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"ON-LINE COMI—"UT,ATION oF. CARDIAG QUTPUT.
FROM THERIE/IO “DILUTION CURVES .

A knowledge of cardlac output and other assoc1ated parameters

is of vital importance in the managemcnt of critically ill pat1ents As

a rcsult ol detailed rnvestlgatlons a number oftepg\mques have been ot
\

: suggested for their dete rrnmatmn Prmr to the advent or compufmg

machines the prdcedures for the deternnnatlon of tardiac output and’

v

relatcd homodynam1c parameters were tedious and subJect to incgnsis -

.

tancies. Thxs restricted repeated meas‘urements for their determma-

tlon over a short interval of time ancI furthermo.re results were not

A

R

. - L L, . . i
. . I Y ’
However, recent aM in computmgemachmes and compu-

=

v

S ee—enters to a high degree of accuracy using computers. - .

The object of the research of this thesis is to use a mini digital .

L

e computer for on-line compu{atlon of card1ac output us:.ng an exlstmg

| techmque for its determmatlon called the “thermo- d11ut1on techmque

£ : -

A ma jor advantage ol this procedure ~is that 1t ena.bles repeated measu-
I rements of cardlac output to be made: durlng therapy and, results Irom
‘eachi measurement is available 1mmed1ate1y

The computer used is a NdVA 122 0 mini d1g1ta1 computer a
. , \
_ rnember of the NOVA farnlly of computers The computer program for .

d}.:.ta acqulsltton and proces sing is developed in the assembly language

of the NOVA computers. : \ Ce ’
The scope of the: thesis includes, venfymg a mathernatmal pro-
\

cﬁ’dure for fitting the famlly of curvés represented by the equatron\

= . - B/(t t

) S
(t-ta) al T

ﬂmmedxately avallable. ) . e . - ’ i,

P tatlon algonthms have made it pos sx,ble ‘to determme the above parame- et
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B CHAPTER I - : o
INTRODUCTION

k] '
: 9.

The’ necess,lty for accurate 1n1'orrnat10n about cardiac out -

" ~put and related homodynamlc parameters as alds durlng cardlovas-
' v, G

cula.r 1nvest1gat1ons has- prompted development of sophisticated tech-

[

- . n1ques for their determmatmn The advent of Digital / Analog.
. Computers ha's helped the computatlon of these parameters to a hxgh

- . degree of accuracy It has also c1rcumyented the tedlousness and in-

# exact results obtained 'Trom calculatmg 'the»t:trrdlac output With the

use of a plammeter or replotting on logpaper S o

Skmner, R.L., and Geh.mlick D.K. [1] h'al.ve ihvestigated ey
the use of analog computers as aids for heart a11ment d1agnosw ‘
Followmg ;-h;.s the development of a specml _purpose cardiac’ output |
- comp\uter ~fo—r the rapid analysis of indicator dllutlon curves has’ been
- reported by Moody, N.E., Barber H D..,‘and I—Iolmltind 'B.A. [a] .

Further successful attempts have been made by Hirashi, H. Hara and

J’ Welson Bellville' (3 ] ‘for on'<line computatlon of cardiac output
from dyedilution curves using a general purpose analog computer. -
- In th’e above report the authors use a Colson cuvette den51tometer
’ wh1ch ylelds an output voltage proportlonal to the dye- concentratlon in -
the blood to obtain the dye dllutlon curve. 'f'h).s is resha:ped by remo—'

1 o

vmg the unide sirable (5 recn'culatlon hump and the cardiac output 1s o . f
then détérmined b){ {oputin '

area under thlS reshaped curve.

. T 47 N

J’.E. Jacobs et., al. ( ] have described a

, : sm:.bl;e{ od ror automatlc computahon of the area u.nder the indi- .

dxlutmn cu{ves in the presence of rec1rcula.tlon. The method

However, Hepner

is based on an assu:med exponentlal form for the downslope whlch
' allows the tdtal area under the pr1ma.ry curve to be computed as the

sum ol two areas. . | '



Hans U. Wessel Charles, F. Hepner et. al. [] “have

des1g)ned an analog computer for on- lme computatmn of the area under

~ the indicator dllu\fn curves usmg the method presented by Hepner
C.F., et., al; Lt l“urthermore the above report defines the
accuracy and. 11m1tat1ons of thc mstrurnent from evaluatmg the per- C {
forma.nce of the analog computer by d1g1ta1 computer analy51s of

dye dllutlon curves. ’I'he drawback of such a system lxes in the fact
y .

. that, accurate results can be expected only 11‘ the downsloPe of the
dilution curve decays exponentlally bel'ore the onset of rec1reu1at~1on
Several other methods which use the analog computer for on-line -

7 :
computatlon ol the carcha.c output are avallable °1.1 :] 2

Advances in sol’tware have wldened the apphcab:.hf.y of '
dlgltal computers for the ana1y51s of real-time problems._ A study

o ofdye- d11ut1on curve using a d1g1ta.1 computer has been presented by
P. Sekel J., G. R “Tait and M.M. Nathanson (8] . In the’above

. report, the computer was programmed to analy &e the recorded dye-

<

dilution curve and estimate the area under the curve using Dow's
. ‘ 2
s _ formula [10‘_] . More recent studies [83 [ 9]

= ) ’ - s : yo— :
A concent-ratl‘on\@.s a Gamma varrate,‘ and use a d1g1tal computer for l

-t reat the indicator

estimation of the cardlac output C. Fra.nk Starmer and D\avrd O

Clark (9] suggest a numerrcal techmque for a.naly515 of the indicator -,
d11ut10n «:urve. , : 4 U .
THE PROBLEM ,

"0 . . ' ' :

The developmentvof an efﬁc1ent algorithm and system soft-

ware for rea.l t1me processmg of ther;mal Nution curves, to deter-
mine the card1ac output and cardiac mdex durlp\g\herapy, using a

mini d1g1ta]_ computer is the basis of this stqdy \

A .
. \ .

