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INTRODUCTION

The need for intensive care monitoring has been
recoghized for ceﬁturies, as the continuous monitoring of a
,Pétigqf25~status enabyes'pfoblems to be detected as thef
’ éécué,‘ahd‘proper,eﬁergenéy aid administered before
permanent damage results. In the monitoring of small
aniﬁéféé—¥i.e;,;dogé and cats - in the clinical setting, it
iS'dften unneéessary to have the accuracy and hard-copy
recording of a chart recorder;'with its associated
inconvéniences-of'calibration-ahd ¢alculations. It is often
more de51rable to have modular monitoring devices w1th
dlgltal readouts and llmlt detectors, which avoid the
nece551ty of . hav1ng to contlnually monitor the recordlngs
and perform. the appropriate calculations.

It is therefore the objective of this research project
to éeSign dévices that monitor the following phys;ological
parameters:

* Heart rgte
. iResplratlon rate
; Core temperature_
- ;Arter;al blOOdupréssure
ahdghave éhe folloWing design criterion:
. Portablllty - battery operation
: Ease of. use ‘ .

'_ﬂD}gltal readbut
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L Vafiable‘limit detection

. AudibIe-and'visual warning signals

. wBattéfy level tester

» Low cost

e Sturdy packaging
All monitoring devices are designed using ready-made low-
powered integrated circuit subsections, and as few 9 V

batteries as possible.



LITERATURE REVIEW

lEhysiciaﬁs do not always agree among themselves as to
which pﬁysiological parameters should be monitored, with the
number monitored weighed agalnst cost, complexity, and
rellablllty Intensive monitoring and intensive treatmentl
presents a complex'problem-of information analysis, witp'the
patient's condition followed carefully by repeated
'measerements of many variables, end treatment presdribed
based on the results obtained. Critical patient areas
“requlrlng a hlgh level of sophisticated equlpment 1nclude
the operatlng room, where surglcal procedures are performed
the intensive care unit, where post—surgica; followup is
cOnducted and'where ﬁedicei patients with very serious
problems are treated; anewthe coronary care unit, where
-heart"attack Victims are obeerved (Cromwell et al.; 1989).
In all of theserareasy heart rete, arterial blood preeeure,
respiration rate, and body temperature constitute a common
segment of the .array of 1nstruments maklng up a patlent s
bed51de statlon, with all equlpment being cf the dynamic
monitoring type, delivering continuous guantitative

indications (Jacobson and Webster, 1977).

e ———



Thé'Menitoring of Heart Rate

Since the body caﬁ go into circulatotry failure‘ip e
short - time, automafic‘moniéoring techniques are.impeftaht:
‘By‘meegering théﬂgfterial blood pressure, central venous
preeeu?e, an& ECG, immine;t circulatory failefe can be
detected and treatmeht’quickiy begun (Jecobson and Webster;:
1977§;i*Ihe heart }ate for humans is in the range of 45 to
200 beate-per-minutey wﬁile,thét for laboratory animals is
in the fange of 45 to 600 beats per minute (Furno, 198la;
Thomae, 1974) .

A cardlotachometer i; an integral part of a patlent 5
monltorlng equipment, dynamlcally monltorlng the patlent s
heart ‘or pulse rate and concurrently prov1d1ng a warnlng
when a 51gn1f1cant change occurs (Hlnson and Wilkinson,
%977); Its functlon,‘elegtrdnlcallyfils to convert a
pfecgnditioned‘physioiogical signal into a voltage |
proporgiOnal to the-patienf's heart rate. This VoLtageLis
thepldiép;ayed on a calibrated‘panel meter, o{ten diq@tal,
tolinéreeSe the accurac& and ease of reading. - Alarm
cir&giﬁry iS*usue;ly perided,“desiqned.to trigger an
audible and vieua;jeiarmwhen the patient's heart-rate drops
’ beiow-or exceeds preset'limits, being especially usefullwheﬂ
‘a nurse is unable to keep constant watch on the cardloscope
-(Jacobson and Webster, 1977) Thus, the front panel of a-

‘ccardlotachometer‘usually includes the rate reading én a

Y



meter:Ladjustable high/low alarms, alarm lights, a lamp,
indicating detection of a beat or pulse, and & sensitivity

control (Thomas, 1974).

Methods of transduction-

_Althoygh-pulse rate can be easily determined manually
bj‘counting thé.number of pressure pulses of the radial
értefy aE the wrist, £h;s physiological characteristic is
not normally used to trigger an electronic rate meter
(Eurno!_1981b). The signals most commonly used include:

- Sﬁme“identif&fng feéturg of the ECG,'most commoﬁlf,
the QRS complex,

* . The arterial préssure waveform, which is
particularly pseful—in the presence of
electrOC§utery interference or pacemaker artifacts,

‘as'they do not cause false triggering of the

ratemeter (Fox, 1977), and

s The pulses prqduced by a photocell attached FO thé
finger or ear lobe, which responds to the very '

°~émall decrgase in light transmission each time the

peéft pumps blood through the capillaries (Plant;
1978). |

‘The mgchanical work of the he;rt is accompanied by
electrical activity which ;iWays-gliéhtly precedes mg?cle
'cont?acﬁion (Cromwell et al., 1980; Furno, 1981b; Jacobson

and Webster, 1977; Spooner, 1977a). The waveform of the ECG




is thus produced by the rhythmic changes in the direction
and magnitude of the vector sum of the dipoleé created by a
depolarizat;on.wavé travelling along the individual muscle
cells associated with the contraction of the atria and the
ventricles. To measure these bioelectric potentials, a
tfansducer capable of converting ionic potentials and
currents into electric potentials and currents is required
(Cromwell et al., i980;,Furno, 1981b). Such a transduc;r
consists of two electrodes which measure the ionic potential
differénce bétween their respective points of application.
In_ECG recordings, ghe low conductivity of the outgrmost
horny layer of the ékin presents the greatest problem; tﬁﬁs,
by mgkingwdirect contact with the subdermal tissue or the
interéellulérrfluids, needlé electrodes and other types of
el?ct?odeg thgt crgatg an interface beneath the surface of
the skip, have lower elect;ical impedances and are also less
suscgptible tojmotion artifact (Cromwell et al., 1980;
Jacobson and Webster, 1977).

