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ABSTRACT

An esophageal multiprobe capable of continuous monitoring of 

body core temperature, ECG and heart and lung sounds was designed and 

constructed.

The esophageal multiprobe was fabricated using a PVC supporting 

tube with four carbon impregnated vinyl conductive strips embedded in 

the wall of the tube. A heat sensitive integrated circuit chip, at

tached to the distal end of the tube, was used as temperature sensor. 

Heat shrink tubing made of carbon impregnated polyolefin was used as 

electrode material. A connector was constructed to interface the esopha 

geal multiprobe with an external temperature monitoring device which was 

designed using low cost operational amplifiers and a digital panel meter 

to display temperature readings.

The temperature measurement circuit was tested in the laboratory 

The results showed that the circuit had an accuracy of ± 0.2°C and negli 

gible nonlinearity within the temperature range from 25°C to 45°C. The 

results of animal tests showed that the carbon impregnated polyolefin 

can be used as ECG electrode. The flexibility and low production cost 

of the material makes it a promising alternative for conventional metal 

electrodes.



CHAPTER 1

INTRODUCTION

It is a general practice during surgical procedures to monitor 

several vital life functions such as temperature9 heart sounds, respira

tion, and heart rate or electrocardiogram (ECG). In many operations in 

which the operative position, or the surgical site cannot allow the 

attachments of a number of separate transducers and instruments to the 

patient, an integrated device capable of performing routine patient mon

itoring is clearly needed. A prototype esophageal multiprobe capable of 

continuous monitoring of body core temperature, heart and lung sounds, 

and ECG has been developed (1). Further modifications of this device, 

including a disposable esophageal multiprobe and a temperature monitor 

with digital readout will be described in this article.

\
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CHAPTER 2

BACKGROUND

The use of an esophageal probe to record ECG signals for clinical 

applications has been studied for some time (2,3,4,5). Since the esoph

agus is located close to the left atrium, an esophageal ECG can provide 

additional information concerning the atrial activity over that obtained 

from the standard 12-lead ECG. Clinical applications of esophageal ECG 

in the diagnosis of atrial arrhythmias has been reported by many re

searchers. The large P waves associated with the esophageal ECG may 

help in the differential diagnosis of supraventricular and ventricular 

tachycardia (6). ■

Esophageal stethoscopes are in common use and manufactured by 

several companies. Several studies (7,8,9) show that heart sounds re

corded from patientvs esophagus have less distortion and more detail 

than those recorded from the patient’s chest. In 1954 Smith reported an 

esophageal stethoscope placed at the level of the base of the heart to 

monitor patient’s heart and lung sounds (10). Changes in cardiac murmurs 

were easily heard during cardiac operations, and the accumulation of tiny 

amounts of secretion in the tracheobronchial tree could be detected dur- 

*ing pulmonary surgical procedures.

Severinghaus (11) reported an esophageal probe monitoring device 

for ECG and temperature measurements. German silver was used as

2



electrode material and a thermistor as a temperature sensor. Large low 

frequency artifacts caused by respiration and swallowing were excluded 

by a high pass filter (cutoff frequency at 3 Hz) built into the device. 

Kavan and Colvin (5) reported a combination of esophageal stethoscope 

and stainless steel ECG electrodes as a monitoring device during surgery. 

Minor variations in the ECG tracings due to motion of the heart or res

piration were observed. Esophageal temperature probes using thermistor 

as temperature sensor are commercially available.* One company manu

factures the esophageal stethoscope incorporated with a thermistor for 

temperature measurement.**

Whitby and Dunkin (12) reported the existence of longitudinal 

and lateral temperature variations in the esophagus. They advised.that 

temperature measurement be made at least 24 cm below the corniculate 

cartilage to avoid variations due to respiration.

The electrode-electrolyte interface is the major performance 

limiting factor in making measurements of bioelectric events. Warburg 

(13) suggested that an electrode-electrolyte interface can be represented 

by a series resistance and capacitance. Both the resistance and capac

itance are functions of frequency described as follows:

R « Kjf (1)

”a2C = Kgf (2)

*Yellow Springs Instrument Co., Yellow Springs, Ohio.
Jelco Laboratory, Raritan, N. J.