H1therto the appearance tl.me of the thermal 4,nd1cator

following injection, m"{‘he temperature tlme curve, also called the"

L]




thermo-dllutlon curve, has been treated as an, observed quantity .

1ntroduced 1nto the computer program as mput or éstlmated by the B

‘method of moments ThlS study treats the appearance t1me as'a -
o variate and its value is determlned dunng the real-time processmg .

of the thermo-dilution curve. This techmque lessens ‘the necessuty |

Ior a perfectly flat baseline., The. reproduc1b111ty of measurements '

‘over short intervals of time_ makes the a.bove tec;hmque hlghly use -~ .
o ‘ -
ful durmg cardmvascular investigations. \ D - '

c‘ . . . . o . g% . .
- L rl

- + -

e .
S f The software has been devéloped “in ghc assembly language
of thy

OVA °family ofrmm\ computers, The physmlqg@cal aspects
. for the problem are dxscussed in Chapter II i The algonthm for
—lme computatlon of cardlac output from theyﬂo -dilution curves . -

~ and the necessary soﬁware are discussed in Chapter 1II -and Chapter ‘.

{2

IV of this thes1s These are I'ollowed by discussions about systern e

-
_testing and system vahdatmn, in Chapter V and Chapter VI res-

Lpectwely F‘mally,cdnclusmns drawh-from studles in vxtro\are

. E . HaR . } Lo ‘ . ] /
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CHAPTER I, S o

PHYSIQL'OGICAL‘C'O'NSIDER-A.'I:IONS R
sl v . .
Techmques for the Determmatlon of Cardlac Output

. , ] e .
*

Card1ac eutput is deﬁned as the amount of blood Ilow per unit

>

L~
time usually expressed in hters/rmn An assoc1ated parameter known

‘as the cazjdla[e—mdex is defined as the ratio’of the cardiac output to the . .

¢
body surl‘ace area.u The body surfa.c:e area is determmed from nomo-

! grams or rrom the lollowmg Dubo1s and Duboxs helght we1ght equation

.

b ' ‘.- PR n i ‘ ,
Body Surface o :
S : . 0..425 ‘72 >
: Lo el T84 w HQ, 5 e (1)
. area’ s e . . . : N
where - . ;-:l L R C o
. w is expressed in Kg - . x

o "H in cm " and BSA in rn2

Invaslve and hon- mvaswgmethods are the prlmary means for detera-

* mining the ca.l-d1ac output: One of the non- mva.szve method.s is explamed ‘ /

by Chen F. Lam and Arno R. Hohn[ 8} , where the rate of change of -
—'\/

"rm.pedance betwgen two electxlodes placed around the neck and xyphmd ;
‘proccss is recordec[ w1th~an impedance plethysmograph Baserupon L B Cot
certam dec131on'~ru1es .a computer is programxhed to determme the

» \ummum value of the rate of change of 1mpedance and thé thoice of .~ j 3

| W : ’
the cardiac cycle for, the calculation of‘ card1ac output using the follow ing* '

- i . . .‘ . , . . . l‘— : --‘
'equatwn : g T ] ~—— - . S - K
N - RL A ~» dz R L N '
c.0 = . a2 TH (dt Jmin. R YA Do -
' 1000 Zl L . ] ' . ) .‘."-,__J.ﬁ
’ : - ; . ) .o
- where R L o & : ) ,
: R. 'z resdistivity.of blood . R
L = Jmean distarice in ems- beé cen the - L
\ ) - -

: o recordmg electrodes ) : . : .

Y ST = the vent;r1cu1a~r e3éct10n tlme in seconds : (
- S b Sy ’ e
H = He?rt“v‘rate § Bt N .
. - . g ' S . ST

T . e . . M T
i |-,_- 4 -
» T/ o . . *
. T .o . .
AN P *
[} 1 Y - i ) Y



[ ) dz ! . ’ d . — i .
Sy ',-_Lh(dt_"',i'l')i'!‘l. . | = is the minimum value.of df durins a " ' g
R " cardiac cycle '
, . ; s . I,.
- - . '-ZO' ' . = the mean body rmpedancc between =

: recordlng electrodes e \.
L 'I'he dlsadvantage with the above non-invasive techmque for determmatmn
: of cardlac output durmg therapy li€'s in the cahbratmn of the 1mpedanoe._‘
determmatlon A,lso the values .of R L.and z vary, from person to - . |
L 'person and therefore the number of unknowns to be mput to a_n“on line
. ’ t computlng system s more, there by causing a delay in the & allablllty

h’,_ of the final’ results, Accordtngly non-invasive techmques are’ not fre-

quently used durlng therapy for 'determination of cardlac output.

-

: o
. Severalunvaswe methods have been dESCI‘led elsewhere T1o Lo
PO

' for the dotermmatmn of the.cardiac - output One ‘of the. methods use'e
. an rndmect resplratory pro/cedure ‘and is called ‘the DIRECT FICK =~ = o

- . /

the t?t’al oxygen consumptlon (in ™
€

methoc{ In this method othe cardla‘cfiuzppt is expressed as a rat1o of | {
min) to the dlfference in O2 .
) .

n(betv.reen the artenal and mk(ed venous blood usually expressed’,\

’lm volume percent The mherent d1sadvantages of this techmque is over-_

-~

‘.r

come m the Jng ctnon Method in th1s method a known uant1t ,of a.
e ( q y

foro;gncsubstance is 1ntroduced 1nto the vascular system and a time-
[V
. concentratwn curve'is recorded The: card1ac output is then determmed

”. -

!
by computmg the aTea under the curve using a plammeter or by numer1ca1 ‘

. -

technlques. I ’ o .
_ L o ' e}

S veral studies uemg the mdtcator and dye solutmns in the
1nJectLo;1 method have been done [ 1 FZO-I‘ The disadvantage of this
techmqued{or, on-line computatxon«ts in theQrec:lrculatlon of the mJectate
wh:ch makes the determmat:on of the end of chsappearance the a

' unq'ertalnty T'hls problﬁ.m is overcome by a.more recent development

called the Thermodllutwn techmque.