Amplification of the ECG signal from its low wvalues on
the body's surface, peak Tahge 10 uV to 5 mV (Thonas, %97?),
to levels large enough to be used by the instrumentation
circuitfy, is performed by a spécial purpose differential
aﬁplifief. A block diagrhm of a typical ECG amplification
system would include:

* Protection circuit - Blocks the high voltages



induced by,électroSurgical and defibrillation
units, with slew rate limiters reducing the pacing
or-defibfillator.pulses when present in the ECG
input~(Fugne, 1981b; Thomas, 1974).
» .Isclation - Prevents currents greater than 10'uA-
“frem”flpwing through—ﬁhe‘patient (Furno, 1981b).
¢+ Differential amplifier - Amplifies the ECG signal
~while rejecting electrical interference (Fgrno,r
1981b; Jacobson and Webster, 1977; Thomas, 1974).
Typical-charaeteristics include: | |
High input impedan;e - greater than 10 megohms
Good common mede rejegtion - -60 dB {1000:1)
Limited bandwidth - 0.05 to 100 Hz (low-order
tlme -constant = 3 sec)

. Electrode fall off detector - Consists of a hlgh—
frequency, of the order of 50 kHz, current source
'pa531ng several mA through the electrodes,
-detectlng poor electrode connections by the changes
in the;electrical impedance (Furno, 1981b).

:Tp deﬁe?mige,the heart rate, a count of some

-idenﬁifyiﬁg feature ef‘the ECC must be made, usually the QRS

complex. The'primary ﬁaSk'of'an R-wave trigger is to
-dlscrlmlnate the R-wave from other ECG components,
accommodatlng a w1de range of QRS complex amplltudes 0.07

to 1Jl3-mV for Lead I, and durations, 50 to 100 ms (Thdmae,



1974), while minimizing false triggering due to noise
artifact. This problem has been approached using a variety
of technigues both digital and analog, with the
charaeteristics most often used to differentiate the R-wave
fromfdthe; components including amplitude, slope, frequency,
éequency,-and wave morphology (Taylor, 1979). For improved
reliability, technigues such as squaring atid linear
filtering to enhance the QRS complex and blecking circuits
‘to=pfevent triggering by the T-wave have been used (Taylor,
1979). Specﬁral analysis ¢of the ECG signal reveals that
most éf the frequéncy coﬂtained in the QRS complex lies near
16‘Hz;‘therefore, by using a bandpass filter, the QRS
comblex can be retained, while the P- and T-waves, high-
frequency interference, low-frequency artifact, and baseline
dﬁift“a:é all gejected (Furno, 1981b; Hinson and Wilkinson,

1977; Jacobson and Webster, 1977; Thakor, 1981).

The ‘determination of rate

Frequency measurements are commonly based on-the‘number
of events occurring during a fixed interval of time.
Cardiotachometers produce a voltage proportional to thg
‘"bOunt;;n'beats pef minute by either averaging a number of
beats”d} by measuring the time interval between beats gpd
displaying the reciprocal.

;The frequency~to-voltage converter of the averaginé

cardiotachometer consists of a monostable multivibrator and



an .integrator/low-pass filter circuit (Furno, 1981b; Hinson
add=Wilkinsgn, 1977). The multivibrator serves to convert
each triggering pulse received from the QRS complex detector
to a pulse of constant amplitude and constant duration, one
pulse per complex.' The integrator/low-pass filter circuit
iﬁtégrafes the string of positive pulses from the
monostable, converting them to a DC output equal to the time
averaged amplitude. Because of the tradeoff between the
amount of output ripple acceptable and the reguired time-
constant of the filter, often 5 to 15 seconds, this method
has the disadvantage of being slow when very low frequencies
are measured (Roy and Wehnert, 1974; wvan den Steen, 1979).

The measﬁrement of the time interval betwgep two
successi&e‘events'hay thus be a more suitable approach to
physiological rate monitoring. To convert time to
frequency, the beat-to-beat cardiotachometer must compute
the reciprocal value of the time interval measured,
producing instantaneous, or within ocne beat, results (Roy
and Wehnert, 1974; van den Steen, 1979). Since the changes'
in the time interval will appear ‘as changes in the :
instantaneous wvalue displayed, the response to changing
heart rates will be much more rapid than that of an
averaging cardiotachometer. However, this is accomplished
at the cost of increased complexity, and for simple trend

monitoring, the averaging technique is often adequate ‘
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s
(Fl;lrno, 1981b).

Simulating the funétion £ = 1/T is probably the most
difficult part of building a low-cost rate meter. Although
analog dividers are basic building blocks in a wide variety
of applications, until recently they remained bulky, very
limited in operating range and prohibitively expensive.
Recently, however, they have profited from the kinds of
technological and design advances that have characterized
the progress of integrated circuits in other areas. ‘Now,
dedicated analog dividers and multifunction converters are
available in dual in-line packages, and their low price has
gone hand-in-hand with pe¥formance that has improved by |
‘orders of magnitude. Wong (1979) reviews the subjects of
multiplier-inverted-dividers, analog dividers, and
multifunction converters, comparing their characteristics
and capabilities.

Parviainen et al. (1978) describe a rate meter which
can determine the heart rate from both the ECG and the
arterial pressure curve. The calculation of heart rate is
based on the'detegtion of a selected level in theé pressure
waveform or ECG, with -hysteresis provided to eliminate false
triggering caused by aortic notches or P-waves. The device
also contains a "block" circﬁit to inhibit false triggering
for é pééiod proportional to the previous inter—beat

-interval. To determine rate, a timing pulse activates a
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sample-and-hold circuit, sampling the output of the
integrator, which is then reset to a fixed reference voltage
and allowed to start the generation of a negative-going
ramp. The sampled voltage is subtracted from the integrator
reset voltage to give a difference which is proportional to
the period between timing pulses, with the heart rate then
obtained by dividing a fixed voltage by the inter-beat
interval, using an 8013 (Intersil) analog multifunction
circuit in the divider configuration. The circuit described
is reported to have a 2% accuracy in the range of 70 to 300
beats per minute and a 10% accuracy in the range of 40 to
509 beats per ninute.

