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SIMULTANEOUS DETECTION OF WAVE PROPAGATION
VELQCITY AND DIRECTION IN OPTICAL MAPPING DATA
OF CARDIAC. EXCITATION USING OPTICAL FLOW

YUHEI TAKATA', SHIHO NASHIMOTO', TAKAHIRO YAMAGUCHI',
TATSUHIKO ARAFUNE', ETSUKO KOBAYASHI', ICHIRO SAKUMA!,
NITARO SHIBATA?, HARUO'HONJO?, ITSUO KODAMA®
'Graduate. Schaal of. Fronner Sciences,:The’ Umversuy of Tokyo, Tokyo Japan,.

Tokya Metroporztan Ohkubo Hospltal Tokyo, Japan,
SResearch Institute of Enviromenial Mechme, Nagoya Unzversny, Nagoya, Japan

It is important-for analysis' of wave propagation to obtain both velocities and: directions
of ‘a wavefront at' a given point when-we- mvestxgate reefitrant: activities -obtained by
optical mapping technique using voltage sensitive dye. Althdugh action potentials and
Isochronal Map have been used for analyzing dynamics of reentry, neithier-of themi‘can
show instantaneous - velocities ‘and directions of wave propagation at & local region.”
"Optical flow is. a-mathematicdl:method: to:obtain’ distribution of: -apparent. velocities:of - -~

. movement of brightness patterns. in an image. It can determine-the- moving object's
instantanecus: velocity and direction simiiltancously. It has bcen used in robotic vision
and' biomedical- image’anatysis. Aséuiiifig’ thét ‘wavafront:region: of-cardiac-excitation”
moves -as a continuous- object, optical:flow:-was applied:ito: dbtain: wave propagation ~
veloeity. and direction at a given point-in-optical: mappmg ‘data‘ofa, perfused rabbit-heart.
Velocities and. directions of .a wavefront. and “diiring - reentrant activities ¢ould ‘be
calculated in consistent with shape of reentry. The cbtained: veladities and directions- of s
wavefront computed by optical flow agreed well -with- that ‘obtained-from isochronal map
derived from'the same-data. -

1. “Introduction

Optical mapping has been widely used in analyzing .the 'dynamics of car‘diac
excitation wave propagation. Cardiac excitation was visualized : ‘Using & h1gh~
speed: digital video camera. system- with. 1ms time. resolutlon and 0.lmm space
resolution. Isolated Langendorf perfused rabbit heart. stamed -with voltage
sensitive dye di-4-ANNEPS. (2uM)-was:used. To. reduce; txssue ccontraction, 2,3-
butandion monoxime . (I5uM). .. -was: used Excnatmn hght (SOGnm) illuminated
the preparation-and high-speed. dxgltal video camera (Fascam, Photoron) were
used to map. fluorescence ‘from the preparatlon The: ﬂuorescence was filtered
through long -pass ﬁlter (600nm) 10:0btain fluorescence Shlft

Isochronal map is a typical way of representing the spatio-temporal
characteristics of cardiac excitation wave propagation. However, it is difficult to
determine the velocity and direction of wave propagation directly from
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isochronal map. The method to detect the velocity and direction of wave
propagation in optical mapping data has been.unknown.

Optical ﬂdw, [1] is the method to estimate the vector field of objects in'time
series'data. Itis"a-typical way to-detect the velocity and direction of moving selid
objects.using-present optical flow.. However, it is difficult to tract the movement
of deformiable image such as cardiac excitation wave propagation.using present
optical flow.. A new optical flow method is needed to estimate the velocity and
direction of cardiac excitation wave propagation.

Bayly et al. [2] have developed the method to estimate conduction velodity
vector fields from epicardial mapping data, Their method was- applied to
simulation data and electrode array mapping data. To estimate the velocity and
direction of wave propagation, active wave front was fitted using a least-squares
algorithm to a smooth polynomial surface. However, it is difficult to apply
Bayly's method to our experiment data directly because our optical mapping
data(256 X 256pixels) are lager than simulation data(downsampled fo 203<20
and 23X 23 and epicardial electrode array data(23 X 23points) they used.