In the equations above, K^, are constants and their magnitude are

dependent on the electrode material selected, f is the frequency, and

both the values of and are approximately equaled to 0.5. Also,

the series resistance and capacitance are current dependent when the
2current density exceeds 1 mA/cm . Several kinds of metal have been 

evaluated as electrode materials and the results are consistent with 

the model (14). Flexible electrodes made of elastomeric materials, such 

as carbon-filled rubber, silver-filled silicone rubber and vinyl,, etc., 

have been evaluated as possible replacements for conventional metal 

electrodes (15).



CHAPTER 3

SYSTEM DESIGN

The measurement system consists of three main parts« They are: 

(1) a plastic supporting tube mounted with a temperature sensor and 

three ECG electrodes made of heat shrink carbon impregnated polyolefin 

material, (2) a temperature measurement circuit with digital readout, 

and (3) a connector to interface the probe to the circuit and to a 

stethoscope for heart and lung sounds monitoring,

' 3.1 Probe Design

The probe was fabricated using PVC tubing with outside diameter

of approximately 1 cm and length of 45 cm suitable for adult use. Four

carbon impregnated vinyl conductive strips,' each with cross section area 
2of about 2 mm were embedded in the full length of tubing. The tube was 

fabricated by extrusion techniques with the embedded strips exposed on 

the outside. The tube was then dipped in PVC to coat the outside of the 

strips for the purpose of electrical insulation. Due to the advantage 

of low cost and ease of attachment, heat shrink tubing made of carbon 

impregnated polyolefin was evaluated as electrode material (see section 

on Laboratory Testing).
2One electrode with surface area of 11 cm was shrunk onto the 

distal end of the tubing. The connection of the electrode to one of the 

conductive strips was made by sanding the insulation coating of the strip



located underneath the electrode. The second electrode, with the same 

size as the first one, was attached in a similar manner to the middle 

of the tubing (16 cm from the distal end). The third electrode (16 cm 

long) used as ground electrode was attached to the proximal end of the 

tubing. Teflon tape was placed around the tubing under the electrodes 

to provide additional insulation from the conductive strips which were 

not to be connected.

An integrated circuit chip AD 590* was used as a temperature 

sensor. By applying voltage within the range of 5V to 15V across two 

leads of the chip, the current (yA) flowing through it is proportional 

to the absolute temperature of the chip. For example, the current is 

equal to 273.2 yA at 0°C. Manufacturer specifications indicate a chip 

accuracy of ± 5°C and linearity of ± 2°C. The accuracy of the chip was 

tested in our lab (see section on Laboratory Testing). The chip was 

glued in a small hole cut at the distal end of the tubing. Its two 

metal leads were interfaced to the conductive strips by carbon impreg

nated PVC paint.

To prevent body fluid from entering the tube, a thin latex mem

brane (small size finger cot) was placed over the distal end of the tub

ing. Because of its low acoustic loss, the membrane should not impair 

the transmission of heart and lung sounds.

Analog Devices, Norwood, Mass.



3.2 Connector Design 

A connector was designed to interface the plastic conductive 

strips with metallic leads to bring electrocardiogram signals to the 

external monitor and provide power to the temperature chip. The con

nector has five metal pins with four of them penetrating the conductive 

strips and the remaining one directly in contact with the ground elec

trode at the proximal end of the tubing. A Luer fitting connects with, 

the lumen of the listening tube for the attachment of a standard steth

oscope headset. The complete multiprobe is shown in Figures 1 and 2.

3.3 Temperature Measurement Circuit 

The temperature measurement circuit can be divided into func

tional parts as shown in Figure 3. The complete circuit is shown in 

Figure 4. The temperature sensor is the AD 590 chip. The current-to- 

voltage converter converts the current (Im) flowing through the temper

ature sensor into a voltage (VI) for signal processing convenience. VI 

is proportional to Im which is proportional to absolute temperature.

The reference voltage circuit is added to make the output signal V4 pro

portional to degree Celsius instead of absolute temperature. A voltage 

follower is used in conjunction with a temperature compensated zener 

diode to provide the reference voltage and prevent interaction with other 

stages.