The claséical methoq of measuring a time inperval,
described by Roy and Wehnert (1974), is to use a "hold"
circuit with two-RC'network§ which are alternately charged
and discharged. The circuif uses the exponential

relationship between capacitor voltage and charging time
Ve = Vb (1 - exp(-t/RC))

with one RC netwo;k being charged, while the other, which
hésjalready been charged, holds ifs value for the indicator
display. If a linear output is desired with respect to the
pulse period, then the charge on the capacitor should be
kept small in comparison with the total charge available,

i.e., the time-constant should be large with respect to the
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period. However, if a linear relationship is desired
between frequency and the output voltage, as is often the
case, then the inverse of time must beilinear, since f =
1/t. _The approach used is to operate on a specific portipn
of fhe éapacitor charging cycle where the exponential
charging curve can be best dpproximated by a hyperbeola,
Eetﬁeen 0.63 and 0.99 of the final wvalue, i.e., betweéen 1
and 5 chargingftime-constants.

O%hers have also taken advantage of the approximately
hyperbolic relationship between voltage and time over a
small portion of the capacitor charge/discharge curve,
utilizing only one RC network and a sample~and-hold circuit.
Each time a QRS complex ié.detected, a one~-shot is_triggéred
which éauses the V%lue of the RC circuit to be sampléd and
stored: The trailing edge of the sampling pulse then
triggers another ope;shot, resetting the RC network which
thgn begins charging or discharging to allow the‘measureﬁent
of the next inter-beat interval. The circuit described By
Purves (1975) sacrifices some linearity for reduced cost,
beihq“Linéar withiﬁ-G% of full scale for the range 40 to 200
beats per minute. If the range is to be extended downward,
with better resolution at low frequencies, the time~constant
of the,qirquit described can be increased, but at therloss
of lipearity. In the circuit described by Cousin and Smith

(1978), the error over the operating range of 55 to 220
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beats ;ér minute is 2 beats per minute. By the addition of
a small number of components, whose operation can be
described_gs a second exponential time-constant that begins
.aftgr a preSelec£ed period has elapsed, the basic circuit
described can be enhanced to provide an extended range at
lbw‘rates, with -the error over this extended range held to
within 4 beats per minute.

vhﬂ deh'Steen‘(1979) describes a method of determining
rate by utilizing a monolithic multiplier circuit, thoﬁgh
not as a multiplier—inverted-divider, as is often the case.
After a "dead-time" interval, To, following the first event,
the 1/t generating circuit is started with an initial '
voltage Vo = 1/To, corresponding to fmax = 1/To. On arrival
of a sécond event, the output voltage of the 1/t circuit is
held constant and stored by a sample-and-hold circuit. This
samplihg reguires a portion of the dead-time mentidned |
above, with the remainder being used to reset the 1/t
clrcuit to its initial value. A method for generating a
voltééé”corresponéing to the inverse function arises from

consideration of the differential equation
{£(t)}® + c{df(t)/dt] = 0O

the solution of which is the required function f(t) = c/t.
This equation can be rewritten in the integral form and

simulated with a monclithic multiplier circuit and analog
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computer elements.
The Monitoring of Respiration Rate

The purpose -of respiration is to supply the body's
cells with oxygen from the environment and to eliminate the
carbon dioxide produced during metabolic processes (Cromwell
et al., 1980; Jacobson and Webster, 1977). Although no
single laboratory test or even a simple group of tests is
capable of completely measuring pulmonary function, both
mechanical and physiological (Cromwell et al., 1980),
respiratory function can be assessed by estimating
ventilation and by blcod analysis (Jaccbson and Webster,
1977). In practice, however, the possibilities of
gquantitatively monitoring ventilatory volume are limited, as
the patient must breath through an apparatus which can often
be disturbing, yielding data which may not be worthwhile.
Thus, only respiration rate is usually monitored, with the
respiration rate of humans in the range of 12 to 40 breaths
per minute, and that for laboratory animals lying in the
range of & to 60 breaths per minute (Furno, 198la; Thomas,
1974).

Respiratory arrest is second only to cardiac arrest in
its ability to cause rapid death of a hospital patient
(Cooley, 1977). The unpreéictable occurrence of apnea is

also a problem commonly encountered during experiments with



15

anesthetized laboratory animals (Chess et al., 1976). This
condition leads to the rapid deterioration of the
physiological state of the patient, and if not corrected
within a few minutes, to death or neurological damage. The
greatest need for spontaneous respiration monitoring exiéts
in patients where the probability of apnea is high, such as
in bremature infants, thoracic surgery patients, persons
with pulmonary or cardiac disease, neurosurgical patients,
and drug overdose patients (Cooley, 1977; Gordon and
Thompson, 1975). In intubated patients, the blockage of the
aif passage 1s also of major concern, since the vocal cords

are rendered inoperative by the tube (Pope et al., 1974).

Methodshgg'transduction

Réspiration is very sensitive to oral pressure;
therefofe, the breathing instrument must function with very
low flow impédance (Welkowitz and Deutsch, 1976).
Respiratory monitors have been developed which use a wide
variety of methods to detect respiratory activity and
although most function acceptably well under certain types
of conditions, none of the monitoring schemes have achieved
high reliability under varying patient conditions (Cooley,
1977). Some of‘the schemes used are described as follows:

° Changes in teﬁperature caused by airflow is
detected by a thermistor positioned in the

posterior pharynx via a nontoxic, flexible catheter



16

with thin leads passing out through the nose
(Gordon and Thompson, 1975; Jacobson and Webster,
1977). As the posterior pharynx receives both
nasal and oral airflow, inhaling through either

‘ causes temperature to fall and hence changes the
thermistor's resistance. The reliability can be_
enhanced by electronic signal conditioning and
detection circuits that respond only to
predetermined minimum changes in flow.

