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ABSTRACT

A computer based, multichannel physiological temperature monitoring system
is described. Thermistor probes are used as temperature transducers. A constant
current thermistor driver converts the resistance of the thermistor probe to a tem-
perature dependent voltage. This voltage is digitized by a multichannel analog to
digital converter on command of a small computer. The computer controls the ratc of
data collection, stores the data, and performs the necessary algebraic manipulations
to convert the data to a tabular or graphic temperature display. System operation,
including thermistor calibration, data collection, and data reduction is discussed.

Flow charts of representative software and schematics of hardware are included.



I. INTRODUCTION

A system for the acquisition, storage, manipulation, and display of temperature
data in physiological experiments is described. The system was developed to measure
regional cerebral temperature changes during-early transient incapacitation following
high doscs of whole-body irradiation to subhuman primates.

Hcat is a by-product of metabolic and functional activity in brain tissue. The
rate of heat production and the rate of heat clearance can be related to changes in
brain physiolog‘y.l’ % n normal brain tissue there are two distinctly different types of
temperature change related to brain function. First, there are small changes, typi-
cally 0. 05°C in magnitude, related to changes in regional activity. The time course
of these changes tends to be short, lasting from a few seconds to several minutes.4
The second class of temperature changes is related to circadian rhythms. These
changes are large, 1% 200, and of long duration, typically several hours. Brain tem-
perature changes of long duration have been reported following whole-body irradiation

in rabbits,2

and since early transient incapacitation is a short duration phenomenon,
it is reasonable to expect short duration changes in brain temperature to accompany
it.

Any system for the measurement of brain temperature must then meet the fol-
lowing criteria. First, it must possess adequate resolution to detect fluctuations in
temperature of 0. 05°C while possessing adequate dynamic range to detect changes of
several degrees within the physiological temperature range of the animal. Second, it

must possess adequate temporal resolution to detect fast changes while maintaining

long-term stability to detect changes occurring over several hours.



II. SYSTEM DESCRIPTION

The system developed to meet these criteria uses thermistor probes for temper-
ature sensing, thermistor drivers, an analog to digital converter, a digital computer,
magnetic tape data storage, and graphic output via a high-speed line printer. The use
of a digital computer provides multichannel capability; provides necessary resolution,
dynamic range, and stability; and facilitates calibration, data manipulation, and dis-
play. A block diagram of this system is shown in Figure 1, and an example of the
system's output is shown in Figure 2. Results of the experiments conducted at AFRRI
on cerebral temperature following irradiation are published elsewhere.® The function
of each major system component will now be examined in detail.

Thermistor probes. The thermistor probes used with this system to measure

regional cerebral temperature are Fenwal Electronics Model GB32. These thermis-
tors have a nominal resistance of 2 kilohms at 20°C.

Thermistor drivers. The thermistor driver module contains a reference voltage

source, a constant current generator, and amplifiers. The reference voltage is de-

rived from a standard mercury battery, is amplified, and is used to control the constant

THERMISTOR A-D SDS-920
DRIVER > CONVERTER COMPUTER

MAGNETIC
TAPE

THERMISTOR A

PROBE HIGH

SPEED
cLocK PRINTER

Figure 1. Block diagram of the system



current source. This source is an operational amplifier,

and the thermistor probe is

included in its feedback loop. A differential amplifier measures the voltage drop

across the thermistor and provides a voltage gain of two.

provide an additional voltage gain of 20 (Figure 3).