To detect the velocity and direction of cardiac excitation wave propagation
in optical mapping data, we developed. a new optical flow’s method using 2
spatio-temnporal volume [3] of optical mapping data.

2. Methods

To. determine the velocity and. direction of wave propagation, we used & spatio-
temporal volume and Bayly’s method. First, a spatio-temporal volume was used
to obtain activation time in optical mapping data. A Spatio-temporal volume is
x-y-t three-dimensional image obtained by piling up two-dimensional timie-series
data. After filtering the spatio-temporal volume, the spatiostemporal volume was
cut to make x-t cross-sectional view*and y-t cross-sectional view. Each cross-
sectional view was binarized at 50% depolarization. By searching the beundary
aof the bright area and dark area on the y-t cross-sectional view, we can deternine
the activation time T'(x, y) for the given coordinates of (x,,y, ). The slope of
the activation time line on the cross-sectional view indicates the speed of wave

propagation. The- direction of wave propagation is. obtained by the set of %+t
cross-sectional view and-y-t cross-sectional view. (Fig. 1)
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Figure 1. Spativ-temporal cross-sectional view(left), binarized image(middie), activation time(right).

Next, we used Bayly's method to determine the velocity and direction of wave

spatio-temporal cross-sectional’ view. The velocity vector '(u, v) of a point on a

propagation. The gradient of activation time ar ar was found amalytically in

wavefront is calculated as follows.
T, T,

z V= o
T+ T T} + T}

~

where T Z:QY_: and p _ or . 1f T+ T)»?*:«.O ;then wand v-are not calculated. [2]
Yo R4 E}v : : .

3. Results

Our developed method -was-applied to typical types of wave propagation in
opticdl-mapping data.such as a planar wave and a spiral wave. Figure"-’“‘;howg E:
planar wave in our optical mapping: ‘data. Cardiac excitdtion propaaates from the
apex of the heart to the base of the heart. F1gmc 3(left) shows an 1sochronal map
using a spatm-temporal volume. Fxg,ure-S(mlddle) shows & dlrectlon .map that the
color on wavefronts indicates the direction of wave propagation. Flgura S(right)
shows a veloclty map that the color on wavefronts indicates. the speed of wave
propagation;: As shown in Fig.3, the shape of the wavefront tiirns into the shape
of U becaise the wavefront propagates slower on the center of the heart than on
the other area of the heart. '

Figure 2. Planar wave in-optical mapping data.



Figure 4 shows a spiral wave in our optical mapping data. The wavefront
circulates around the center of the heart in a clockwise direction. Figure 5(left
shows .an isochronal miap. Figure 5(middle) shows a direction map. Figure
5(right) shows a velocity map. The wavefront propagates slower near the core of
spiral reentry than on the other area of the heart(Fig:5).

Figure' 5. Isochronal'map(left), direction map(middle), velocity-map(right).

4. Discussion

The velocity and direction of wave propagation in opticdl mapping dats were
estimaied using spatio-temporal volume and Bayly’s ‘method. As s result, the
vélocity and direction of wave propagation were obtained not only for gimple
moverrent such as a planar wave but also for complex movement such as a spiral
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wave. The direction and velocity of wave propagation by our. method were
agreed -well with the direction and welocity of wave propagation from an
isochronal map qualitatively.

Some lines on -.an-isochronal map by our method have width because of
digitalization that data. of images are used -as- integer -value. The faster a
wavefiont propagates; the more cardiac cells are calculated to be active at the
same- time and-the larger the width. of a wavefront becomes. The reason why the
velocities on the boundary of the wavefront and inside. of the wavefront were
different is that activation time function becomes - stair-like function by
digitalization. The gradient of activation time function is calculated to be O when
a wavefront propagates faster than sampling rate. To modify the problem, we
need to calculdte the gradient of a wavefront:from a wider range of a wavefront
in spatio-temporal cross-sectional views.