The airflow can also be detected by a thermistor or
thermocouple placed inside the nostril or near the
mouth (Cooley, 1977; Das, 1981; Gordon and
Thompson, 1975; Thoma;, 1974). The advantages of

. this method include léw neise and simplicity of
operation, while its disadvantages include its
being somewﬂat uncomfortakble, subject to errors
caused by coughing and sneezing, and susceptible to
changes_in bréathing patterns and ambient drafts.
-Changes in chest circumference can be detected by
mercury strain gauges or pneumatic expansion tubes
kCooley, 1977; Cromwell et al., 1980; Das, 1981;
Gordon and Thompson, 1975; Thomas, 1974). When the
flexible tube encircling the patient's chest is
stretched by inhalation, it elongates and becomes

thinner, with the measured wvariable changing
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appropriately. Although this method has the
advantages of low noise and simplicity of
6peratiop, it has the disadvantages of being
_dependent on body position and unreliable with
Adiaphragm breathing o6r respiratory like motions.
Body movements can also cause dimensional changes
in the tube unrelated to lung_volume changes, and
hence, cause artifacts.
'Changes;in tﬁe chest diameter can be detected by a
high-freduency, or ultrasonic, transmitter and
receiver %ystem (Cooley, 1977). The transmiﬁter
attached to the chest, and the receiver beneath the
mattress, detect respiration by the changes in the
distance between the two. Advantages of this
method include low noise and no patient leads,
while its disadvantages include a dependency on
body position and an unreliablity with diaphragm
'breathing or respiratory like motions.

Body motion caused by respiration can be detegted
by a pressure transducer in a thin air mattress
(Cooley, 1977; Gordon and Thompson, 1973).
Although this methed involves no patient contact,
it is subjécﬁ to artifacts, also responding to
mbtidns other fhan that of respiration.

The airflow in an external airway can be detected
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by an impeller, pneumotachygraph (differential

pfessure), hot wire, and ultrasound (Cooley,.1977;

Jacobson and Webster, 1977). Although this method

has the advantages of low noise and high accuracy,

it requires an external airway which increases

dead-space, and hence, increases the effort in

breathing.

ﬂespiratory events can be detected by any scheme that
monitoré vélume changes during the respiratory cycle, with
some methods that are difficult to calibrate, capable of
detecting relative ¢changes well. Among these is electrical
impédance pneumography, which although not suitable for
aécuratély measuring lung volume changes, is one of the most
extensively used methods for respiration rate detection
(Cooley, 1977; Cromwell et al., 1980; Das, 1981; Jacobson
and Wébster; 1977). Respiration produces cyclic alterations
in the electrical characteristics of the tissues of the
thorax, with the impedance ghanges due primarily to changes
in thg copductivity of the current path. As the chest
expands during inspifation, both the lung-tissue impedance
énd the impedanée of the thoracic wall itself increases,
with ﬁhe luﬁgitiésue filling with air, and the chest wall
sgcoming thinner as the circumference increases. Thus, the
volume changes in the thorax are reflected as impedance

' changes, which can be détected by passing a small high-
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frequency current through electrodes.

The impedance measurement can be made using two- or
four-electrode systems (Cromwell et al., 1980). In the two-
electrode system,'a constant current is forced through the
tissue between two electrodes and the resulting voltage
changes measured between these same electrodes. In the
four-electrode system, the constant current is forced
through the two outer, or current electrodes, and the
voltage is measured between the two inner, or measurement,
electrodes. The interﬁal body resistance between the
electrodes forms a physiological voltage divider, and the
small current flowing through the measuring electrodes
reduces the possibility of errors due to changes in the
electrbde resistance.

Since the quality of the electrode interface is
practically the sole determinant of the reliability of the
respiratory monitor, impedance monitors require moderate
care in affixing the electrodes to the patient (Cooley,
1977). Electrode placement is also moderately critical for
impedance rESpiratory monitors, with those devices which use
two electrodesiperforming the best when the electrodes are
placed on the -midaxillary line, one on each side of the
chest, at the fifth or sixth intercostal space (Coodley,
1977; Jacobson and Webster, 1977). However, if the patient

is restless, it may be advantageous to move the electrodes
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to the front of the chest (Cooley, 1977). ©Some two-
electrode devices also reguire a reference electrode which
~can be located somewhere between the two.

Although this method has fairly high accuracy, is
relatively simple to operate, and causes no patient
discomfort, it has a number of problems associated with its
use. . First, electrocautery devices, defibrillators, and
diathermy units all represent a potential threat to the
sensitive circuitry of the impedance monitors (Cooley,
1977). It is also likely that the monitor will fail to
operate properly while these other devices are in use on the
patient, or i§ the patient contacts a low impedance path to
grourid. Second, since the impedance pneumograph detects
trans£horacicvimpedance changes as the lung volume varies in
respi;atidn, falsenpositivelsignals may occur on electrode
movement or chest wall motion (Gordon and Thompson, 1975).
Third, impropgrly:adjusted electrical impedance monitors can
mistake cardiae activity for respiration, as there is a
small thoracic impedance change associated with each heart
beat (Cooley, 1977). 1In infants, thoracic impedance changes
may persist in apnea due to pulsatile blocd flow (Gordon and
Thompson, 1975).

The block diagram of an electrical impedance
pneumograph includes the following components (Cooley,

1977):
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ﬁOscillator and current source - Most impedance
monitors.empléy a high-frequency current to sense
impedance changes. The circuits are designed to
provide the constant AC current to the patient,
while making it possible to detect impedance -
changes directly by monitoring the voltage drop
across the patient using the same electrodes.
hlthough high-érequency current may be applied to
the:patient;without'harm, with currents as high as
1l mA acceptable at frequencies in excess of 10 kHz,
mest monitors use frequencies in the range of 50 to
1Q0 kHz, and curreﬁt% less than 500 uA rms (Cooley,
1977; Das, 1981; Thomas, 1974).