A final stage is utilized to

43
e - P e e e e r -
| | |— 1o | | I— | [ | | |
| { i |
| | | | X i | 5 L,
42 -....-..I.-r-n..-r...;.- [ DY U TR Y ST -r.-..-.-_-_-_l._.--r- St ek -|.-I.~}._r~_-|.-..~ -tyz:‘,:::!s; ':.:':I:G ';tz’r.: 2o0
It 121 - e am r--.
s | E | - i p* ama
) | L | | | i [:'2
E Rttt sl e R e S S e it -----r.....-.._,.-_-.... o o o ....._._._...' S el i e e L R lebat "L B
EY ' 1 | i | B tH MUS B "‘_<<<' T« PETRY L
= | | ' | I i | f A ! | [
[ . ]
- | | | | . | | o | L
v P 3 [ SERETRUE S APy YR G S Spupap e Sy S -..___r-—----_l——......-...}.-)-_r-— -r.-__r ‘__'-T- "“.““ESFEESBSEE :;__-":E:
- f s i | Lgush SE-PLLEES
H ! s  Rbs ]
L P = Doy
5 ........ (o W 0 ¥ S8 R == SR o1 =~ I | L _,-__-,.:E;::h_-_ -::‘_.,_____::.:_-_1.__‘-_--|.._,._,,. __________________
5 #, . '
: MOTOR  CORTEX - s [
. L =
g 40F----- (RO U IR |y S B T b T TS N e <E ....... ::’t-.-... ....... - L—~—--}- ........... [T
L | g= | [ |
< | | o8 o
& s TP B L [ e |
; .2‘.':::5.:::,:2‘.-‘:":_:0_--_,._..~..-,.-,“_-p._,.-..-;._..__,;E:_.e-.._,.__..r+. ..... tg_zu FOTORA NP 0 N ) St SO0 OSSN OSSOSO
& : Loggts 4= . OCCIPITAL CORTEX - 1
= 3 pgog¥de® « a2’ | ‘
DR LA FR ., vHolsa et bod < I w® a1l |
K [-3 I T Ieane R, S SRR UPN ] L e LT ot Y VOO 0 SOOI SN - SO Ul NS — T | SOOI o
TV~ - Quﬂ“ -----.- ! =
L LI, amBa""® e f
' Y aca_ @ . « i H «* ' o | 1
28a8”%%an®nana « 5
L 4 < PO H |
______________ B e vt SN0 FJ YOG DSOS SRSt AR b e e
! i < afu e P pe | |
1 Bw i waa i 144)( ~
e ¥y LB
wt
38 :::::::::1:::::::::E’::.‘::::::t:::::,&:;::::_:::::ti‘?:z:;::::z‘,ﬁ::::h::: AELEEARANMNMEAMMANMMLLALEsaMSMRLALLREAARARLLALY
(R 1 5 ST A o N G Y N (I | M O O i O ST

60 90
TIME POSTIRRADIATION (minutes;

120
)

Figure 3.

Figure 2. Example of temperature plot provided by the system as recorded by
five thermistor probes (labeled A-E) in three regions of the brain of
a rhesus monkey. Each point represents a 2-minute average of data
taken once per second. Ionizing radiation was delivered to the ani-
mal in a pulse at time = 0,

CURRENT
SOURCE

REFERENCE

CELL l

REFERENCE
AMPLIFIER

DIFFERENTIAL
AMPLIFIER

VOLTAGE
AMPLIFIER

Block diagram of the thermistor drive electronics. T is the thermistor.



Heating due to current in the thermistor probe itself must be minimized to in-
sure accurate temperature measurement. Currents in excess of 1 milliampere cause
appreciable heating in the GB32 thermistor so a value of 100 microamperes was chosen
as the thermistor drive current. The GB32 thermistor's resistance at 38°C is approx-
imately 1000 ohms; therefore the voltage drop across the thermistor is approximately
0.1 volt. The AFRRI data acquisition system (DAS) analog to digital converter will
accept signals between -8 and +8 volts de. The overall voltage gain of the thermistor
driver amplifiers is 40, yielding an 8-volt output at 20°C. The thermistor drive cur-
rent and amplifier gain settings are thus optimized for the GB32 thermistor within the
physiological temperature range.