In this study, we detected the velocity and direction of a wavefront in
optical mapping: Not only a wavefront but also a wavetail in optical mapping
can be detected by binalization at appropriate threshold in spatio-temnporal cross-
sectiondl views. '

5. Conclusion

We developed a new -optical flow’s.method to detect the velocity and direction
of wave propagation’in optical mapping data vsing a spatio-temiporal volume,
Spatio-temporal cross-sectional views-were used to detect activation times. To
calculate the direction and velocity of wave propagation, Bayly's method was
expanded to our method. The velocity and direction of wave propagation were
obtained directly form a vélocity map and a direction map.- Our new method will
be useful to analyze the dynamic of wave propagation-in optical mapping data.
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Uemura, Kazunori, Atsunori Kamiya, Ichiro Hidaka, Toru
Kawada, Shuji Shimizu, Toshiaki Shishido, Makoto Yoshizawa,
Masaru Sugimachi, and Kenji Sunagawa. Automated drug delivery
system to control systemic arterial pressure, cardiac output, and left
heart filling pressure in acute decompensated heart failure. J Appl
Physiol 100: 1278~1286, 2006. First published December 22, 2005;
doi:10.1152/japplphysiol.01206.2005 —Pharmacological support with
inotropes and vasodilators to control decompensated hemodynamics
requires strict monitoring of patient condition and frequent adjust-
ments of drug infusion rates, which is difficult and time-consuming,
especially in hemodynamically unstable patients. To overcome this
difficulty, we have developed a novel automated drug delivery system
for simultaneous control of systemic arterial pressure (AP), cardiac
output (CO), and left atrial pressure (Pla). Previous systems attempted
to directly control AP and CO by estimating their responses to drug
infusions. This approach is inapplicable because of the difficulties to
estimate simultaneous AP, CO, and Pla responses to the infusion of
multiple drugs. The circulatory equilibrium framework developed
previously (Uemura K, Sugimachi M, Kawada T, Kamiya A, Jin Y,
Kashihara K, and Sunagawa K. Am J Physiol Heart Circ Physiol 286:
H2376-H2385, 2004) indicates that AP, CO, and Pla are determined
by an equilibrium of the pumping ability of the left heart (Sy.), stressed
blood volume (V), and systemic arterial resistance (R). Our system
directly controls Sg, with dobutamine, V with dextran/furosemide, and
R with nitroprusside, thereby controlling the three variables. We
evaluated the efficacy of our system in 12 anesthetized dogs with
acute decompensated heart failure. Once activated, the system re-
stored Sy, V, and R within 30 min, resulting in the restoration of
normal AP, CO, and Pla. Steady-state deviations from target values were
small for AP [4.4 mmHg (SD 2.6)}, CO {5.4 ml-min~!-kg™! (SD 2.4)]
and Pla [0.8 mmHg (SD 0.6)]. In conclusion, by directly controlling the
mechanical determinants of circulation, our system has enabled simulta-
neous control of AP, CO, and Pla with good accuracy and stability.

computers; negative feedback; circulatory equilibrium

IN THE MANAGEMENT OF PATIENTS with acute decompensated heart
failure after myocardial infarction or after cardiac surgical
procedures, cardiovascular agents such as inotropes and/or
vasodilators are commonly used to control systemic arterial
pressure (AP), cardiac output (CO), and left heart filling
pressure (2, 13, 20). Because responses to these agents vary
between patients and within patient over time, strict monitoring

of patient condition and frequent adjustments of drug infusion
rates are usually required. This is a difficult and time-consum-
ing process, especially in hemodynamically unstable patients.
Several closed-loop systems [o automate drug infusion have
been developed to facilitate this process (10, 11, 18, 26, 27).
Closed-loop control of AP with vasodilators was more precise
and stable than manual controls (10, 11). Chitwood et al. (10)
demonstrated that, compared with manual control, closed-loop
control of postoperative hypertension significantly improves
patient outcome by reducing the transfusion requirement and
postoperative blood loss. Although closed-loop control of he-
modynamics has been suggested to be useful in clinical set-
tings, no closed-loop system so far developed is capable of
controlling the overall hemodynamics; i.e., conirolling AP,
CO, and left heart filling pressure simultaneously (18). This is
because all previous systems attempted to directly control the
hemodynamic variable by estimating response of the variable
to drug infusion (10, 11, 18, 26, 27). Although such an
approach worked well in controlling a single variable, it cannot
be applied to control of the three variables, because it is
difficult to simultaneously estimate their responses to the
infusions of multiple drugs.