AC amplifier - The resuitant.high-frequency
potential which varies slightly in amplitude with
each breath, must be amplified to levels large
enough to be used by the rest of the
instrumentation circuitry.

Demodulator - Once it has been amplified, the
‘ﬁétential across the patient must be demodulated. to
préduce a-sIgnai which reflects the changes of
impedance due, to respiration.

DC amplifier - The respiration waveform must then
be amplified, as thg output of the demodulator

vields both the undesired baseline impedance, 100



22

to 1500 ohms, and the much smaller desired change,
0.2 to 10 ohms (Cooley, 1977; Thomas, 1974).
Capacitive coupling with a time-constant long

' enough to pass the respiratory frequency, 0.1 to 2
Hz, is used to extract the desired waveform (Das,‘
1981).

Respiratory pulse generator - To reliably count
respiration rate, most monitors feed the waveform
info a circuit which generates a single sharp pulse
for each respiratory cycle, i.e., a Schmitt trigger
input to a one-shot.

Conversion from period to frequency - Conversion to
a rate value can be accomplished using any of the
techniques described above for use in determining
heart rate.

Apnea alarm - Some monitors include a built in
alarm which is triggered if no respiration is
detected within a certain time limit, i.e., 10 to
20 seconds (Das, 1981; fope et al., 1974; Thomas,
1874).

Electrode fault alarm - Poor electrode contacts can
result in erroneously high or low counts on the
impedance rate monitor, and thus, some indication
~of electrode contact status is desirable. Many

devices are designed to provide indication that the
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interface impedance has become unacceptably high,

usually 4 to 10 times expected value (Cooley,

1977).

» ECG monitor - The ECG waveform can be provided from

’the same electrodes, with the proper filter

separating it from the carrier wave.
The front panel of a respiration rate monitor usually
includes the rate displayed on a meter, adjustable alarm
limits, alarm indicator lamps, electrode status lamp, a lamp
indicating each breath detected, and a sensitivity
adjustment (Cooley, 1977; Thomas, 1974). The sensitivity
adjustment is needed because of the wide physiological
variations between patients, which results in signals
representing normal respiration differing markedly in
aﬁplitude. The lamp indicating the detection of a breath is
valuable when méking such adjustments, and provides a

continuous indication of proper function.

The determination of rate

One of the major problems of measuring the average rate
of respiration is its extremely long inter-breath interval,
which results in a meter having a great deal of ripple or a
very slow respdnsel Té overcome this problem, Ben-Yaakov
apd Cbhen (1979) suggest the use of the rate multiplicatién
princ¢iple, whéreby the incoming rate is multiplied by a

constant factor to produce a train of pulses of a much
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higher frequency. . This train of pulses can then be
proeesséd by an averaging rate meter to produce an
acceptable analog output. Two integrator circuits are used
in the rate multiplication circuit, with the first producing
a voltage proportional to the breath-to-breath period, and
the second used with a comparator, to trigger a pulser at a
rate linearly related to the previously produced voltage.
Since knowing the actual rate of respiration is often
not as important as being notified of its cessation, several
apnea monitors have beeﬂ designed (Das, 1981; Chess et al.,
1976; Pope et al., 1974). In general, these monitors
consist of an analog integrator with a DC voltage input,
which generates a magnitude-limited output that increases
linearly with time at a rate proportional to the input
value. An audible alarm is enabled when the time interfal
between successive reset signals is such that the output of
the integrator increases past a preset level. If, however,
a reset signal is applied to the integrator before its
output reaches this preset level, the integrator is reset to

zero and the cycle is repeated.
The Monitoring of Temperature

As cne of the oldest known indicators of the generél
well being of a person, the measurement of body temperature

is considered to be one of the vital signs of medicine,
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Being of great imﬁortance in diagnosis and treatment. Two
basic types of temperature measurement can be obtained,_
systemic and skin surface, and although both provide
valuable diagnostic information, the former is more commonly
used. Systemicltemperature of the internal regions of the
body is maintained through a carefully controlled balance
between the heat generated by the active tissue, mainly the
muséles and the liver, and the heat lost to the environment
(Cromwell et al., 1980). This control system is known to be
affected by a group of substances, known collectively as
pyrogens, in the,bioodstream (Cromwell et al., 1980;
Spooner, 1977b}). An imbalance of the control system caused
by:such thiﬁgs_as the presence of infection or the products
of tissue destruction, permits the temperature to go higher
than normal, as though the thermostat in the brain was
turned up.

Marnity locations for core temperature measurement have
been investigated; but none have had the widespread
acceptance of systemic temperature measurements made in the
mouth or the rectum, wifh the esophagus sometimes used in
uhconécious patients (Cromwell et al., 1980; Jacobscn and
Webster, 1977; Welkowitz and Deutsch, 1976). Although for
hygenic reasons most temperature measurements are made in
the ﬁﬁuth, oral temperature is about 0.5°C lower than rectal

temperature, as it is somewhat dependent on the temperature
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of the gnvironment-(Jacobson and Webster, 1977).
Thermometers which méasure core temperature should be able
to monitor Lhe range of 35° to 44°C (Thomas, 1974; Welkowitz
and Deutsch , 1976).

Except for the narrower range reguired and the
différéﬁcés in the size and shape of the’sensing elements,
instrﬁments for the measurement of temperature in the body
differ very little from those found in industrial |
aﬁplications. A high degree of accuracy is not always
important, but the methods of measurement must be reliable
and easy £o perform, with the sensors fashioned for its own
particqlar sensing location, small enough that response time
is short and measurement localized (Cromwell et al., 1980;
Welkowitz and Deutsch, 1976). An indicating type of ‘
eleqtrqnic module is usually all that is required, needing
only tolge connected to the thermometer probe, and except
ﬁor periodic zeroing and calibration, having no operating
controls (Spooner, 1977b). As the sensor probe and cable
used in continuous.monitoriﬁg systems qften causes
discomfort to the patient, it is usually more suitable fqr
usé.op an ﬁnqonsciéus patient (Cromwell et al., 1980;

Jacob86n and Webster, 1977).