The outputs of the current-to-voltage converter (VI) and the ref

erence voltage circuit (V3) are connected to the inputs of the temper

ature conversion circuit which is a difference amplifier. The output 

(V4) and the inputs (VI, V3) hold the following relation:
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Figure 1. The Complete Esophageal Multiprobe
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Figure 2. End Views of the Supporting Tube and the Connector of the Esophageal Multiprobe
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Figure 3. The Block Diagram of the Temperature Measurement Circuit
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V4 = 2V3 - VI (3)

Note 2V3 is set at - 2.732V which corresponds to 0°C (273o2°K).

The output of the temperature conversion circuit (V4) is con

nected to a three digit, digital panel meter with an internal sampling 

rate of 25 reading/second and a "hold reading" feature. The sampled 

temperature readings are held and displayed for 2 seconds as described 

below.

To prevent internal heating of the temperature sensor, the duty 

cycle generator was designed to supply power to the temperature chip for 

0.5 seconds every 2 seconds. The output waveform V7 is shown in Figure

5. In Figure 4, when V5 = OV, the transistor Q1 will not conduct and 

V7 = V6. For a conductive strip resistance of 20K Ohms, V6 should be 

set high enough to keep the terminal voltage of the temperature chip 

above 5V within the temperature range from 30°C to 45°C (sensor current 

from 303.2 ^iA to 318.2 yuA) . When V5 = 15V, the transistor will be sat

urated and no power is applied to the temperature sensor, V8 is the 

control voltage for the digital panel meter to hold the reading when 

power is not applied to the temperature sensor.

3.4 Patient Safety

Use of the esophageal multiprobe creates several potential 

hazards (16). They aret (a) patient burn due to passage of R. F. cur

rent from the electrosurgical device through EGGielectrodes and back 

through an external return path. (b) Possible myocardial stimulation 

from AC leakage currents through such electrodes directly behind the 

heart. (c) Possible electrochemical burn from continuous DC leakage
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Figure 5. The Power Supply Waveform (V7) for Temperature Chip.
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currents through the electrodes, (d) Possible mechanical injury to the 

esophagus from hard or sharp surfaces on the probe.

In order to prevent potential electrical hazardsp three cur

rent limiting devices (Iso switches)* were used in series with the three 

ECG leads. When AC current through the Iso switch is larger than 10 piA9 

the device will switch into the "OFF" state and current will be limited 

to a few tenths of a microampere. The resistance of the device to DC 

current approaches infinity. Therefore, DC current cannot pass through 

the device. To avoid mechanical injury, special care was taken to avoid 

sharp or rough edges. The use of flexible electrodes instead of metal 

reduces the possibility of injury to the patient's esophagus.

Ohmic Instruments Co., St, Michaels, Maryland



CHAPTER 4

LABORATORY TESTING

The polyolefin ECG electrode material, temperature sensor, and 

temperature measurement circuit were tested in our lab.

The heat shrink carbon impregnated polyolefin was evaluated as
2electrode material. Two pieces (each with a surface area of 5.3 cm ) of 

the material were obtained for testing. One electrode was glued to a 

circular piece of wood and mounted in the needle end of a 50 ml syringe 

The other electrode was mounted on the end of the plastic plunger. 

Saline solution of 0.9% concentration was placed between the two elec

trodes (Figure 6). Metal wires were connected to the electrodes as 

shown in Figure 7. Carbon impregnated PVC paint was painted on the 

interface between wires and electrodes to insulate the wires from the 

saline solution.

The syringe assembly including two electrodes and the column of 

saline solution can be represented by the model shown in Figure 8. Rel 

Re2, Cel and Ce2 are the series resistance and capacitance of the 

electrode-electrolyte interfaces. Rs is the resistance of the saline 

solution.

An impedance bridge was constructed to measure the electrode

electrolyte impedance (Figure 9). The syringe assembly was connected 

as one arm of the bridge. Assuming the two electrode-electrolyte
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Carbon Impregnated Polyolefin Electrodes
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Figure 6. The Syringe Assembly for Electrode Testing
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Metal Wire

Carbon Impregnated
Conductive --
Paint Carbon Impreg

nated Polyolefin 
Electrode

Figure 7. The Connection between Metal Wire and Electrode. —  The 
electrode surface area is 5.3 cm2.