In this study, we developed a new automated drug delivery
system that is capable of controlling AP, CO, and left atrial
pressure (Pla). We modeled the entire cardiovascular system
by extending Guyton’s framework of circulatory equilibrium
(16, 17, 24, 25). As shown in Fig. 1, the extended framework
consists of an integrated cardiac output curve characterizing
the pumping ability of the left and the right heart and a venous
return surface characterizing the venous return property of the
systemic and pulmonary circulation (24, 25). The intersection
point of the integrated CO curve and the venous return surface
predicts the equilibrium point of CO, Pla, and right atrial
pressure (Pra) (Fig. 1) (24, 25). Once CO, Pla, and Pra are
predicted from the intersection point, systemic arterial resis-
tance determines AP. On the basis of this framework, instead
of directly controlling AP, CO, and Pla, our system controls the
integrated CO curve with dobutamine (Dob), the venous return
surface with 10% dextran 40 (Dex) and furosemide (Fur), and
systemic arterial resistance with sodium nitroprusside (SNP),
thereby controlling the three hemodynamic variables.
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Fig. 1. Diagram of circulatory equilibrium for cardiac output (CO), venous
return (COv), left atrial pressure (Pla), and right atrial pressure (Pra). The
equilibrium CO, Pla, and Pra are obtained as the intersection point of the
venous return surface and integrated cardiac output curve. [Modified from
Uemura et al, (Ref 25).]

The purpose of this study was, therefore, to develop and
validate the new automated drug delivery system. We evaluated
the efficacy of our system in a canine model of acute ischemic
heart failure. Our results indicated that this novel automated drug
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delivery system was able to control AP, CO, and Pla simulta-
neously with reasonably good accuracy and stability.

‘METHODS

Cardiac Output Curve, Venous Rewrn Surface, and
Arterial Resistance

On the basis of previous studies, we parameterized the integrated
CO curve by the pumping ability of the left heart (S.), the venous
return surface by total stressed blood volume (V), and the systemic
arterial resistance by R (see APPENDIX A) (24, 25). Our system aims to
control these cardiovascular parameters to achieve target AP (AP*),
target CO (CO*), and target Pla (Pla*).

Automated Drug Delivery System

Figure 2A illustrates a block diagram of the automated drug
delivery system, using a negative feedback mechanism.

Target values of Si. (Su*), V (V*), and R (R*) are determined
according to the AP*, CO*, and Pla* (see APPENDIX B). The subject’s Si,
V, and R are calculated from the measured AP, CO, Pla, and Pra (Fig.
2A). Si, V, and R are compared with Sp.*, V¥, and R*, respectively.

To minimize the difference between Sp.* and Sy, (AS;, = Su.* — S)
and the difference between R* and R (AR = R* — R), proportional-
integral (PI) feedback controllers adjusts infusion rates of Dob and
SNP, respectively (Fig. 24). In the PI controller (Fig. 2B), ASL (or
AR) and the difference integrated with an integral gain (K)) are
summed and scaled by a proportional gain (K,) to give the infusion
rate of Dob (or SNP). We determined values of K; and K, on the

A
Su” + DOB
B @ P! controller —p
AP T > AP
Determination * )
R + SNP
CO" ——# offarget 3 Pl controller . S(%%Z)Ct > CO
parameters -
Pt =¥ vt DEX or FUR > Pin
P (Rt N=L coONtrolleEr 2
 _ e
Pra
St P
R _|Calculation of [¢
parameters [g
V o,
B
»
451 (or4R) K, > DOB (or SNP)
+
L K
5