»
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Mefhéds of transdﬁction

Where continuous monitoring is not required, mercury
thermometeré are still the standard method of measurement,
aé thgy are inexpensive, easy to use, and sufficiently
,acquf;te'(CromWell*et al., 1980). Electronic thermometers
_haVé“bedome available as repladgments of the mercury
thermometers, with the thermistor- and thermocouple-based
instruménts being the first to appear. In thermocéuples,
the junction of two dissimilar metals produces an output
voltage nearly proportional to the temperature at that
junction with respect to a reference junction (Cromwell ef
al., 1980). Although they are low in cost and reliable as
tempéfature trapéducers, they have several disadvantages
which generaily make them difficult to ﬁsel These include a
low output voltage, a reference junction which must be
maintained at a known temperature, and an excitation current
through the thermocouple circuit which must be minimized to
avoid heating at the junction (Ben-Yaakov and Sanandagi,
.1976; Cromwell et al., 1980). ‘Additional errors can be
caused by the éeltier effeét, where one junction is warmed
thle the other is cooled. Ben—faékov and Sanandagi (1976)
sugﬁegt a circuit which reduces the complex electronics and
teﬁﬁgréture‘cdhtrbl of past designs, while avoiding the
above problems, by -using inexpénsive linear CMOS integratéd

¢ircuit chips as low~level signal conditioners and a bucking
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voltage for reference junction compensation.
”3A’thermistof is a thermally sensitive semiconductor
whose material possesses a high negative temperature
coefficient and whose resistance wvaries with the absolqte
temperature in an inverse exponential fashion (Cromwell e£

al., 1980; Thomas, -1974; Welkowitz and Deutsch, 1976):
Rt = Ro exp{k[(1/T) - (1/To)l}.

Although its disadvaﬂtageé include a nonlinear relationship
between reésistance and temperature, a danger of error due to
sélf-heating, the possibility of hysteresis, and chgnging
;hafactefistics_due to aging, its high sensitivity to small
temperature changes and high stability made it universally
.achpﬁ%d as the appropriate means for measuring patient
temperaéqre with medium to fdirly high accuracy (Cromwell et
al.; 1980; Spéoner, 1977b). The circuits can be linearized
if high éccuracy‘is required (Stockert and Nave, 1974), but
the range over which thermistors are used to measure body
temperature is ;elatively small and therefore in many cases
the ﬁbnlinearity.ig unimportant (Spooner, 1977b). A typical
therﬁistor probe témperatufe'mdnitﬁring instrument is just a
Whgatsﬁong bridge circuit; with the probe forming one arm of
the br;dget'anq the currents resulting from the bridge’
ﬁhbéléhée drivinglé cdrrent indication meter (Spooner,

4

1977b; Thomas, 1974). Dybvik (1976) and Rufer (1974),
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however, suggesp 5chemés which use constant curreﬁt bridge
hetw&rks, instead of the constant voltage configuration, to
avoid‘proﬁlems with unwanted voltage drops in the measuring
b?idges, thereby iﬁcreasing.linearity, |
.:Elegtronic thermometer circuits that use semiconductor
-diodés_dr transistors as its sensors were the nextltc
appear. The Vvoltage across the diode or the base-to-emitter
j#ngtidn of a transistor changes linearly with temperature,
'vary;ng at a rate of -2.2 mV per degree Celcius, with
constant current excitation of theé sensor ensuring that any
voltage change across the junction is a direct result of the
témperature changes at the probe (Koch, 1976; Nezer, 197?).
A number of. circuits have been suggested which take
advantage of this temperature‘sénsing écheme (Elmore, 1976;
Koch: 1976;.Ne§er, i977; Wurzburg.and Hadley, 1978).
Semiconductor integrated circuits have been introducéd
to ﬁheémébket for use as temperature sensors. Current mode
trahs&ﬁcers,.i.e.; the LM134/334 by National Semiconductor
Corp. (Cole, 1977) and the ADS90 by Analog Devices Inc.
(Eiecproniqs, 1977), produce output currents proportlonal to
thg abédlute temperature when driven by a DC supply voltage.
The ré#ge of‘these deviceélis a great deal less than that of
more #raditional temperature sensors, but they out-perfofm
tﬁefﬁo@duples aﬁd’thermistors in terms of linearity. The

LM134/334 requires a single external resistor for
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tgmperéture sensing applications, needing to be trimmed at
oniy one peoint for a 1% slope accuracy. The AD590,
méanwhile, is laser trimmed to produce 298.2 uA at 25°C,
with the output changing at a rate of 1 uA per degree
Celcius. These current mode transducers are ideal in rematé
sensing applications, as series resistances in long wires do
not affect their éccuracy and only two wires are required.

i Natioﬁal Semiéonductor (1977a) suggests a thermometer which
uses the LM134, while Kraengel (1980) uses the ADS590K.
Voltage mode temperature transducers, such as the LX5700
(N?tional.Semiconductor) which produce 10 mV per degree
Kelvin, are also available, and thermometers using them as
the Sensor probes have beeén suggested by Swift (1979) aﬁd
Fox (1980).

The Monitoring of Arterial Blood Pressure

JBlood pressure is considered to be a good indicator of
the status of the cardiovascular system (Furno, 198ié). For
np;mal beody function, the pressure‘in various organs should
ligsﬁiphin cerFa}n.limits,,with.both an increase,
ther&gﬁéion,rand a decrease, hypotension, being signs that
usual}y indicate conditions Callihg for medical treatment
(JagoSqu énd Webs$er; 1977). For a thorough hemodynamic
exémingﬁioh“df the car&io#ascular system, a complete

preésdre‘waﬁeform.is required; the indirect method of
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measuring blood pfeséure using a sphygmomanometer is thus
inadequate, and a direct method must be used in which the
Veséel“is-punctured (Jacobson and Webster, 1977; Welkowitz
and Deutgsch, 1§76); Afterial pressure is defined as
pressure'where the site of measurement is distal to the
aortiﬁ valves and proximal to the capillaries, and is taken
as an indication of the pefformance of the left ventricle of
the heart (Fox, 1977). It is dlso a good indicator of, and
much more readily measurable thah, cardiac output, and
fogéther with otheéer data, allows significant parameters such
as vessel compliance, blood volume, and peripheral
rgsistapce; to be inferred.