.
LAY

J

T _ett?



’ o' ' o 3 . L - ’
T /7 —_— o ’ : i
\/‘ . ! / Rt e R . .
Principle of The rmodilution Techmque oo [ i
& i ' * -’
" A known quantity of a cold mduﬁato:r solution.is 1nJected o

v

" into the superlor ‘vena cava or the rlght atmurn and the blood tempe-—.
rature measured in the pulmonary artery as a function of, ‘tlme From(thls

-mforrnatlon the card1ac output is calculated as follows .,
[* 4

--.,'

Let VI be.the volume of m_]ectate with spec1f‘1c heat SI—II
.

and specuic: gravlty SG ' at temperature RI'., In accordance with

thse let_ SH'B _SGB. and TB represent the speciﬁc heat apeciﬁc

gravxty and the temperature ofthe blood. Assuming that Jlere 1s no -

transfer: of heat between the surroundmg tlssues we can write the

i

I’ollowmg heat equation

( . ' < A

., Heat Injected = . Heat detected. T . o
'-VI };SHI}.CSGIf'.x ('1“B'.--"I‘I ) Ny - I
. . - , | ;
.y ~ 1000, !
= -0 x AT t " ~ -
.'\ _ C XA | x t x SHB. x SGB x 0 ; (3)”
where 0 AT .- .= Average change in t&nperature
. . ! _- b -
) t = - duratron of temperature change

and - C.0 = Carchac output. y
B ' A4 Y ‘. '
The term AT x t is the area under thérmodili’ftﬁgn curve given by

t

[ ATg(t) dt. Substituting this in equation (3) and solving for C.0
.O N ) . .

we get, _ o - ‘ e
| V_x SH x SG o o
- L1t B0 x (T -1 Ly
LC.0 = : t _ g X 1000 T /min :
| , SHpx SGpx [, aTg® at -
e ) _ e e (4)
Technique: e I P
' The method 1nvolves the placement’ gf a sin¥te flow directed

cathetar into the pulmonary artery. The catheter is ‘positioned u31ng

pressure measurements. This permits measurements of the

-
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v

temperature change of the pulmonary blood followmg injection of the

cold dextrose solutmn ‘and the. pulrnona,ry artery pressure. 4

: measures 110 em the lehgth' and 2.3 mm in outer diam'eter.' It'is -
constructed in such a way that the body is d1v1ded into rou{ lumina .
along the long axis. One lumen connects dlrectly to a smail latex ” |
balloon fastened I mm from the catheter tip. When mﬂated'thh air,
the balloon extends just: bcyond the catheter tip, convertmg the tip into |
a broad soft surface. A thermlstor is placed at the tip of the second

lumen just proximal to the balloon and its fine insylated W1res extend the

T

1ength of the lu:nen - The therrmstor measures the change in pulmanary

‘blood temperature produced by the injection of the cold ﬂmd into the
lrlght alrium. The third lumen terminates.about 30 em from the tip.of
t"he.' catheter, such that, when the catheter tip is in the pulmonary
-artery,.the end o‘gf the third lumen is in the right alnu:rri This lulnen is
“alsocalled the Proximal lu_men It is used or 1nJect1ng cold solution

and obtammg rlght alrium pressure. The fourth lurnen called the

Distal lumen, extends the fentire length of the catheter to its tip. This

.

- is used for momtormg pPufmonary artery pres sux' and for ‘the w1thdraw1

of blood samples .

o ’ L
v - James 5. Forrester-et. al. .[21], describe in detail the

s -

cathete rxzatlen techniqu'e After the catheter tip is proper A 0sj 1oned

in the puh'nonary artery, a known amount of cold indicator solution, . _‘ ’
~usually 0.5 % dextrose is injected into the nght a1r1um through the
: proxxmal Iumen of the catheter The dlfference between the pulmonary

artery blood temperatﬁre and the normal body temperature is continuously
£ recorded The cardlac output is lnversely proportlonal to the m.toe‘%;al

,

of the temperature difference. .

o~ J

- 227 - .
The ‘above techmque was introduced by Fegler[ ] as a .
method for the measurement of volumetnc blood ﬂow ra.te ..

.




L : P 37, [27 o _
Since then a number ol investigators (23] [ ] have made serieg of,
L . . - + - :
. ) -t 3 - .
measurements of cardiac output using cold and room temp\eramre-
i\ﬁjecté‘te,s and report close_ agreement with those obtained from dye-

'dilut_ion and direct Fiék-méthods. *

the abdence of reci rculation, whidh makes the rpe’tho'd -'sui\table for on-line

. . B . N B - - - :
computations, and also enables ‘repeated measurements over short , i '

intervals of time. It does not require withdrawl of blood during measy-
" ] b} .
rements and removal of blood for calibration. The use of the Now
directed catReser a].lowjé for simultanious measurements of related
=, o .

: ' Tar . ' y 1
- hemodynamic parameters. . Even with low flow rates, accurate cardiac

L

. v o N
output determination may Ye obtained. L

complete mixing of the injectate and blood. Fl-uctuations ofthelbase line ~
temperature in the pu]..monar;g'érrtezl'y with resPiI:ation is an assbéiétf&:"
problem with the determination '61' cardiac output by thg—:_,rmo-dilutioﬁ:.' |
It trepresents a phyéiologic _néise. This is partlSr overcqime by the _

injection of more thermal’indicator.
i o

: . & k
Repeated measurements made on animals have proved the .
consistancy of the thermo’dilutiqn‘_technique and has become a routine

.method’ for t‘he determination of cardiac output in man .-

Ty
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ALGORITHM FOR ONvLIN.E COMPU'I'ATION OF
_CARDIAC OUTPUT '

&~ . .

