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Abstract. The Langendorff perfused heart is studied in a closed system with (i) automatic reg- 
ulations to maintain constancy of the perfusion column (Krebs-Henseleit + 0.5% albumin or 
25-3096 washed erythrocyte suspension), (ii) continuous recording of rate, coronary flow, and 
supravalvular aortic pressure. A microcomputer with software interface is used for storage treatment 
and on-line analysis of the recorded variables. In 38 preparations perfused with Krebs-Henseleit, 
minimal diastolic (61.2 k 2.8 mm Hg) is significantly below and peak systolic (98.7 k 3.6 mm 
Hg) significantly above perfusion pressure (80 mm Hg). Pressure difference between minimal 
diastolic and peak systolic (AP) is 37.5 k 1.8 mm Hg. Increases in perfusion pressure will be 
associated with increases of coronary flow and AP, which is also increased by isoprenaline ad- 
ministration. Oxygen consumption decreased by 76% when perfusion pressure was lowered from 
80 to 60 mm Hg in hearts perfused with a 30% erythrocyte suspension. All of these experimental 
results were interpreted as indicating that AP measured in this system resulted from an ejected 
volume (x acceleration) from the heart. The ejected volume corresponds to a valvular leak caused 
by the rigid nature of the system which is devoid of aortic compliance. AP may be considered an 
index of left ventricular performance, an indication that the Langendorff preparation studied 
under the present conditions is a working heart. A 100-111 volume constant infusion syringe for 
time administration of cardioactive drugs may be inserted at the base of the perfusion column to 
obtain dose-response effects. 0 1985 Society for Experimental Biology and Medicine. 

Langendorff described in 1895 (1) an iso- 
lated mammalian beating heart perfused in a 
retrograde fashion through the aorta by a col- 
umn of Ringer lactate. This preparation con- 
stituted the first model to study the direct 
pharmacological action of different substances 
on the heart. However, heart rate was the only 
marker which could be measured with any 
consistency. “Force of contraction” or inotro- 
pic function and coronary flow were difficult 
to assess with consistency and precision. In 
subsequent years, coronary flow was approx- 
imately measured by sampling coronary out- 
flow (2-4). Force of contraction of the myo- 
cardium was measured by one of the three fol- 
lowing methods: by a strain gauge ( 5 ) ;  by 
recording pressures from a fluid-filled balloon 
inserted into the ventricle (6); or by recording 
intraventricular pressure by means of a 
blunted needle inserted into the ventricle 
chamber (4). These three invasive methods 
yield only approximate results: the intraven- 
tricular balloon has to be filled to a different 

’ This paper was presented in part at the 1985 FASEB 
meeting, Anaheim, Calif. 

volume with each heart, and as a result there 
is significant dispersion of the results depend- 
ing on the size of the heart; the balloon will 
distend the ventricle in early diastole and may 
therefore impede coronary flow in the sub- 
endocardia1 area (1). The strain gauge must 
be inserted surgically on the myocardial sur- 
face which results in some muscle damage (8). 
The recorded signals will also vary widely from 
one preparation to the next because of the dif- 
ference in insertion and orientation of the 
gauge (9). While some authors recognized that 
“ventricular filling was occurring during dias- 
tole and that some fluid was ejected with sys- 
tole (4), it was generally assumed that the 
Langendorff perfused heart was nonworking, 
e.g., contracting in an empty state, a conclu- 
sion which led some authors to introduce a 
fluid-filled balloon in the left ventricle to mea- 
sure myocardial contractile force. 

The present study was aimed at clarifying 
the dynamics of the cardiac function of the 
Langendorff perfused heart as it was originally 
described. For this purpose a new system was 
designed for continuous measurement of supra 
valvular aortic pressure, and coronary flow. 
This preparation was also designed for time 
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administration of known amounts of car- 
dioactive drugs to obtain dose-response ef- 
fects. Finally, an instrument interface was de- 
signed and adapted to a programmed micro- 
computer for on-line storage, processing, and 
analysis of the data. 