Thé heart pumping cycle and its associated pressure
waveform is repetitive and can be divided into two major
partsr(Croﬁwell et al., 1980; Fox, 1977). Systole is the
' ﬁefiod of'¢ontraction_of the heart muscle, specifically the
ventricles, at which time 5lood is pumped into the pulmogary'
.arteiy-and‘the'aorta, withféystolic pressure, being in the
rénég of 100 to 175 ﬁm Hg (Fox, 1977; Jacobson and Webster,
1977;'Tﬁémas, 1974), defihéd as the greatest pressure
reachgd:during-one cardiac cycle. Diastole, on the other
hana;wis the periocd of dilation of the heart cavities as
theylfill wiﬁh blood, with diastolic pressure, being in the
rang§_9§'60 to iOOfmﬁ-Hg (Fox, 1977; Jacobson and Webster,

1977;‘Thomas,:1974), defined as the minimum pressure
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obtaihed-rn one cardiac cycle; Other parameters of interest
include the pulse pressure, which rs the difference between
systolicTend diastolic pressure, and the mean pressure,
which is the true time-weighted average over one cardiac
cycle, approximately diastolic plus one-third of pulse

pressure (Fox, 1977).

Methods of transduction

In routine clinical tests, blood pressure is measured
indirectly using a sphygmomanometer, which although easy to
use, results in a somewhat subjective systolic and diastolic
arteriel pressure reading (Cromwell et al., 1980). Indirect
pressure readings can be automated by such methods as
osoi;lometry, acoustics, optics, doppler ultrasound, and
impedancehpiethysmography, though continuous recordings'haye
hot béen possible, as the practical repetition rate is
limited ﬁCromwell et al., 1980; Jacobson and Webster, 1977).
QOf the methods that have been developed, all function
satisfactorily in the patient with normal blood pressure,
but most fail when-the pressure is low, as in shock patients
where the monitoring is most needed However, this‘does hot
mean;that the indirect method‘of pressure monitoring is not
" of great value in intensive care.

The direot'meésurement of blood pressure includes ehy
determlnatlon of pressure whereln the measurement system

comes 1nto contact with the bloodstream. Although this
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method provides a. continuous detailed pressure contour and
is*cdnsiderabiy more accurate than indirect methods for
determining systolic and diastolic pressures, the patient's
condition must watrrant the potential risks inveolved with ;the
invésion of the vascular system (Cromwell et al., 1980).
For the direct measurement .of blood pressure, the pressure
source, someé point %n the Gascular system of the subject,'
must be coupled to the pressure sensing element of thé‘ ‘
transdﬁcer, which converts the mechanical energy of the
applied pressure into electrical energy (Fox, 1977). This
coupling of @he pfessure source with the transducer can be
aceomplished in several wayé (Cromwell et al., 1980; fox,

1977; Furno, 198lc):

.A'catheterigation method in which a liquid column
in the catheter transmits the blood pressure from
__the sénsiﬁg port at the catheter tip to the

diaphragm of an external transducer.

fA catheterizétion method involving the)placemenf Qf'
the transducer at the actual sité of measureﬁentrin
:Fhe blopdstream,-gither by béssing the transducer
‘through a catheter or by mounting it on the tip.
--VA percutgﬁeous metho&,in which the blood pressure
is\sensed in the vessel just under the skin by the
use of a needle or catheter.

. An’implanta;ion techn;que in which the transducer
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is more permanently placed in the blood vessel or
the heart by surgical methods. -

As these methods of pressure measurement involve direct
cdntgct’with the bloodstream, several precautions must be
taken. First, all surfaces contacting the bloodstream or
contagting, aﬂd including, the fluid colﬁmn in the catheter
must be sterilizéd (Fox, 1977)."Second, although
catheterization is relatively safe when experienéed
personnel use goodltechnique; the catheter could damage the
arteri;l wall if care is not exercised (Jacobson and
Webster, 1977). Further, extrésystoles have been observed
when the tip of the catheter touches the heart muscle.
Efnally;abecauée the catheter invades the vessel, it is
necessary to flush the tip eQery few minutes to prevent the
clotting of blood and the formation of emboli (Furno, 198lc;
Jacobson and Webster, 1977; Thomas, 1974).

With the pressure transducer connected to a patient's .
bloodstream by a conductive fluid, care must be taken that
no stray electrical currents are conducted through the fluid
column‘to fhé p;tient's heart. Since the catheter acts as a
goqd insulator, all leakage current would pass to the tip,
-Qitﬂ qurreﬁ%s as sméli as 10 ud héving the capability of
causipgfventriﬁﬁlar fibrillation (Jacobson and Webster, ’
1977)5 -Thefefo¥e, precautibns must be taken to insure that

the patient is isolated from.ground, so as to preévent
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current flow in the event of a transducer failure (Fox,
1977). Tﬁe trénsdﬁcers should further be able to withstand
the extreme voltages of defibrillation and electrocautery
w;tﬁout failing.

A pressure trahsducer has two inputs, an excitation -
signal and an applied pressure, and outputs an electrical
signal.dependent on both (Fox, 1977). Although an ideal
transducer would have a linear response for changes in
either excitation voltage or applied pressure, many
transducers'exhibit'a nonlinear response to changes in the
excitation signal, which résults from the heating effects of
the currents involved., The linearity of response to applied
preééure, however, is guite good, though in general, most
trahsducers have a slight hysteresis. Also, alfhoﬂgh an
ideal transducer would have an output signal of 0 V-with no
applied pressure, all transducers have some offset voltage
which may vary with either time or temperature and can
affect measurement accuracy appreciably once the signai
conditioner has been adjusted.