[

The Procedure is developed on the hypothe515 that the change in
J '
the pulmonary blood temperature will.be a gamma vanatef. The -family

of curves represented by the’ Iolloygmg function.
.. ’ ' . ‘ - ] °
. . na ot -t ) /8 ' :
t = kit, -t e - ’ B T
C(i)" f i a? e .t | Sy e t) (5)
‘ . -~ ‘ N
where k, o and. a are arbitrary parameters, ta. is the appearance

time-and .¢(t.) is the indicator concentration at tlrne t : has been

[29]' L

shown ‘to, glve excellent curve fits to 1nc[1cator d11ut1on curves.
‘The virtual absence of remrculatwn in the thermo-dilution meihod
~helps to snnphfy similar techmques for ﬁttmg equation (5) to the
thermo- dllutmﬁ\curves A welghtcd least scw.are method [Appendlx
11, 15 employed to Lt equ;a.tlon (5) to the thermo dilution curves. The

parameters of the functwn are determmed by computmg the followmg

expressmns

v e

X5 = a =sx1s (——)—(—) e (6)

G

11 L
._}.' } ' N ’ : .. Y y, -
' 5 - o i} . (8X1) (sx2) -
X12 = AL, = AL = SXM2- ST e
: e, N ’ ) ¢
o 2 2 - :
X2§ = A, = sxeg - (2X&)(6X2) .. -7 (8)
. o 2'2 ’ . SW ' ot s
: o SX1) (SY) S
X1y = A E sxiy e . Cee(9)
. X2Y = A__ = sxa2y. (5X2) (SY o el (10)
. 2y. .SW. - .
where, T N 0.‘ ' - .' _ ' .
SX1 * = T W, X, . ' el (1)
i=1 1 i _ .
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SX1Ss = g WX - (12)
i=1 1.t
‘ ){ n -
SX12 = T Wo XS {13)
) %(_1 i i1 T2
n- T ' .'. N ] ’
‘ | SX2. = i?l W, xiZ . . T R (14.)
SX2 . Sk | _ L . . /
‘ X25 = izgl Wi xiZ : L e {15). :
n !/ . '
SX1y = '
. :f i_gl wi xi1 yl ) e (16)
. - (v .
,' ‘n D
| SX2Y = 21 WX,y 3 /’"“'\ ..... (17y ..
1= " ’
n B
SY = 3w Yoo (18)
) i=1 L
SW = wooo (19)

,...
f TS =

From the above expressions the parameters are deterrnmed using the

followmg equalities :

D = (XIS)(X2S) - (X12) (x12) ( (20)
ALPHA:=o = (X25) (X1Y) - (Xi2) (xzyy (21)
. D .
/
1 _ (X18) (X2Y) - (X12) {(X1Y) 22
3 : _ 5 e (22)
‘XM =p= (SY - (ALPHA) (X15) - 5 (X28))/sw ceve. (23)
\ . . - ! .o ! , .
- M‘ . -, - '_
l k - eX ' : . “. . ;”_.,.‘ I - . . C e (24) ‘
' ' with these values of k, 0. a.nd B . the area undér the tﬁen‘no dilution N
curve is computed using the relatlon, ' e B ”
b~ ¢ .
e ' S K
- ' ‘J' c(t_l)dt = k 8a+- T(a + 1) S - eaaa. {25)
0 .
-8 ~ —
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The followmg steps of the algorithm are mvoked after pos’1.-
S - : tioning the catheter 'tip in the pulmonary ar‘tery T L ’

' The initial blood temperaturesis recorded. Then 10 cc of'lce 7

—r

cold dextrose solutlon 1s injected into the pulmonary c1rculat1on 8yS -
. tem hrough(the prox1ma1 lumen of the catheter' The temperature of
J
.the blood in the pulmonary artery is sampled at L th of a second '

10
1nterva1 in time. This samphng rate is determined by the available

’

~..frequancies of the real time clock, of th-e NOVA family of. computers,

- —

-for 1/O transfers and on the memory’requirefnents for storing- the

sampled data. Since higher sampling rates would necessitate large.

{ g

The change in temperature of the blood in the pulmonary artery !

- o
memiory requirements, a low sampling rate is chosen.

o,

A
with respect to its 1n1t1al temperature,, over the sampling duration in

time is computed. A plot of this temperature difference vs time
interval of sarnpling is the thermo"dilut-ion curve The appearance
timg of the therrnal 1nd1c:ator is then determined by first comp‘utmg the
standard devxatlon T of the 1n1t1a1 signal Wthh corresponds to the
normal temperature of the blood. A point on the thermo-~dilution curve

whose standard dev1at10n 1s 4 (o + 1).is det‘errnined From this pointf

‘the sampled data is retraced back till-the standard deviation is less than
or equal to g . This pointis assumed to be the beginning.of the oo

appearance of the thermal 1nd1cator and the interval between this

!
*

point and the origin is taken‘to be the appearance time t * ' ' e

-~

A welghted least squares method is then'used to determine the ‘
© values of the parameters of the eqQuation (4), and usmg the relation
. gwen by equatlon (25), the area under the thermo-dilution curve is
computed. ‘The cardiac output is inversely pro‘portronal to the area

under the curve, and is determined from thie following equation

YL ~'1.‘*083{0'.8251:60x\VI'x(TB-T)

::"r‘ CJO (; . \_“ — " ' 1 mL/-min..':.._(ZB)
i ‘ Coh [ Tg) at s




where - t
- . S8G.x SH L
‘ {08 - 1 1 : : :
: SG_x SH : n

o ool S

0.8325 =

correction factor for injec

N ' B ‘
raise alter injg/c:tio

~ ! -
10 mL ume of injectate

- Vs
: T, > Initial blood temperatire (°c)

4.

e : LB
.T = Initial injectate’ temperature  ( c¢)

I .