Methods. The system used in this study 
consists of the following components: 

( 1)  modified Langendorff preparation com- 
prising (Fig. 1)  (a) an automatic regulation de- 
vice to maintain volume constancy in a closed 
circuit perfusion system as described by Du- 
ruble et al. (10) and (b) recording equipment 
for continuous measurement of coronary flow, 
frequency, and supravalvular aortic pressures; 
and 

(2) a microcomputer and a software inter- 
face for storage and treatment of the recorded 
variables. (See Appendix I.) 

FIG. I .  Modified LangendorR perfused heart: ( 1 ) ther- 
mostated bath (constant level) with EKG electrodes (six 
pairs): (2) perfusion/cannulation system; ( 3 )  thermostated 
perfusion column; (4) thermostated filling reservoir (con- 
stant level); ( 5 )  floating syringe; (6) displacement trans- 
ducer; (7) pump speed control triggered by displacement 
transducer; (8) modified pump with tachymeter; (9) per- 
fusate reservoir; ( 10) membrane oxygenator; ( I I ) pressure 
transducer; (1 2) electric precision syringe; ( 1 3 )  computer 
with cards and software; (14) chart recorder. 

Thc Langendorf perhsed heart. Fasting 
animals (rats, guinea pigs, or rabbits) main- 
tained on ad libitum standard laboratory diet 
are anesthetized with ether. The heart is rap- 
idly excised and placed in a beaker containing 
iced saline and heparin ( 1 1). The heart is then 
mounted on an aortic cannula at the base of 
the perfusion column. The heart is suspended 
over a saline-filled thermostated container; 
only the lower half of the heart is immersed 
in saline, to allow for gravity drainage of cor- 
onary output from the right auricle. 

The fluid for retrograde perfusion of the 
heart is contained in a closed thermostated 
column (37°C). For routine pharmacological 
studies, the perfusion pressure is set at 80 mm 
Hg. In six preparations a different perfusion 
device was utilized which allowed for varying 
the range of perfusion pressure from 50 to 120 
mm Hg ( 12). Such variations were performed 
by changing the height of the displacement 
transducer syringe, the plunger of which was 
filled in part with mercury (Fig. 2). In these 
instances, the entire perfusion system was 
placed in a glass cabinet thermostated at 37°C. 

The perfusion fluid routinely used for phar- 
macological studies is a Krebs-Henseleit bi- 
carbonate buffer containing 0.5% albumin. In 
selected experiments when oxygen uptake is 
to be measured, the perfusion system is filled 
with a 25 to 30% erythrocyte suspension in 
Krebs-Henseleit as described in a previous 
paper ( 1  1). The perfusion fluid is first equili- 
brated through a disposable membrane oxy- 
genator (Cobe Pediatric) with a gas mixture 
containing 95% O2 and 5% C02  when Krebs- 
Henseleit is used so as to afford maximal ox- 
ygenation, and avoid direct gas liquid interface 
which produces bubble formation and protein 
denaturation. The resulting p 0 2  is 629 k 30 
mm Hg, pC02 20 mm Hg, and pH 7.4 
k 0.025. These variables are measured on an 
ABL 1 radiometer. 

A mixture of 20% 02, 5% C02,  and 75% 
N2 is used to equilibrate the 25 or 30% eryth- 
rocyte suspension. Resulting PO, is 135 & 5 
mm Hg and K O 2  35 k 3 mm Hg. 

