced is impressively large,
but in many applications most of these data aore useless. The small amount of significant
change data that ultimately moy be extrocted indicates o -vaste of transmission system
bandwidth and tronsmission time, o waste of graphic writ.-out capacity, and o waste
of time and energy on the part of the operctor who reduces these data manually.

There have been improvements in the display, recording, ond processing of physi-
ological measurements, but more are needed. Digital displays now present doto on
many variables in easy-reading format. Relatively simple differentiating and inte-
grating circuits perform preliminory operations on other variables before transmission
or recording. Also, the measurement of some parameters is being instrumented to pro-
vide "alarm" type indications when certain predetermined stress thresholds are
exceeded.

But all too often, data evoluation still consists of the classical examination of
traces by a clinician, drawing on his knowledge, insight, and experience, and per-
haps burdened with the necessity of simultaneously correlating multiple physiological
and environmental variables, oll of which may be interacting. Such techniques
cbviously will not satisfy the requirement of monitoring systems whose primary purpose
is the protection of human life. There could be a potentially dangerous time lag be-
tween the real-time acquisition and disploy of data and the evaluation of the display
for "alarm" |evel indications and appropriote command responses.

Several improvements may solve these problems in monitoring systems of the future.
One is the improvement in the bandwidth capability of dato-tronsmission systems, or
the more efficient use of bandwidth capability by more sophisticated coding ond modu-
lating techniques (discussed in Section V of Volume il). Also, preliminary processing
should be augmented before the transmission of dato to reduce, by selection or elimina~
tion, the amount of dota that has to be tramsmitted, disployed, and evaluated. Such
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procesing may take the form oi increased signal conditioning, wider use of logic cir-
cuitry in initiating or withholding tra.umissiont, and wider use of prefransmission com-

puter operations for the same purpose.

Ultimately, computer operati :ns will be employed for decisions and for the initi-
ation of command responses in n.unitoring systems used for the protection of humon
operators (ref. 6). The computers vould supply feedback to environmental control and
vehicular control systems, moking possible rapid, automatic corrections in overly
stressful situations.

With respect to this type of development, a recent procurement of the National
Asronoutics and Spece Administration is of interest. NASA has contracted* for the
development of a complete monitoring packege called PIAPACS (Psychophysiological
Information, Acquisition, Processing, ond Control System). This system is intended for,
the support of advanced monned space flight vehicles by sensing, correloting, pre-
dicting, and displaying all significant physiological psychologital (or behavioral),
ond environmental parameters related to protecting a human subject in a stressful
environmant,

NASA hopes with PIAPACS to cdvance ihe state of the art by making possible
hitherto unfeasible measurements, and by establishing meaningful norms and limits on
many interrelated porameters. The system also will use an on-board microminiature
digital computer which can, from real -time measurement dota, determine when certain
parameters are approaching o predetermined stressfu! limit, and send command informa-
tion to environmental control equipment ‘o maintain the subject below stress levels.

As a final note in this handbook, the possible future application of physiological
monitoring techniques in such related areas av bionics should be mentioned. A recent
communication (ref. 68) has described o servo boost system which, operating from
inyoeleciric signal inputs, can provide mechanical ossistance in positioning an oper-
ator's hand in o high~g transverse acceleration field. Experiences with fly-by-wire
operations in Project Mercury have demonstrated that manual control of space vehicles
is sometimes necessory. Yet high-g conditions, which sometimes occur during space
flight, may make such control difficuit if not impossible. The servo boost system is in-
tended to overcome g forces.

The system is shown schematically in figure 56. The operator's arm is supported in
a splint that can be positioned up and down by a uniplanar power drive. (Movement of
the splint is hindered by springs which simulate the restraining force of the accelera-
tion field.) EMG eloctrodes are positioned on the arm over those muscles that would
be uted to perform the desired movement. The output from the EMG signal conditioners

»
Leor Siegler, Inc., Sonta Monica, Colif., in response to NASA Proposal PR-3175,
hos obtoined the contract for this development,
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is fed to o control logic computer which, when it receives the correct EMG input,
supplies on-off signals to the power drive to pasition the splint.

The chief problem in this project was to obtain clear, unequivocal control inputs
from the EMG pickups. Once characteristic myoelectric patterns were determined,
transforms were performed on the raw signals, then control logics were written relating
the myoelectric signals to the desired servo response.

UNIPLANAR
POWER DRIVE

5t EMG
S ELECTRODES

COMPUTER
CONTROL
LOGIC

NEGATOR
SPRINGS

EMG
SIGNAL CONDITIONING

U S

Figure 56. EMG - Servo Control System
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