;o - -

and ™ . } ' .
j‘ A ‘TB(t) = Area under the thermo-dilution curve. {

[®] ) . ﬁ

The cardiac index is computed by dividing the cardiac output by the
‘body surface area (BSA), whieh is obtained from nomograms or

calculated using equation (1). A flow diag"ram of the above algo-

rithm is given in flgui*e 2. For repetitive measurements of cardiac
output and cardiac index, the steps following injection of the -cold

indicator solution are repeated.

N 1)

-~

o,

&




. 14
START

MEASURE- . B ‘
URET} ~
‘ INSERT 7
. | CATHETER

MEASURE*&
Syt

INJECT 10 c.c

OF

. COLD DEXTROSE
- : SAMPLE - SOLUTION

o TEMPERA - :
~ TURE -
COMPUTE o,
. AREA )

é

COMPUTE
CARDIAC
CUTPUT

N ¥ i
COMPUTE -
CRRDIAC:

= INDEX
¥

Figure 2
Flow Diagram for thq,On-L‘ijne' Computation of Cardiac

Qutput From _Therﬁ:mo-’Dilution Curves,
% S _

-
/ - - » Y

L2+
3

wh



. CHAPTER 1v . . . S,

R =

‘4 ]
SOFTWARE ;DEVELOPMENT

. - *
] ~ r
I - ) - L)
- L4

o .. \ An on-line system ma.y‘ be dEEned as a ystem in which the ope-

ration of its components are uncier the control of the central pgocessmg
unit of the computer, 1fthe time scale of the computer is far 1ess;than -
. . '
- that of the system, the term 'Real-time' is sometimes used. The
system for determrnmg the 'cardiac output and related hemodynamm
parameters from.thermo- dllutlon curves is developed 1n accordance : -

with the aboVo definitions. As in any on- line system the computer is

.
-

treated as a.,u\mt in the system Wthh can be modxﬁed or taken out and
. replaced by a bigger and faster unit to 1ncrea,se the capacity of the
: system.....Use"or the NOVA computer ard develop'ment of the software

-,

in its assembly langua.ge makes such a ﬂexrbllrty feasible, bec;,luse of

the avdilability of a range of compat1b1e NOVA. computers

In programming an on-hne or real tlme computer system as in
"
any complex computer installation, three kinds of programs are needed;

supervisory programs, appligation programs and support programs.

. The supervisory programs co- ordmate and schedule the work

of the applications program and carryout servrce functions for them. °

* Ina complex system the many- apphcatmn programs can be considered

-y-(’

! as subroutlnes of the main supervisory program. The supervisory
programs handle I /O operati/on's/and service interrupt requests.

e,

They also carryout queuemg of messages and data, and deal with error

s

condrtxons Lo _ ‘ . ' .

In a smgle user system.dedicated. to a partrcular ta.sk as is the
case for the on-line computatlon of cardiac output Iro thermo-‘dllu,tlon
curves, theabove function of the supervisory progran\m are minimal-
aud can _be treated as part of the appli.cat‘iou program of_the system.-
Figure-3 is a-flow diagram of the appl}cation programe for on-line ‘

: 1 - (:\ _1.5 : . S . .

r
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bl

computatlon of card1ac output from the’rmo dllutlon curves.

The execution ofthe procedure is’ initiated by enablmg the gt ’

, _‘power supply SWltCh"Df t}xe system. To overeome the 1n1t1al tranbxents
*in the power supply, a l’.no{tron callcd “DELAY" [Box 27, is- exec‘:uted
. ' 'everytzme the power supp]:y 5w1tch is enabled A ,tlowchart ot‘thls Y" )
functrbn is shown in Flgure 4. The duration of the delay is determihcfad
by the number of mterrupt requests rrom the real tlme clock of the -
system Then the display ol' the I/0 devxce and the 1unct10na1 hghts of
the functional key board [FKB] are cleared and the output s1gna1 from
the thermistor of the catheter is checked. The presence ol a sifnal is ¥
md’cated by dlSplaymg EY '1l on the di8play gfthe 1/0O device; otherwise
-+, a'tiltis displayed fo mdlcate an error condition. Ifan error has’

| occurred the program w111 wait t111 thc error is cOrrected The next

step in the procedure is to measure the voltage correspondmg to the

+ injectate temperature (Box 4, Figure 5); or ir mea.sured before, to mput
the correspondmg voltage to the program This is done by enabling the

'IC' key of the 1/0O dev1ce 11‘ the temperature has to be measured [Box(/B'! '

?

or cnable the faol key if the v‘oltage correspondmg to the injectate temperature

' has\o be mput to the program. Following normal e\:ecutlon of elthcr of -

v

the above two functxons the voltage corx‘espoﬁdmg to the m_]ectate tempeé -.

B

rature is displayect I—Iowever, ifan error has occurred durmg the

measurement of the m_yectate temperature, a 12222!is. dLSplayed and the
- , procedure has to be re1n1t1ated 'starting froin Box, 2. Aﬂ:er the measurement

of the lnjectate temperature,s, if.the- 'F' key of the FKB is enabled, the'

O St L LS e v G 8w e E e e

YT BT Ayt

procedure is relmtlated from Box 2, l"lgurc 3. I—Iowever if the 'C key is
enabled, then the procedure continues and a 2! is dLsplayed on the FKB. C
Followmg th1s the body surface area 'BSA! is input to the program and o
then d‘15p1ayed 'on the FKB. At this stage, the catheter is positioned m the

‘r1ght atrium of the heart; and now the system is ready for processmg L//

the thermodllutmn curve. The procedure is contmued by enabling the 'C+ .

