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ABSTRACT

Cadiac output estimation scheme of LVAD
using multi~dimensional interpolation technique
was introduced in this paper. This paper also
show  appropriate  input-output data for
estimation. Experimental results show our
approach is a good one for the estimation of
nonlinear hemodynamics.

Introduction

Automatic Cardiac Output ( CO ) control
scheme is one of important goal in-the study of
artificial heart [1]. The first step is to find the
nonlinear function of CO ( xI, x2, -+ xn ). There
have been much researches to find the nonlinear
hemodynamics, but the results are not so
satisfactory when they were employed in real
situations [2][3].

So, many researchers seek to find the
nonlinear hemodynamics from other scheme such
as Neural Network ( NN ) and so on. When we
use NN, it is necessary to get input-output data
sufficiently from real situations, and there remain
problems to find appropriate NN. In this paper,
we developed multi-dimensional interpolation
technique to estimate cardiac output and
appropriate input-output data table ( Look-Up
Table, LUT ) [4). We tested our method at Left
Ventricular Assist Device ( LVAD ) which was
developed at Seoul National University. Test
results show our approach is practically good
method.

LVAD

Usually, the output of LVAD is said to be
‘Assist Output ( AO )’ rather than cardiac
output. From now, we use the Assist Output (
AQ ) as a terminology.

In the LVAD which was developed at Seoul
National University, the AQO depends on 5
variables as Eq. (1).

AO = f(SV,DV,SL,LAP, AoP) (1)
where SV : Stroke Velocity
DV : Diastolic Velocity
SL : Stroke Length
LAP : Left Atrium Pressure
AoP : Aortic Pressure

The LVAD is being enhanced by modifying
valve, sac volume, housing, and using magnet,
and so on. So development of model each time
is time-exhausting one and it does not produce
satisfactory estimate at real situations as stated
before.

Multi-dimensional Interpolation
Technique

There are two aspect to enhance the estimate
of interpolation scheme. One is to get small
interval of LUT, and the other is to use complex
interpolation  algorithm. In this paper, we
consider the simplest LUT - each variable
consists of large, middle, and small, and
5-dimensional linear interpolation. :

If the input variables are xI1[J, x2{1, x3], x4(1,
and x5(], the output function y(xI, x2, x3, x4, x5)
is

—232—-



Experimental Approach for the Estimation of Cardiac Output of Left Ventricular Assist
Device Using Multi—dimensional Interpolation Technique

f = x.l_xla[i]
Yol AL m] [ 2] 7] @ 2ial 1411 =214 1]
= 2ol ], xoal 7], xaal m], x40 7], x50[ 1)< g = Xy~ %3, 1]
4 ; ‘ %ol 1+ 1] — 20, (4]
The goal is to estimate, by interpolation, the u = [x3;1x]3"_[ m][ ] 5)
function .y at some untabulated point (x1, x2, x3, Xzal M X3al M
x4, x5). . v = %4 — %45 7]
I : ‘ o %ol 2+ 1] = x40 [ 2]
: - w = x5 — *sa[ 7]
#al 0] <% < xg i+ ] Fsal 7+ 1] =251 7]
Xl 7] < x5 < [ j+1 ] (f g u, v, and w each lie between 0 and 1 )
Xl 7 ] < 2 < x4[ n+1 ) then the estimated value is
ol v ] < x5 < x,f r+1 ]

y(xl,xz,xa.x«a.xs) =

the grid points are (1- Al- 1— W(1- )1 wn

+ (1- N(1- (1— (- v) W)y,
n = y.li J|§] Im  ln  Nr ] + (1— A= 20— W Q- wy
3 = y,[i i lm ln  Jr+1] + (11— H1- 21— ) )  wy,
y3 = ya[i |8 Im Tn+1 1[r ] + (1- N(1- gX w1 — (11— wys
Yy = Y[t i UAm w41 ]lr+1] + 11— N0- 20 wWA- ) wy
ys = y,li 1 Im+1 1n  Nr 1] + (1—- Ha- gX 2)( (11— w)y,
6 = y,[i 1 IIm+1 ln Ir+1] + (11— H(— gX w)( v)( w)ys
yr = y,[i 1 Ilm+1 ln+1 J[r ) + (- N 21— w(1— (11— wy,
ys = yli  Ji Am+1 ln+1 I[r+1 ] + (=N 20— W(1- o wy,
' + 1= N 20— w( A= wyy
v = y,[¢ 1L7+1 ][m 1n Ir ] + (- M 21— w)( vw)( W)y
Yo = ¥,li 1i+1 1[m In Ir+11] + (1- A( 2 w(1— (11— wyy
= y[¢ i+1 Mm  Jn+1 ][ ] + Q- N )X w(1— v)X Wy
Y2 = y.li i+l lm  An+1 Ar+1] + (-2 2 W )1- wygs
Yis = ¥.[i Li+1 Ilm+1 [ Yr ] + (11— N gX 2)( v)( wyig
L e o
Y5 = y.li 7+1 J[m+ n+ v _ — W- (- w
o= vali W+ dmed Tntd Tre1 ] T 0 T G0 0T T W