Analog to digital (A-D) converter. The component that limits the accuracy of the

system is the A-D converter. The converter utilized in the present system is capable
of 12-bit resolution, and sign, from -8 to +8 volts, giving an accuracy of one part in
8000, or 2mV in 16 volts. With the thermistor drive electronics connected to the inpﬁt,
the A-D converter becomes an ohmmeter capable of .5-ohm resolution. At a physio-
logical temperature of 3800, a .5-ohm change in a GB32 thermistor represents a change
in temperature of approximately . 015°C. This is the resolution limit of the system.

Computer system. The computer controls the data collection process, manipu-

lates the data, and stores it on magnetic tape. In addition, the computer controls the
calibration of new thermistors and displays results from experimental temperature
determinations.

The computer in the current system is an SDS-920. Data are input via the A-D

converter described above. The rate of data collection is controlled by an external



clock, input to the computer via its priority interrupt system. Output is to 7-channel,
200-bit per inch magnetic tape for data storage, and to a high-speed line printer for
data display.

Software. Data collection and reduction programs are written in FORTRAN,
Input of data from the thermistor probes via the A-D converter is accomplished by a
FORTRAN callable machine language subroutine "ADCIN'", ADCIN digitizes the input
signals on all eight inputs of the A-D converter and stores the digital values in eight
memory locations which may be accessed by a subscripted variable in the subroutine
call statement. Once entered, ADCIN waits in an endless loop until it receives an
interrupt, then digitizes and exits to the main FORTRAN program. Frequency of dig-
itization is thus dependent on the frequency of a clock interrupt.

Three main FORTRAN programs utilize ADCIN. The first program is used to
calibrate each channel of the resistance-measuring system of the A-D converter and
the thermistor drivers. Each channel of the system is calibrated by connecting its
input to a resistance box and collecting 60 data points at resistance settings between
500 and 1500 ohms in 100-ohm increments. A linear regression subroutine then pro-
vides an equation relating the integer output from the A-D converter to the actual
resistance input to the thermistor driver for that channel. The program is capable of
sequentially calibrating several channels and yields a paper tape output that contains
the calibration equation and channel identification information.

Since thermistor probes are permanently implanted in animals and thus are
used only once, a program was developed to calibrate large numbers of thermistors.

A reference thermistor, connected to one channel of the system, is used as the



standard against which the other thermistors are calibrated; therefore, the accuracy of
the system depends on the calibration of this reference thermistor. In the brain tem-
perature study, an overall accuracy of +0. 1°C was adequate over the physiological
temperature range of interest. Accordingly, a steel-clad Yellow Springs Instrument
Company telethermometer probe was calibrated in a water bath against a laboratory
thermometer of 0.1°C accuracy. Temperature and probe resistances as measured
with a standardized digital ohmmeter were recorded over a temperature range of
20°-50°C. A least squares regression analysis was used to fit a calibration equation
to the data.

In the thermistor calibration program, the reference thermistor is connected to
one channel of the system, while another channel is connected to the thermistor to be
calibrated. Up to 12 thermistor probes may be calibrated by switching between them
sequentially during the calibration procedure. The reference and probe thermistors
are then immersed in a water bath, and data are collected at temperatures from 35°
to 45°C in 0.5°C increments, using ADCIN. At each point, the reference thermistor
is the independent variable while the output of the unknown thermistor is the dependent
variable. The channel calibration paper tape is read into the system and is used to
allow the computer to calculate the resistance of both the reference and probe thermis-
tors., Using the calibration constants for the reference thermistor, the temperature
of the water bath is calculated. After the resistance of the thermistor probe and the
bath temperature at each calibration point have been determined, a linear regression
analysis is performed to yield a calibration equation for each thermistor probe of the

following form:



InR = mT+b
where R = thermistor resistance,
T = temperature of bath,
and m and b are constants unique to each thermistor.

This calibration information is then output on paper tape along with probe identification
information for later input during the data reduction phase.