. - . .
-4 e L - N
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'thermlstor ¢ircuit HI/LO gain amplifier is switched to LO gain [Box, 12A]

Y
’ N 1

key.of the FKB [Box 11] and simultaniously injecting 10 c.c -of ice

cold dextrose solution 1nto the puhnonar}x\ c1rc’ulat10n system. However

1fthe 'IF' kKey is enabled, the procedure is restarted’ rrom Bo*c Z

Following the 1nJect10n of the dextrose solutton the voltage
corre5pond1ng to the normal blood temperature is rneasured [Box 7,

v

Figure 3] An error in-the measurement is indicated by displaying a

12222'. If such an error condition does ~not occur, the‘procedure‘ continues .

and the recorder is turned on to record the thermo dilution curve -and -
. SN
the thermistor c1rcu1t HI/LO gain . amplifier is switched to HI gain o

- [ Box, llA] The signal which corresponds to the varymg pulmonary - R

th
blood temperature, is sampled every 10 of a second ror 20 seconds
and the values are stored in ﬂoatmg point format. Figure 6 is a ﬂow chart
for samplmg pulmonary blood temperature {Box 127. Ifthe sampled

temperature is, below the mlmmum a 13333+ code is displayed to indicate

that condttton The proceduree.can be -restarted frorh Box 11 or Box 2 as

shown in F;gure 3.0 . ' e S ‘ ' -1

A

After sampling the temperature, the recorder is turned oft and.the

VAV L4 o,

The weighted least square method is used for Iitting equatlon {5) to the
sampled data and the area under the thermo- dxlutxon curve is then computed
[Box, 13]. l"xgure 7 is a flow- chart for computatmn of the area under the -

the rmo wdilution curve. If the computed result is too large resultmg in an

overflow, such a condition is indicated by d15p1ay1ng '5555! and the ' CR,
absence or the peak of the sampled thermo-dilytion curve is indicated by

displaying '4444’ - In both cases, the procedure can be restarted either

from Box 2 or Box 11. Ifneither of the above two errors occur,

the cardtae ou put CO) is computed usmg equatlon (3) [ Box 147, .
and then dlsplayed on the FKB. An overﬂ.ow in the computed result is

mdlcated by’ displaying '6666' and the procedure can be restarted \
from Box i1 or Box _2a /Fmally the, normahzed cardiac output often

called the Cardiac Index, is comp‘éted
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and subsequently displayed by enebling the 'C! key of the FKB. This

comfnletes the procedure for processing a thermo“’-dilgt\i.zon cur\r.e.‘ o\
. <y - '

Repeated meéasurerhents can be made by iﬁitiating the procedure fIrom
. i . . i

Box, 11 or Box, 2 as required.

[+

The support software necessary to i_n:"s'ta_l}' the system for on-line
computation of c-e;rdiacpoutput from thermo-dilutui'on curves, and keep it
running smoothly, are the system loading and initialiLa.tion programs,

~ .

debugging ajds and the floating point‘interprctér. A listing of some of

these programs‘along with the software: for system initialization is

included in Appendix III. X NN

e
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. CHAPTER V

SYSTEM TESTING

The techmque for. testing real-time systems ha's been found to )
be more advanced and complex 1n nature compared to conventmnal ™
systems The procedure of ﬂ‘rst testing the Pprograms and then the

overall system 1s usually adopted, except on large systems, in which

case it has been proved to be e)?tremely dilficult.

\ The first phase ih testing of the programs involved verifying '.
the procedure for ﬁtting équation (3) to the thermo.- d11ut1§§.‘n curve.
Figure 8 shows an algonthm for d1g1ta1 simulation of thermo -
d11ut1on curve‘e The algorithm takes 1nto account, the noise levels
in sampled data by appropnate addition of no1se signals assumed to be

Gaussian in nature. The procedure I'or ﬁttlng equation (3} to the

. pos!
5
" =,

thermo—dil-ution curve is glven 1n 'Flgtzre 9 . A listing of the codes
for the above procedures are 1ncluded in Appendix III. After seveiyl

success ful tests, the procedure was adopted for on-hne eomputation :

- of cardiac output from the thermo-dilution curve. The, procedure

was again checkea for 7é-rrectness by comparmg the results obtained
from tests rnac!e on simulated thermo- d1lut10n curves The next step
tﬁte sting of the program involved verifying the procedure for pro-
c®ssing thermo-dilution curves. This required an analog sirnulation
ol the thermo-d.ilution ;:h'qrve Figure {0 shows an expenmental set-
up correspondlng to the central blood circulation. The rate of ﬂow of
the llquld in the system is determmed by the operating speed of the
puxnp The temperature of the circulating 11qu1d is kept constant by

the heat exchanger. RE and MC represent the reservoir and the
mixing chamber resPectlvely The catheter is positioned such Qxat its -

tip carrying the thermistor lies. beyond the mucmg chamber along the

~directiéon of flow of the liquid. The temperature vs. time curve

37
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EXECUTE

RANDU {ix, iy, y)

n

v +(a-b.0)x s +am

A« a2ty

S

2
' o

yiL « iy

=

 RETURN

Y

yEl« yIL x 0.4556613 *x 10

N

-9

_ RETURN } .
_ L

Figure B8 Continued
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5W . S5W + w

.I-"igu‘re 9 Continued

42




xls + sxls - (sxl)z, + SwW
x2s +°sxés - (s:\cZ)2 + SW
x12 _ sx12 - (sx! xst) t sw

x1y . sEBy - (sxl g 3y) + sw

:{Zy « SX2y - (sx2x sy ) + sw

d xlsuxZ.s—(x12)

o 4« [(x2sxxly-x12 xx2y) 4 d

b o-d (xisex2y - x12xxly)
xmu _ (sy - ax sx1 +F'5x2 :.b) + SW
xk <& cx‘rnu

a-+0+‘1:

Figure 9 Continued ’

Il

4

Al
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. individually tested.