Rel Cel

O

Rs Ce2 Re 2

A V — II------ AAA
Figure 8. The Electrode-Electrolyte Model for the Syringe Assembly. —  

Rs— Saline Solution resistance. Rel, Re2— Series resistance 
of the elctrode-electrolyte interface. Cel, Ce2— Series 
capacitance of the electrode-electrolyte interface.
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Figure 9. The Impedance Bridge for the Measurement of Electrode- 
Electrolyte Interface Impedance
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impedances are the same, the model can be simplified to a series 

combination of a resistance Re = 2Rel = 2Re2 and a series capacitance 

Ce = 1/2 Cel = 1/2 Ce2 (Figure 10). By adjusting R3 and C3 until a null 

is achieved, then R3 = Re + Rs and C3 = Ce. If the length of the saline 

solution column is reduced to one-half and the bridge balanced, R3 '

= Re + 1/2 Rs and C3T = Ce. Now subtract R3y from R3 and Rs can be cal

culated. Knowing the value of Rs, a single electrode-electrolyte imped

ance can be calculated as follows:

Rel = Re2 = (R3 - Rs)/2 (4)

Cel = Ce2 = 2C3 (5)
2The current density was kept constant at approximately 0.01 mA/cm by

selecting R1 and Rs (Figure 8) equal 100K Ohm which is much larger than

the impedance of the electrode-electrolyte interface.

The series resistance and capacitance and the total impedance 

of the electrode-electrolyte interface as functions of frequency are 

shown in Figures 11, 12 and 13. In order to compare the data with those 

of other electrode materials, the resistance and capacitance were re

corded as per unit area values.

The circuit for testing the accuracy of the temperature sensor 

is shown in Figure 14. Two resistors (R) corresponding to the resistance 

of conductive strips were connected to the two leads of the temperature 

sensor. At room temperature (25°C), the current changed 0.5 yA when the 

terminal voltage changed from 5V to 10V. This change corresponds to a 

0.5°C drift. It was found that more accurate readings, compared to a
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^ V V "

Ce Rsw-
Figure 10. The Simplified Electrode-Electrolyte Model for the

Syringe Assembly. —  Rs is the resistance of the saline 
solution. Re, Ce are the total series resistance and 
capacitance of the two electrode-electrolyte interfaces
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Figure 12. Dependence of the Series Capacitance of a Single Electrode- 
Electrolyte Interface of the Carbon Impregnated Polyolefin 
Electrode on Frequency. —  Electrode area = 5.3 cm^, current 
density = 0.01 mA/cm^.
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Figure 14. The Testing Circuit for Temperature Sensor
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mercury thermometer9 could be obtained by keeping the terminal voltage 

closer to 5V.

The accuracy and nonlinearity of the temperature measurement 

circuit was tested by varying the temperature of the sensor while com

paring temperature readings with those recorded from a mercury thermom

eter. The result is shown in Figure 15. Within the range of 25°C to 

45°C, the maximum deviation of the readings from the least square fit 

line was ± 1 percent full scale.

The stability of the circuit during warm up was tested by mon

itoring the change in output readings at room temperature. The reading 

increased 0.5°C during a ten minute warm up period. For the next two 

hours9 the output remained stable within ± 0.1°C. Internal heat gen

erated by the power transformer probably produced the ten minute warm up 

time.

A response time of one minute for the temperature measurement 

was obtained by recording the rise time to an abrupt change of temper

ature from room temperature to 50°C with the probe dipped in water. The 

result showed a temperature rise curve resembling the response of a first 

order system to a step input. The response time was the time constant 

for the temperature rising to 63 percent of the final reading. Large 

thermal resistance resulted from the surrounding silastic membrane was 

probably the major factor for the long response time.
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Figure 15. Test Results of Accuracy and Nonlinearity for Temperature 
Measurement Circuit



CHAPTER 5

ANIMAL TESTS

The system was tested on a dog to verify the performance data 

obtained from lab tests. An ECG tracing with some baseline drift was 

recorded (Figure 16). An unexpected problem in temperature measurement 

occurred. After the probe was inserted into the dog, an erroneous read

ing was displayed. Further laboratory testing indicated that an inter

strip conduction path was formed when the probe was immersed in a 

conductive solution. The conduction path in shunt with the temperature 

sensor provided a low resistance path which resulted in abnormally large 

input current to the temperature measurement circuit and thus an errone

ous reading. The insulation layer was not sufficient using the fabrica

tion technique described previously.