The data collection program simply collects data from all eight channels of the
A-D converter, via ADCIN, and outputs the average of each 10 samples along with a
time code expressed in seconds of the day on digital magnetic tape in binary format.
Since temperature in most physiological applications does not change rapidly, the
sampling rate is once per second.

Prior to each thermistor calibration run and each data collection run, the chan-
nel calibration program must be used to eliminate errors due to drift in the A-D con-
verter and the thermistor drive electronics. The thermistor probes need to be cali-
brated only once since their characteristics are stable with time.

The final program reduces the data from the data collection program. This pro-
gram accepts a rcsistance calibration tape, a thermistor calibration tape, and a
punched card assigning each thermistor to an input channel. The computer reads the
magnetic tape generated by the data collection program, calculates the temperature
measured by each channel and, at the discretion of the operator, plots the average
of from 1 to n 10-second data points on the line printer. A good working plot is ob-

tained by averaging 2 minutes of data (n = 12), as illustrated in Figure 2. Thermistor



driver schematics and circuit descriptions, together with flow charts of all software,
are included in the appendixes.
III. DISCUSSION

This system has been used successfully to investigate the effects of radiation on
cortical and deep brain temperatures in the monkey. Its accuracy is largely dependent
on the care taken in calibrating both the reference thermistor and the individual therm-
istor probes. Experience has shown that the precision of the system approaches the
theoretical resolution limit of . 015°C when the data are averaged by the present data
collection program. Absolute accuracy, however, is no better than the calibration
accuracy of the reference thermistor. In the present brain temperature application,
accuracy of +0. 1°C is considered adequate.

The primary advantage of this system is that the data are available in a format
that may be easily manipulated by the computer. Temperature differentials are easily
plotted, and correlation analysis of temperature with other physiological parameters
is facilitated.

The primary disadvantage relative to the present system is that the data acquisi-
tion program requires considerable computer time since the SDS-920 is not capable of
time-sharing operation. If the system were adapted to run with a time-sharing com-

puter, more extensive use of this temperature monitoring system would be practical.
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APPENDIX A

Thermistor Driver Schematics and Circuit Descriptions
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Figure A-1. Schematic diagram of voltage reference module

Table A-I. Parts List for Voltage Reference Module

Al Analag Devices model 118 - K aperational amplifier
Bl 1.35V mercury battery Mollory RM- 2R

P1 100 ohm trimpot

P2 10 kilahm trimpat

P3 50 kilohm trimpot

wi SPDT minioture switch
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Figure A-2. Schematic diagram of thermistor drive and data amplifier module

Table A-II. Parts List for Thermistor Drive and Data Amplifier Module

Al, A2, A4 Analog Devices model 118-K aperatianol amplifiers R2 500 ohm 1% film resistor, }2 wott

A3 Anolog Devices model 40-K FET aperatianal amplifier R3 2000 ohm 1% film resistar, Y2 wott

C1,C3 +1 microforad 100 Valt Mylor capacitor R4 100 ohm 1% film resistor, 2 wott

Cc2 068 microfarad 100 Valt Myler capacitar RS, R6 1 megohm 1% film resistar, Y2 wott

P1 1000 ahm 10-turn patentiometer, Amphenal 4101B R7, R8 2 megahm 1% film resistar, 4 wott

P2, P3, P5 50 kilahm trimpat R11 200 kilohm 1% film resistor, Y2 wott

P4 1000 ohm trimpat SW.1, SW.2 DPDT minioture switch JBT - type JMT 223 or equivolent

R1, R9, R10 10 kilohm 1% film resistor, }2 wott T Thermistor opprax 2K ot 20° C for physialagical date
acquisition
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Figure A-3. Schematic diagram of power supply module

Table A-III. Parts List for Power Supply Module

F1 Y2 ompere slo-blow fuse

P, P2 10 kilohm trimpots

PS-1 Analog Devices model MDP - 15/300 power supply module
SW-1 SPDT minioture switch JBT fyp; JMT - 123 or equivalent
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APPENDIX B

Systems Software Flow Charts

START

ACCEPT CHANNELS
N1, N2

R = 500
1=N1, K=1

TYPE INSTR
ASK FOR CHANI, R

SYSTEM PRINTS
REGRESSION EQN FOR
CHANNEL AND A STD

ERROR FOR ESTIMATION

OF ACCURACY OF
CALIBRATION

Figure B-1.