.obtained foliowing injection of 10 cc  of cold dextrose solution

_ was processed and 'thé rate of low of the liquid in the system was

thc’k computed. Tglq. hardware interface necessary for processing A
3 . : vl

~ thermo- dilution curves-ls shown in Figure 11- . It wa's desxgncd

' by tf‘xe Bio- cngmecrmg dep&\rtment of the Ottawa Cwu: HOSpltal

interface the catheter thermistor to the A/D converter of the computer.
—— ' B | ) . ' ’

R{Tk is the resistance corresponding to' the catheter therm‘is-
tor. The change u}freslstanca of the thermi stor as a functlon ol -
tcmpcrature is approx1mate1y glven by

{, M
. - o
" R o e T,. ] ’

! . .
Accordingly, the voltage across the thermistor is 'progo‘rtional to the

_ resistance The Lhermlstor is supphed by a constant’ current source

and the volta.ge across the thermlstor is amplified using an 1solatl.on )

<

. amphﬁer S The thermistor c1rcu1t employs a logarithmic ampllner

to obtain a voltage proportxonal to the tcmﬁeraturc change in, the
pulmonary blood’ following ¥njection ofrthe cold dextrose solution. .
'Th.is voltage is madc .availla:ble at the output ofa H]/LOgain ampliﬁer
- The output of this amphﬂer serves as input to the A/D converter of the
computer and the recorder, Wthh records the thermo dxlutlon curve,
The gain ratio which is‘aeﬁned as the ratio of the slopes of the tei‘npe-
rature vs-voltage -cg_rve_s of thej thermistor 'c‘i'z;c:uit_ at ow pgain and at
high gain is ap.prox'_lrhat{ely 1/12. The choice of the amplifier-gain

-

A well as the operation of the recorder is under computer control.

-

Is
€«

~ The so[‘tv;.'are necessary .fér' perer selection &I the émpliﬁer

- gain ax;d the qper:{{'ioﬁ of the ‘recor'dehr was tested for correctness.
'i‘he proc_e@'es 'for meas{lrement of terr_xperature of thé injectate,
normal temperéfure of the blood, and the change in pm.llrnonary: bloc?'d

ﬁémpgﬁi‘aturé following injection of the cold dextrese solution were* -

{

The .‘source‘s’ éf‘erf.or__during development andctesting,of the
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- dilution curves were

.

overall system for on- l1ne computatxon ol cardiac output [rom therrno-

Scries of tests .cpnduct e system have shown that the results

depended on the rate of injectYon of the cold dextrose solution and also

on the length of the catheter exposed to the atmosphere. Also.varying

. mput rates seriously affccted.thc response of the system. Appromma—

tions made in fitting GQuatlon (3) to the thermo-dilution curve and the
drifts in the baseline affect the accuracy of the com ut“f:d values.
Because of the large number of possible corﬁbin%s of these errors,
it has been found difficult to remove the last trace.s of error from the

system. - v

r to those found in other real t1me systems.

50
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. ' * CHAPTER VI

Co SYSTEM VALIDATION - 4

r

Validation of reafl lime systems is an area requn‘mg a good
deal ofjudgment. To a la.rge extent the problem is a.complement to
thc formulation of the system Validation of realstime systems are
done by comparing histories of performa.nce of the system undcr
consideration- with those available for exxstlng systems or in the
absence of such mformatlon the vahd1ty of the system is inferred &7
by observing . it meets the set requlrements. Err{ors can, ‘of CO{.II‘SQ
occur in the demgn and development of thc system. If mathe_matlcal
modelling is a part of the real—tu;ne system ideally'; the el:&:xrs ol -
the system and prograrm‘nmg, errors should be separated by va.hdatmg

the mathemat1ca1 model before embarking on programming. This is

not easy to do, hOWevert because %ually the mathematical model” is

'
intractable. It ma’?r be\p,os sible to solve 5pec1a1 cases, Jor example

by removing alhlrand_omn.ess but as a rule the validation is carned out

by cémparing cdmputeg{e_sfgl)@, to expected standard results.

The vahdltx;”of the real-time’ system for on-line computatmn of

cardjac output- was done by comparmg computed results of card1ac output

“from tcsfs on simulated thbrmo cﬁlutmn curves w1th standard measu-

rcments made concurrently. ’I‘ablc I shows computed results and

standard measdrements made from sn‘nulated thcrmo dllutlon curves.

' Figurég 12 is a plot of the computed results vs standard measure-

s

ments. The solid ling indicates the desired values of.cardiac

output. . : . -
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1

o Computed Standard , Desired
Sl. No. Values of Meakurements Values “of

1 .15 15 {15
2. 2.15 z 2.0
~ 3 3.95 13,257 3.25
4 3.76-  3.75 3.75
5 4.78 F4045 4.45
6 5.55 . i5.45 -~ 5.45
{ - .
7 6.9 - 5.8 5.8
8 7.3 L 6.2 6.2
' Table I o
Computed, Measured and Desired
Values of C.O0.
" CONCLUSIONS

The system for on-line computation of cardiac output-from

 an

thermo -dilution curves, "u_sing @._gi_igitalf-mini':'éagﬁuter has proved
to be extremely uselul as a tool in bio-medical research. The
results obtained from tests ¢onducted on simulated thermo-dilution

curves are in close correspondence to the expected values.

C.0, L/min of G;, 0, L/min’ C.0, L/min .