. ) + 1— 1— u v (1— wy

yr = vli+1 0 lUm  Nn  Jr ] + E ggl— ggl— ugg v)( w)yz
yis = v [i+1 ][; Im  YNn  Jr+1] + ( Hl-9( (- (11— wyy
g = v li+1 ;- Um  JYnt+l )r ] +( N1- 20 wl= (" wyy
yo = vli+1 i llm 1n+l Jlr+1] +( A-2( W A= wyy
ya = yo[i+1 ]lJ lm+1 {n Jr ] + ( - X D0 o) )Yy
yo = vli+1 i lm+1l]n Jr+1] + (A0 2= w1— )1~ wyx
yu = y.[i+1 )j Im+1 Un+1 r ] +( A - wl- v) W)
yu = y[i+1 1[j Ilm+1 Jn+1 r+1 ] + (7 21— ) 21— wWyy

+ 1— u v w)y
e = wlitl i1 km 1 4y 1 D0 AL ST U0
s = Y[i+1 i+1 m  n  Jr+1) +( A 2 W(1— o) )3
RS ASE WA Lt l L FON D0 W - wy
yn = v.li j m n r u v w
vo = S+ Ime1 T I, 1 T O P00 0l a0 e
v = ¥[i+1 1[i+1 Im+1 n  1r+1 ] ~
ya = v[i+1 Ji+1 Yme+1 J[n+1 J»r ]
Yo = ¥,[i+1 Ji+1 m+1 lln+1 Jr+l ]

(4)
The simplest linear interpolations are
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Experiments

We matched xI, x2, x3, x4, x5 to SV, DV, SL,
LAP, AoP. And each has 3 or 2 cell values as
follows.

SV : 10, 20, 30,

Dv : 10, 20, 30,

SL : 4000, 5000, 6000,

LAP: 3, 10,

AoP: 50, 100, 150 [mmHgl.

Here, as high LAP ( ex : 20 [mmHg] ) does
not influence at AO, we considered only small (
3 ) and middle ( 10 )} LAP. Then the possible
case number is 3 x 3 x 3 x 3 x 2 = 162,

The performance of our approach can be
verified by comparing the experimental value and
estimated value which has the high probabilities
of estimation error. These points lie between the
cell value, and have 2 x 2 x 2 x 2 x 1 = 16
cases.

The results are in table 1. If we get the AO
data from flow meter, the value change t 0.1 ~
02 [l / min]. So, we can say that this results
have high precision.

Table 1. Test results [ / / min ]

AO
(Assist Output)
experi-| esti-
ment | mation
17 | 17 [5000] 80 | 6 2.70 258

SV | DV | SL |AoP|{LAP

17 123 | » » " 2.80 2.37
23 | 17 | » " " 290 | 294
23 | 23| » " " 265 | 244
17 | 17 {5600 = " 280 | 275
17 1 28| » " " 28 | 285

23 | 17 | » " " 345 | 340
23 |23 | » ” " 33 | 342

17 | 17 {5000( 120 | ~ 2.20 2.20
17 | 23 " " " 1.95 2.01
23 117 " " " 2.30 2.53
23 | 23 " " n 1.70 2.14
17 | 17 |5600| » " 2.40 2.46
17 | 23 ” ” n 2.50 2.51
23 | 17 ” " " 3.15 3.15
23 | 23 ” " " 3.10 3.16
Conclusions

In this paper, we developed AQ estimation
scheme of LVAD. We considered simple LUT
and  multi-dimensional linear  interpolation
technique, and verified high performance by
experiment. As LUT consists of small cells, it
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does not require high memory. Considering this
point, we think this approach is better than NN,
because NN requires much input-output data and
there remained other problem of selecting
appropriate  NN. Our research results can be
extended to other problem of nonlinear
hemodynamics estimation, optimal path finding
problem using dynamic programming technique
or generic algorithm, fuzzy control using large,
middle, and small LUT data as a membership
function of fuzzy inference and defuzzification

(5].
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