60 Hx
INT. 2

o

Y
CALL ADCIN

STORE IN ARRAY
DATA (J,K) R(K)

l

CALL LINREG

DO LEAST SQUARES
REGRESSION ON
R(K) DATA(J, K)

PRINT
REGRESSION

EQN

STORE REGRESSION
EQN & CHANNEL
# IN ARRAY Z

T .

HD

—>»] CALIBRATION

PROGRAM REQUESTS CHANNELS TO
BE CALIBRATED, AND SUPPLIES
INSTRUCTIONS FOR CONNECTING
THE RESISTANCE BOX AND
RESISTANCE SETTINGS VIA THE
TELETYPE CONSOLE

PROGRAM COLLECTS 60 DATA
POINTS AT EACH OF 11 FIXED
RESISTANCE INPUTS FOR
CHANNEL UNDER CALIBRATION

PROGRAM OUTPUTS PAPER TAPE
CONTAINING CALIBRATION
INFORMATION AND CHANNEL
IDENTIFICATION

U ——

TYPE

COMPLETE

P —

PUNCH CHANNEL
CALIB TAPE
FROM ARRAY 2

Channel calibration program flow chart
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CHANNEL

CALIBRATION

ACCEPT
CHANNEL

¥

CALIBRATION
Y

ACCEPT CHANNEL
#s OF REFERENCE
& UNKNOWN

ACCEPT #OF
PROBES TO BE
CALIBRATED N

Y

ACCEPT BCD
PROBE ID's
(4 CHARACTERS)

Y

PROBE =1
1=1

CALL ADCIN

L

NO

CALCULATE
AYERAGE OF
10 DETERMIN

PAUSE

I

!

CALCULATE
REF TEMP &
UNK RESISTANCE

ASK FOR

ITY

NEXT PROBE ON

STORE
TEMP, RESIST

t

¥ PROBE ID
T

INCREMENT TO
NEXT PROBE
1D

<———60 Hz INTERRUPT 2

CALCULATE
LOG OF RESIST

LooP
CONTROL

ASK FOR

4.5° BATH
TEMPERATURE

Figure B-2,

f

VALUES

Y
CALL LINREG

& DO LEAST

SQUARES REGRESSION
LnR=mT+b

PRINT &
PUNCH
THERMISTOR
ID &
EQUATION

THERMISTOR
CALIBRATION

Thermistor calibration program flow chart
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ACCEPT START OPERATOR INPUTS
TIME: L START TIME OF DATA
HRS, MIN, SEC COLLECTION RUN

CALL TIME IN
CONVERT TO
SECONDS

A
l,1-8, N=1

Y

1Hx — | CALL ADCIN |
INTERRUPT

2

A\
DATA (1) = DATA ()
+ADC (1) /10
1=1,8

{ DATA COLLECTION
AND AVERAGING LOOP

N=N+I @
BULK DATA STORAGE

WRITE TAPE ON DIGITAL MAGNETIC
SECONDS, 1 TAPE
DATA(l) 1=1,8

Y

SECONDS = - A M
SECONDS + 10 WERATERHEE

NO

SEMIE SWITCH a— SENSE SWITCH 2 IS SET

ris TO TERMINATE RUN

| EOF, MT4Y l—>

Figure B-3. Data collection program flow chart
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THERMISTOR
CALIB.TAPE

CHANNEL
CALIB.TAPE

START

ACCEPT
THERMISTOR CAL.

l

ACCEPT CHANNELS TO
BE PLOTTED, SENS

#OF EPOCH TO BE AYE, N

v

ACCEPT
TEMP RANGE
TO BE PLOTTED

ACCEPT
CHANNEL CAL.