Transmission problems are associated with thé use of
fluidrfilled catheters in measuring blood pressure, with
factors sﬁch as volume displacement, geocmetry, and mass of
fluid; affecting thé resonant frequéncy of the system (Fox,
1977;‘Jacobson and Webster, 1977). Most transducers are

highly underdamped, and exhibit marked resonance in their
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frequency response (Fox, 1977). The fluid coclumn used, also
has a natural frequency or resonance of its own, that can
affect the frequency response of the system (Cromwell et
al., 1980). ‘Thus, the transducer and catheter must be
selécféd together, such that the upper limiting freguency of
the complete system is adequate, with an optimally damped
systeﬁ, 0.7 damping factbr, accurately reproducing an
arterial pressure waveform (Cromwell et al., 1980; Fox,
1977; Jacobson and Webster, 1977). As catheter tip
transducers have no fluid system between the pressure
meaéuriﬂg‘site and the pressure sensing element, they have a
higher frequency response and a more uniform freguency
characteristic (Fox, 1977; Furno, 198lc; Jacobson and
Webster, 1977). They are, however, expensive and prone to
damage (Furno, 1981c). Fox (1977) reports that the harmeonic
analysis of the blood pressure waveform of humans shows that
the amplitgde of the 5th harmonic is 5 to 15% of the
fundamental, while that of the 10th harmonic is 1.5 to 2% of
the fundamental, and that of the 15th harmonic is 1% of the
funqamental, thus making the required frequency response of
fke méa;uring system dependent on the fundamental frequency.
Several sources (Cromwell et al., 1980; Fox, 1977; Jacébson
and Webster, 1977) have recommended the use of a frequency

range ¢f DC to 30 Hz, with DC being necessary to measure the

mean component, and 30 Hz to include the 15th harmonic at
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120 beats per minute. 'Others‘(Eurno, 1981a; Thomas, 1974&;
ngkbﬁitz and Deutsch, 1976), héwever, have suggested thé£
larger frequency.ranges beé. used.

~ The most common type of pressure transducer is a
mechano-variable resistance, or strain gauge, which dépends
.ﬁbon the physical change in length or diameter of a wire
resistance-elemén£ due to stretching or other deformation
(érdﬁwell et al., 1980; Fox, 19?7; Thomas, 1974). The
strain elements, usually connectea a; part of a Wheatstone
bridge, are attached to the‘pressure diaphragm, bonded or
dnboﬁ&éq; in such a way, that as préssure increases, two
sﬁtetchiwhile two contract, with the changes in resistance
unbadlancing the bridge (Cromwell et al., 1980; Fox, 1977).
Aqyantages'of this type of transducer include small size,
good éemperatu;e sﬁability, high accuracy, low sensit;vity
tq-vfbration, and the capability of:béing,excited by either
ah’AC or DC signal, while its primary disadvantage is its
relétively low sen$itivity (Fox, 1977).

In thé differéntial transformer transducer, two
sggogdgfy coils ar? wounéloppositely and connected in‘series
(é;omwéii_eﬁ él:; }QQO); ‘Tﬁe transducer detects changes in
the maénétic-co;pfing betweeh‘tﬁese coils when the
méghetiéa;lylpe?meable core material, coupled to the elastic
mémber: is-moved‘rglative”to the coils, changing the

sy@metry,‘and producing a voltage change across the combined
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coiis (Croﬁwell et al., 1980; Fox, 1977). Advantages of
thisstype of traﬁsducer include high sensitivity and low
hysteresis, while its disadvantages include sensitivity to
vibration, low natural frequency, and a reguirement of AC
excitation, necesS@tating a demodulator in the signal
conditioner (Fox, 1977).

In the capacitive transducer, one plate of a parallel
plate capacitor iszcbupled to the elastic member (Cromwell
ettal., 1980; Fox, 1977). The transducer then detects the
changes in the capacitance when the area of its platés or
the distance between them is varied by the changes in
applied pressure. The advantagés of this type of transducer
include good frgqugpcy response-ﬁue to an extremely smali
displacehent volume, low sensitivity to vibration, and high
sensitivity to applied pressure, while its disadvantages
inciuqe_a highfimpgdance output, poor temperature stability,
lead wires whiqh introduce errors in capacitance, and a
requirement of AC excitation (Cromwell et al., 1980; Fox,
1977). .
| '.The bonded silicon element bfidge produces a sizable
change. in output vOltgge for a small displacement of the
pfésguée sensing diaphragm, eveﬁlat low DC wvoltage
-éxcitation (Cromwe}l et al., 1980). However, this high
sensitivity is obtained aﬁ the expense of temperature

stability. ‘Del#unois (1974) reports obtaining highly
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éétisfégtory results in tests conducted on the LX1600A
(Nétional Semiconductor), an absolute pressure transducer,
when it first became commercially available. Calibrations
gerformed’with the fyansducer in the physiological rarige
showed perfect linearity, an output of 0.75 V per 100 mm Hg,
and no détectable'hysterésis. NSC has since developed a
line.éf preséure transducers of varying configurations and
specifications for different applications (Natiohal
Semiconductor, 1977b; National Semiconductor, 1979a).

In a diréct—cou#led pressure amplifier system, a DC
voltage acts as the excitation signal to the transducer,
which then returns a DC signal proportional to the pressure
ipput (Fox, 1977). As the fregquency response of the
am?lifig; is usually muéh higher than required by the signal
or the transduce;-catheter system, the returned siénal is.t
filtered to‘eliminate electromaghetic iriterference before
furfher}processiﬁg takes placé (Fox, 1977). The bélance
control sets the output of the amplifier to O V when only
aﬁmospheric pressﬁrelis applied te the transducer, and is
' aiwé&s ﬁécesséry due to variations in atmospheric pressure
and the-physiqa;-positibning,of the transducer‘(Fox, 1977;-
Thomas, 1974). :The amplifier sénsitivity control