Fig. 2. A: block diagram of an automated drug delivery system for simultaneous control of systemic arterial pressure (AP), CO, and Pla. AP*, CO* and Pla*
represent target AP, target CO, and target Pla, respectively. From these target variables, target values of pumping ability of the left heart (Sp*), stressed blood
volume (V*), and systemic arterial resistance (R*) are determined. Subject’s S, V, and R are calculated from measured AP, CO, Pla, and Pra.
Proportional-integral (PI) controllers adjust infusion rate of dobutamine (Dob) and sodium nitroprusside (SNP) to minimize the difference between Sy. and S *
(ASvy), and the difference between R and R* (AR), respectively. Nonlinear (N-L) controller adjusts infusion of 10% dextran 40 (Dex) or injection of furosemide
(Fur) so that the difference between V and V* is minimized. B: block diagram of the P! controller. K; and K, represent the integral and proportional gain constants,

respectively; s is a Laplace operator.
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basis of open-loop response of Si. (or R) to the infusion of Dob (or
SNP) (4, 9).

To minimize the difference between V* and V (AV = V*.V), a
nonlinear (NL) feedback controller (Fig. 24) adjusts the infusion of
Dex or injection of Fur on the basis of the following “if-then” rules:

Rule 1: If AV = X, ml/kg then infuse Dex (¥, ml/min)
Rule 2: If AV = X, mi/kg then inject Fur (¥,, mg)

We determined values of X, Y1, Xz, and Y on the basis of the
open-loop response of V to the infusion of Dex and Fur.

These adjustment processes are repeated in parallel and continued
until the differences disappear.

Preparation

We used 35 adult mongrel dogs in this study [both sexes, body
weight 25 kg (SD 4)]. Care of the animals was in strict accordance
with the guiding principles of the Physiological Society of Japan. All
protocols were approved by the Animal Subjects Committee of the
National Cardiovascular Center. Anesthesia was induced with pento-
barbital sodium (25 mg/kg). Animals were intubated endotracheally.
Isoflurane (1.0%) was inhaled continuously to maintain an appropriate
level of anesthesia during the experiment. A catheter (8-Fr) was
placed in the right femoral artery, which was connected to a pressure
transducer (DX-200, Nihon Kohden, Tokyo, Japan) to measure AP.
After a median sternotomy, a small pericardial incision was made at
the level of the aortic root. Through the incision, an ultrasonic flow
meter (20A594, Transonics, Ithaca, NY) was placed around the
ascending aorta to measure CO. Fluid-filled catheters were placed in
the left and right atria to measure Pla and Pra, respectively. They were
connected to pressure transducers (DX-200, Nihon Kohden). The
junction between the vena cavae and the right atrium was taken as the
reference point for zero pressure. The undamped natural frequency
and the damping ratio of the fluid filled catheters for the pressure
measurements were 21 Hz and 0.22, respectively. A urinary catheter
was inserted to measure urine volume.

A catheter (6-Fr) was placed in the right femoral vein. A roller pump
(Minipuls 3, Gilson, Middleton, WI) was attached to the venous line to
infuse Dex. A double-lumen catheter was also introduced into the right
femoral vein for administration of Dob and SNP. Infusion pumps (CFV-
3200, Nihon Kohden) were used for Dob and SNP infusion. The infusion
rates of Dex, Dob, and SNP were controlled with a personal computer
(MA20V, NEC, Tokyo, Japan) through a 12-bit digital-to-analog con-
verter (DA12-8PC], Contec, Osaka, Japan). A catheter (6-Fr) was placed
in the right external jugular vein, from which Fur was injected after a
command signal from the computer.

Experimental Protocols

We induced left ventricular failure (LVF) in all the animals by
embolizing the left circumflex coronary artery with glass micro-
spheres (90 pm in diameter) (24, 25). We adjusted the amount of
injected microspheres to increase Pla to more than 18 mmHg or
decrease CO to less than 70 ml-min~!-kg™!.  When ventricular
tachycardia or frequent premature ventricular contractions were noted,
lidocaine (1 mg/min) was infused to suppress the arrhythmia.

Response of cardiovascular parameters to drug infusion. Under
open-loop conditions, we examined the response of cardiovascular
parameters to drug infusions in 21 dogs with LVF. In 10 dogs, we
infused Dob in a stepwise manner at 6 pg+-kg™!-min~! for 10 min to
obtain a step response of Si. In six dogs, we infused SNP at 2
pg-kg~!-min~! for 10 min to obtain a step response of R, In five
dogs, we infused Dex at 0.4 mi-min~!-kg ™! for 10 min to observe the
response of V. In seven dogs, we injected Fur (20 mg, bolus iv) and
observed the response of V and urine volume for 50 min.