52~
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| N - . APPENDIX 1

 WEIGHTED LEAST SQUA.RE PROCEDURE FOR THE
ANALYSIS OF INDICATOR DILUTION CURVES

The followmg equation is shown elsewhere [29]'

,to. repre-
sent‘ a good fit for the indicator d11ut1on curves.

.

Oty = K(t -t )° e_(-ti —fta)/'g (A1 1)
Y N ST .. ' .
where k = :scale factor,
a, g = .arbitra.ry paraméters,‘_ | . _';\\\ -
ta' =  appearance time,
C(ti) = indicator concentration at time, t, . D

5
is non -linear in k, a and B . This is made

Equation A. 1. ' |

\‘/ lmear % taking 1ogar1thms so that the linear least square procedure

can be cmployed to determine the constants k, a and - 8

: -y = K SRy e T
in Cit) Lnk+ a *’n\(Fi t) (t, -t /g . | )
or o . ' '
. P-+ a,1 xii + azlxiz ,fl e e ‘ {Al.2)

-
|

-where Y, :{,l_n[C(ti)] a, =a x,

M = 4n (k) a2=1/e X, 5t -t )

-

The weighted sum 0: squares of the deviations (3§ ,1) of the fitted curve

can be written as - | -
n '2 n — ' ) N
S =T (8) = ¢ Wi(Yl~p.-a1x1 azxiz) ....ﬂ._(A . 3)
i=1 i=1 2
‘ i Where w,” are the we1ghts correspondmg to each value of the \
o i 1 :
P polynom1a1 given by AL 2,

and are taken'to be inversely proportlonaiﬁ
: ' t - -

. ; ~ K "

b -

1 . . 54



o

r

. . . 3 l ' i
~ " . -
to the error variance' in the determinafion of C(t,). The error i{n the
-
determmanon of C(t } is apprommately gfonstant. Howevar ' smce a

loganthrnu: model is assumed, the error is no longer constant, but

varies inversely with the square or the'\ihglicator concentration.

Therefore . - - ' - Lo

w ' .“ had

27 n 2 2

. n 19 2/ I-lo
S = L WY + ¢ wW.p 4+ . w a, x,
121 101 i=1 L i=t 11 il
e N n w a-zx 2 , D
5 Y% % R ,
n ’ I
+ 2 a + 2 b
TR I TP R B Tl +) |
" 2 n . n
TOfE AW Xoyhdno owop *i2 ’
o i=1 - i=1
n | . .
- 2 . w, vy a,x . . (A1. 4

1 i“i-1 it

To obtain a close fit it is necessary that the deviations be mihimal

M1n1m121ng the sum of squares of the deviations will discriminate

agamst largc deviations § .. In essence, it"is necessary to minimize
L

the right hand 51de of equatlon Ai 3. Since the  x, - and x, .p are known

functions which can be ea/shy cvaluated gw‘bn t and t a* and Y is a-';'
measured quantity, the only unknowns in equatlon Al 3 are a.1 and a_2

L is a consta.nt which can be solved using a,, a. and equation Al.2.

I A

Hence we canilook on Al.3 as a [unc:tlon of the coefﬁc1ents a and 25,

with a.ll other terms being known constants. .

-
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In element'ary calculus whenever we wish to minimize a Iunction.

we set its first derivatives equal to zero and solve for the unknown

N
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Co ‘ ‘ :
variable, The equation Al.3 is minimized by setting the partial deri- °

L . L ’ ~
vatives with respect to- a, and ' a, cach equal to zero
¢ 1.€e "g"as._ = 0 and Q.E._ = 0 ;
{ 9. . ’
n 2 n - n ' n
a, T WX ,t+a, ¥ w. x  x. + WX, = LY. X, . ...{A1.5
{ iz:-l iil 2 i=q 1 i17i2 “121 i 12:1“’1 73 ‘(1.1 (Al1.5)
% |
o n n 2 n n
B M N T L W X PR D Wi, = § Wiy o (ALLG)
i=1 . =i i=t i=1
qu_J.ati'on Al.2 can be rewritten as follows,
N n n - n' {[n_ ‘ o _
a, z_; WX +a2 LW, x5 +p..:>:_; w.oE T WY, e (ALTY TR
i=1 1i=1 i=1 i=1 X |,‘
. ) X . - -~ ';‘
Equations A1.5, A1.6 and A!l.7 arec'three lingear equations in
\ ' three unknowns. 'Solving for ay and 2y, wWe get the following expression
A R
a _ 1y AZZ Al?_ A24
1 - 2 : . —
A1ha T8y
and -
‘ A A - A, A
11 "2y iy 21
A 2
A -
AppBa m B }
L t.;
. ‘ n n [
where . - _ ‘ T W, X, T W, X, '
. n > i=1 4 il 32y 1t
R r=1 T W,
i:i 1 5
- _ | n n
. S22 i=1 i i2 n
Tow a
i=1 :
’ 2 ’ 1
g. /




a

n n
T n T W, X, T W, X
A= A = S B L T BT
12 21 Eiwl i1 2 —
-’n 1_' 2 W
=1 1
n n
n TW,. Yy, T W X%
A - T Wy, x _ i=1 i Y3 i§1 it
1y iz 171 it n .
1= T w
i=1 t
and h o oa
n LW, Y, w, X,
A - 5w,y x - 151 1X1 i‘_gi i i2
2y FETEEE RS id n
i= s w,
o0
i=1

Substituting the above expressions for a, and a, in 'equajtion AlLT
and solving for p, we get. |

n n , . n - .
b =(Z wwy - a T wX, - a, 3§ W X,)/n
j=1 L1 .21 i1 2 ;7q 1712 T w
: 1=1 1
from which p can be computed. A 2

From the above equalities we ‘can obtain k, a and: g of -

equation Al.1 as follows,
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