In order to test the carbon impregnated polyolefin material as 

ECG electrodes, it was decided to conduct the second test. To prevent 

the effect of resistance variation of the conductive strip, metal wires 

were used to connect electrodes to the ECG monitor and write-out. Two 

probes were fabricated after the first test with only ECG electrodes on 

them. Electrode placement was the same as described above. Connections 

to the electrodes were made as follows t #28 stranded wire was threaded 

through the lumen of the esophageal probe and out through the wall at 

the electrode site. The bare wire was then wrapped around the exterior

27
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of the probe several times prior to heat-shrinking the electrode 

material over the wire and tube.

The probes were then tested in a dog and the ECG signal observed 

on an operating room monitor and a standard ECG write-out. To assess 

the extent of movement artifact from the electrodes, ECG recordings 

were made during normal respiration, physically pushing on the animal1s 

body, and slowly withdrawing the probe from the esophagus. The results 

are shown in Figures 17, 18, 19 and 20. Normal respiration caused only 

a small baseline shift. Also the animal can be significantly pushed, 

shoved, and moved around without affecting the trace, except when the . 

pushing or movement is in the area of the neck where the electrode

electrolyte interface is directly affected. It was anticipated that ex

treme DC shifts would be created as the probe was slowly withdrawn. 

However, only rapid movement of the probe caused significant shifts to 

the point of moving the trace off the screen or out of the range of 

the write-out.
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CHAPTER 6

DISCUSSION

The testing results of carbon impregnated polyolefin electrode 

showed that the values of series resistance and capacitance of the 

electrode-electrolyte interface decreased when the frequency increased. 

The series resistance did not follow the relation R = Kf ^ proposed by 

the Warburg's law. The series capacitance could be described by a func

tion of frequency as follows:

CCyF/cm^) = 475f

However, the exponent value of 1.2 differed significantly from the value

of 0.5 suggested by Warburg.

Each of the two active ECG electrodes attached to the esophageal
2multiprobe has a surface area of 11 cm . Using the results of electrode 

testing, the calculated total impedance of the electrode-electrolyte 

interface is 3,000 Ohm. This value is much smaller than the input im

pedance of a standard monitor. Therefore, the distortion and amplitude 

reduction of the ECG signals can be minimized.

Three potential problems associated with the design and use of 

an esophageal multiprobe were identified. These are: (1) ECG trace

baseline shift caused by respiration, and the related electrode motion.

(2) Variation of strip resistance caused by initial heating and subse

quent stretching. (3) Interstrip conduction paths.

34
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The first problem can be solved by preprocessing the ECG signal 

before it enters standard monitor or electrocardiograph recorder. By 

using a high pass filter, the low frequency baseline drift can be re

duced substantially, Although the precise configuration of the ECG wave

form will be distorted by signal filtering, pertinent information for 

diagnosis of conduction defects, arrhythmias, and arrest, such as alter

ation in pattern; rate, rhythm, PR and QRS intervals will not be af

fected (5) .

The variation of strip resistance from stretching the tubing in 

the range of ± 20 percent was reported previously (1)• The heat applied 

to shrink the electrode also caused the strip resistance to increase 

drastically from 10K Ohm to 2OK Ohm when the tubing was stretched. The 

cause of this significant resistance increase was probably the result of 

heating on the conductive strips when electrodes were shrunk onto the 

tubing. This effect was easily demonstrated by stretching the tubing 

around the site of the electrode. When the total resistance of the two 

strips connected to the terminal of the temperature sensor increases 

above 150K Ohm, accurate temperature reading cannot be obtained due to 

the voltage limit of the power supply and thus the terminal voltage of 

the temperature sensor cannot be maintained above the minimum voltage 

required. This problem can be avoided through selection of low resis

tance and less heat sensitive materials for conductive strips and more
/

careful shrinking of the electrode.

Finally, better manufacturing methods would provide sufficient 

insulation to prevent any interstrip conduction path.
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