Application of the automated drug delivery system. We applied the
system to the other 14 dogs with LVF. We first defined AP* (90-105
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mmHg), CO* (90-100 mi-min~'+kg™"), and Pla* (8—~12 mmHg),
which were fed into the system to determine Sp*, V*, and R* (see
APPENDIX B). The controllers were then activated by closing the loops.
In 12 dogs (group 1), we observed the performance of the system over
50-60 min. In two dogs (group 2), we observed the performance of
the system over 100-150 min to evaluate stability of the closed-loop
control over a longer periods of time. )

With the use of the computer, analog signals of AP, CO, Pla, and Pra
were digitized at 200 Hz with a 12-bit analog-to-digital converter [AD12-
16U(PCIE, Contec, Osaka, Japan] and stored on a hard disk for offtine
analysis. In the closed-loop control, the digitized signals were smoothed
by a low-pass filter (time constant, 10 s) and were used as the system
controlled variables. The infusion rates of Dob, SNP, and Dex were also
stored. Urine volume after the injection of Fur was recorded.

Data Analysis

Evaluation of the response of cardiovascular parameters and
design of the controller. We described the step response of Sy and R
by a transfer function of a first-order model with a transport delay. In
this model, change in Sy from baseline (8Sy) in response to Dob
infusion can be expressed by the following formula:

G- |1 ( [_L> =L
85,00 = mep\m )| =0
0 (t<<L)

ey

where G is static gain [ml'min™"kg™'(pg-kg™ ' min™)7, L is
transport delay (s), and T is time constant (s). Change in R from
baseline (8R) in response to the SNP infusion can be expressed
similarly and is characterized by G [mmHg-min-ml™! kg
(g kg ' min™ Y71, L(s), and T (s). We estimated the parameters of
the transfer function by approximating 8S;, and 8R to Eq. ] using the
least square method. We averaged the parameters of the transfer
function of Sy, response for 10 animals and those of R response for 6
animals. The averaged parameters were used to determine the PI gain
constants, K; and Kj, in accordance with the method of Chien et al.
(9). Their method provides PI constants that permit the regulated
variable to respond rapidly without overshoot (4, 9).

We evaluated the change in V from baseline (8V) in response to the
infusion of Dex and Fur. On the basis of 8V, we determined the
constants (Xi, Y1, X2, and Y») of the if-then rules.

Efficacy of the automated drug delivery system. We calculated the
following indexes to evaluate the accuracy and stability of the control
of AP, CO, and Pla by the new system: the time required for the
hemodynamic variables to reach the acceptable ranges of the target
values (10 mmHg for AP, =10 ml-min~! kg ™' for CO, =2 mmHg
for Pla), and the standard deviations of the steady-state differences
between AP and AP*, between CO and CO¥*, and between Pla and
Pla*. Because steady states were reached within 30 min in all the
variables in the present study, standard deviations were calculated
from 30 min after the loop was closed.

Statistics

Group data are expressed as means (SD) unless otherwise siated.
Student’s paired t-test was used to compare hemodynamic data at
baseline and after the coronary embolization. One-way ANOVA with
Tukey’s post hoc test was used to compare hemodynamic data before,
during, and after the closed-loop control of hemodynamics. The level
of statistical significance was defined as P < 0.05.