ACCEPT 6
PROBE CHANNEL

ASSIGNMENT
CARDS

CALL COMBIN
TO ASSEMBLE
THERMISTOR - CHANNEL

CALIBRATION TABLE

PRINT
THERMISTOR
CHANNEL CALIB.

TABLE

\Y%

OPERATOR INPUTS TAPE WITH
1D AND CALIBRATION OF THE
THERMISTORS USED ON THE
DATA TAPE. HE ALSO TELLS
SYSTEM THE CHANNELS TO BE
PLOTTED AND THE NUMBER OF
DATA POINTS TO BE AVERAGED

OPERATOR INPUTS CHANNEL
CALIBRATION TAPE, AND CARDS
ASSIGNING THERMISTORS TO
CHANNELS

SYSTEM PRODUCES A TABLE
CONTAINING THERMISTOR
AND CHANNEL CALIBRATIONS
FOR EACH FUNCTIONAL DATA
CHANNEL

Figure B-4. Temperature data reduction and
plotting program flow chart
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READ TAPE
TAPE (1)
1=1,8
SECONDS
¢ AVERAGE OF FROM
1-99 10- SEC DATA
DATA ()= POINTS AS REQUESTED
DATA () + TAPE (1) DURING PARAMETER
N INPUT
NO

CALCULATE TEMP,
FROM CONSTANT
TABLE & DATA()

_b-Ln(R)
=

¥
CALL PLOTVAR
PRINT HEADER
ON FIRST CALL

Y

PRINT DATA ()
ON GRAPH,
UP TO 6 CHANNELS
& TIME

T

STOP

Figure B-4 (continued)

19



UNCLASSIFIED

Security Classification

DOCUMENT CONTROL DATA-R&D

(Security classification of title, body of abstract and indexing annotation must be entered when the overall report is classified)

1. ORIGINATING ACTIVITY (Corporate author) 2a, REPORT SECURITY CLASSIFICATION
Armed Forces Radiobiology Research Institute UNCLASSIFIED
Defense Nuclear Agency 2b. GROUP
Bethesda, Maryland 20014 N/A

3. REPORT TITLE

A COMPUTER BASED PHYSIOLOGICAL TEMPERATURE MEASUREMENT SYSTEM

4. DESCRIPTIVE NOTES (Type of report and inclusive dates)

5. AUTHOR(S) (First name, middle initial, last name)

J. A, Willis and W. L. McFarland

6. REPORT DATE 7a. TOTAL NO. OF PAGES 7b. NO. OF REFS
September 1973 20 4
Ba. CONTRACT OR GRANT NO. 9a. ORIGINATOR'S REPORT NUMBER(S}
b. provecT no. NWED QAXM AFRRI TN73-12
.. Task and Subtask A 905 9b. OTHER REPORT NO(S) (Any other numbers that may ba assigned
this report)
4. Work Unit 07

10. DISTRIBUTION STATEMENT

Approved for public release; distribution unlimited

Director
| Defense Nuclear Agency
| Washington, D. C. 20305

11. SUPPLEMENTARY NOTES \12, SPONSCRING MILITARY ACTIVITY

13. ABSTRACT

A computer based, multichannel physiological temperature monitoring system
is described. Thermistor probes are used as temperature transducers. A constant
current thermistor driver converts the resistance of the thermistor probe to a tem-
perature dependent voltage. This voltage is digitized by a multichannel analog to
digital converter on command of a small computer. The computer controls the rate of
data collection, stores the data, and performs the necessary algebraic manipulations
to convert the data to a tabular or graphic temperature display. System operation,
including thermistor calibration, data collection, and data reduction is discussed.
Flow charts of representative software and schematics of hardware are included.

FORM 3
D D 1 NOV 651 4 73 UNCLASSIFIED

Security Classification