RESULTS

Hemodynamic data at baseline and after left circumflex
coronary artery embolization are summarized in Table 1.
Coronary embolization more than doubled Pla [from 7.5 (SD
1.9) to 19.4 (SD 6.2) mmHg] and halved CO [from 131.4 (SD

+ APRIL 2006 « WWW.jap.org




CLOSED-LOOP CONTROL OF HEMODYNAMICS

Table 1. Hemodynamic data ar baseline and after left
circumflex coronary artery embolization

Baseline Embolization
HR, beats/min 141.3(19.5) {112.0~188.3] 146.2 (28.8) [81.4-197.9]
AP, mmHg 109.1 (18.7) [76.4-140.0] 90.9 (16.5) [66.9-135.6}*
CO, ml'min~"kg™! 131.4 (40.9) [64.5-229.2] 66.8 (23.3) [30.3-121.7}*
Pla, mmHg 7.5(1.9)[4.7-12.8) 194 (6.2) [7.9-34.5]*
Pra, mmHg 42(1.2)[2.1-7.2} 6.0 (1.8) [3.5-9.97*
Sy, mbmin~ kg ™! 543 (18.1) [25.2-105.9] 19.1 (7.6) [8.0-33.7)*
R, mmHgmin'ml~ kg 0.9 (0.4)[0.4-1.8] 1.4 (0.5) {0.7-2.6}*
V, mlkg 31.0(6.6) [21.745.2] 32.3 (4.9) [20.643.7]

Values are means (SD) (n = 35 in each group). Numbers in brackets are the
ranges. HR, heart rate. AP, systemic arterial pressure; CO, cardiac output; Pla, left
atrial pressure; Pra, right atrial pressure; Si,, pumping ability of the left heart; R,
systemic arterial resistance; V, stressed blood volume. *P < 0.01 vs. baseline.

40.9) to 66.8 (SD 23.3) ml-min~!-kg~']. This decreased St to
about one-third of the baseline value, which indicates substan-
tial downward shift of the left cardiac output curve. These
changes are compatible with severe LVF.

Response of Cardiovascular Parameters to Drug Infusion

Figure 3 shows the open-loop responses of cardiovascular
parameters to drug infusions. Figure 3, A and B, shows the
averaged time course of 8Sy during Dob infusion (n = 10)
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and that of 8R during SNP infusion (n = 6), respectively.
Dob infusion increased 38S;, and SNP infusion decreased 8R
exponentiaily. The results of the fit of Sy, and 3R to Eq. /
are summarized in Table 2. The fact that the correlation
coefficients were close to unity, with a small standard
error of the estimate relative to the amount of §S; and
3R, suggested that the approximation of Sy, and &R to Eg.
I was reasonably accurate. On the basis of the averaged
parameters of the transfer function (Table 2), we determined
the PI gain constants for Dob infusion [K; = 0.01 s7', K, =
0.06 pg'kg !''min~! (mi‘min~'-kg™") '] and for SNP
infusion [K; = 0.007 s™', K, = —1.37 pg-kg ' min~"
(mmHg-min-ml~!-kg) 7]

Figure 3C shows the averaged time course of 8V in response to
Dex infusion (n = 5). 8V increased and plateaued [7.2 ml/kg (SD
2.2)] after the cessation of Dex infusion. 8V at the plateau was
greater than the total volume of Dex infused (4 ml/kg), suggesting
transvascular fluid absorption by colloid osmotic pressure (3).
Figure 3D shows the averaged time course of 8V after a single
intravenous injection of Fur (20 mg, n = 7). 8V gradually
decreased and reached a trough [—4.3 ml/kg (SD 3.5)] around 30
min after the Fur injection. Average urine volame was 180 ml (SD
94). On the basis of these responses, we determined the constants
of the if-then rules as X; = 1 mbkg, ¥1 = 10 ml/min, X, = ~2
mi/kg, and ¥, = 10 mg. To avoid oscillation between hypovole-
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Fig. 3. Response of cardiovascular parameter to drug infusion. A: averaged response of S to stepwise Dob infusion (6 pg-kg™!min~') (n = 10). The ordinate
indicates change in Sy, from baseline (3S.). B: averaged response of R to-stepwise SNP infusion (2 pg-kg™!-min~") (n = 6). The ordinate indicates change in
R from baseline (3R). C and D: averaged response of V to Dex infusion (0.4 mi*min~!-kg™!) (C, n = 5) and to Fur (20 mg) injection (D, n = 7). The ordinates
indicate change in V from baseline (8V). Data are expressed by mean (solid line) = SD (broken line).
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Table 2. Parameters of step response of S and R

CLOSED-LOOP CONTROL OF HEMODYNAMICS

G L T r SEE
3SL 3627 63.5(46.9) 79.0 (78.0) 0.91 (0.09) 2.0 (0.7
3R —0.21 (0.08) 69.8 (26.1) 117.1(80.2) 0.93 (0.02) 0.06 (0.02)

Values are means (SD). 8Si, change in St from baseline; 3R, change in R from baseline; G, static gain of 35, [ml'min~'kg~! (wg-kg™!'min~")"'] and of
3R [mmHg min-ml~ kg (ug- kg™ !-min~")"!]; L, transport delay (s); 7, time constant (s); r, correlation coefficient; SEE, standard error of the estimate of 8S¢.

(mi'min~!+kg™") and of 8R (mmHg'min-mi~!-kg).

mia and hypervolemia (hence infusion of Dex and injection of
Fur), we introduced a dead zone (—2 mi/kg < AV < | ml/kg) into
the rules (4). We set continuous checking for rule I and checking
at 20-min intervals for rule 2.

With the controllers thus designed, we evaluated the perfor-
mance of the automated system in the next protocol.

Performance of the Automated Drug Delivery System

Figure 4 shows the experimental trial in a representative
case. The automated system was activated at 0 min. Figure 44
shows the time courses of the infusion rates of Dob and SNP
and the accumulated volume of infused Dex. In this case, Fur
was not injected. Figure 4B shows the time courses of Si, R,
and V. Infusion rates of Dob, SNP, and Dex were adjusted so
that Si, R, and V reached their respective target values. By
controlling the cardiovascular parameters, the automated sys-
tem controlled AP, CO, and Pla accurately and stably as
demonstrated in Fig. 4C. AP, CO, and Pla reached their
respective target levels within 30 min and remained at these
levels.

Figure 5 summarizes the results obtained for 12 dogs (group
1), demonstrating the effectiveness of the performance of the
automated system. Figure 5A shows averaged time courses of

@

40+

N
§

the infusion rates of Dob and SNP, and the accumulated
volume of infused Dex. The average infusion rates of Dob and
SNP were 4.7 pgkg™!'min~! (SD 26) and 4.2
pg-kg™!-min~' (SD 1.8), respectively. The average volume of
infused Dex was 2.4 ml/kg (SD 1.9). Fur was injected once in
one animal and twice in another animal. In these two animals,
V decreased by 3.8—10.2 ml/kg in response to the injection of
Fur with a total urine volume of 250-300 ml. Figure 5B shows
averaged time courses of difference between Sy, and S_* (Sp. —
Sy*¥), difference between R and R* (R — R*), and difference
between V and V* (V ~ V*). Once the system was activated,
these differences rapidly converged to the zero lines in all the
animals. S;. was restored to subnormal conditions [33.0
ml-min~!kg™! (SD 2.6)] irrespective of the magnitude of
depression before the control [13.8 ml-min~!'kg™! (SD 3.5),
from 9.4 to 20.5 ml-min~!-kg™']. These resulted in accurate
and stable control of AP, CO, and Pla (Fig. 5C). The ordinates
of Fig. 5C indicate the difference between AP and AP* (AP —
AP*), difference between CO and CO* (CO — CO¥*), and
difference between Pla and Pla* (Pla — Pla*). These differ-
ences also converged to the zero lines rapidly. The average
times for AP, CO, and Pla to reach the acceptable ranges were
5.2 min (SD 6.6), 6.8 min (SD 4.6), and 11.7 min (SD 9.8),
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Fig. 4. Time courses of infusion rates of Dob and SNP, and cumulated volume of infused Dex (A), cardiovascular parameters (B), and hemodynamic variables
(C) in 1 representative animal during closed-loop control of hemodynamics. Broken horizontal lines in B indicate target parameters (fop, S.*; middle, R*; bottom,
V*). Broken horizontal lines in C indicate target hemodynamic variables (top, AP*; middle, CO*; bottom, Pla*). Drug infusion rates were adjusted so that the
cardiovascular parameters reached the respective target values. As the parameters got closer to their targets, all 3 hemodynamic variables approached their

respective target values.
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