Measurement of coronary flow. The entirely 
closed perfusion column is connected through 
a side arm to a syringe which continuously 
monitors the total filling pressure of the sys- 
tem. Any displacement of the plunger of the 
syringe is measured by a transducer (L. N. In- 
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FIG. 2. Schematic representation of the system used to 

change perfusion pressure of a Langendorff perfused heart: 
(1 )  isolated perfused heart; (2) movable stand; (3) con- 
necting side arm; (4) syringe with mercury-filled plunger 
(equal to 40 mm Hg); ( 5 )  displacement transducer. Black 
arrow represents the range of possible displacement of the 
perfusion pressure system. The white arrow represents the 
actual perfusion pressure plus Hg column in the plunger 
of the syringe. 

dustry Senseline CX 15 1) and transmitted to 
an amplifier so that any change in volume of 
the perfusion column is perceived by the sy- 
ringe. The amplifier, in turn, triggers the motor 
of the pump. The volume lost from coronary 
outflow is immediately replaced and pumped 
from a reservoir through the oxygenator into 
the perfusion column where a constant vol- 
ume is maintained. The inertia of the system 
is quite low which permits an excellent regu- 
lation of the volume of fluid in the column. 
The pump is a modified Masterflex Cole Pal- 
mer to which antivibratory devices and a pre- 
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cision tachymeter have been added. Its elec- 
trical input-output and controls have been 
modified to obtain the required on-off se- 
quences and external control connections ( 10). 
The precision tachymeter continuously mea- 
sures its output. There is a linear relationship 
between volume delivered by the pump and 
the signal transmitted by the tachymeter, 
which is carefully calibrated before each ex- 
periment. The maximal inertia of this system 
(essentially hydraulic) results in changes in 
volume of the perfusion column which do not 
exceed 200 pl. This volume “V”oscil1ates be- 
tween V and Y - 150 pl which represents ap- 
proximately 1/85th of the average coronary 
outflow (in ml/min) of a rat heart perfused 
with Krebs-Henseleit. The feed back of the 
circuit is less than 1 sec. Such a system will 
reflect near instantaneous coronary outflow 
and may be integrated over 1 min in a fashion 
which is not matched by other methods of 
measurement. Pump output may be measured 
within k0.1 ml/min. 

To this continuous measurement of coro- 
nary outflow another feature was added to 
perform dose-response curves required by 
pharmacological and toxicological investiga- 
tions. A cannula with minimal dead space was 
inserted via a three-way stopcock into the rigid 
support to which the heart is suspended. This 
cannula is connected to a constant infusion 
syringe (Precidor Infors AG Basel) which is set 
to deliver its content ( 100 p1 vol) during 1 min. 
Since the volume of coronary outflow is con- 
tinuously recorded the molar concentration 
of the drug to be studied may be calculated 
according to 

(1) 
weight of drug (pg in 100 pl) 

mol wt of drug X lo3 X coronary flow in ml/min * 

molar concentration = 

As the volume of drug injected is very small 
in relation to coronary outflow, it will not in- 
terfere with the latter. 

Measurement of supraaortic pressures. Su- 
praaortic pressures are recorded through a 
rigid catheter introduced by a “Y” tube into 
the perfusion column and connected to a 
strain gauge Hewlett Packard Sanborn 1280C 
(Fig. 1) and its free extremity is perpendicular 

to aortic outflow. The entire system: Y tube 
connection, stopcock for drug administration, 
aortic cannula, perfusion column, is rigid and 
identical for each preparation; it has a constant 
resistance and is devoid of compliance. 

The pressure recorded at the end of the 
catheter oscillates between a minimum and a 
maximum which are a function of perfusion 
pressure. A multichannel variable speed and 
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fast response (0-10 
Multiscriptor) is used 
supraaortic pressures 
A second recorder is 
for simultaneous fast 
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Hz) recorder (Hellige 
to record pump output 
and electrocardiogram. 
also available to allow 
and slow speed record- 

ing. Rate is computed from pressure mea- 
surements. All of these measurements may be 
performed with the heart at rest or after ad- 
ministration of different drugs. 

Mcusurcvnent of oxygen uptake. Oxygen 
uptake of the Langendorff perfused heart was 
measured in six preparations all perfused se- 
quentially at pressures of 60 and 80 mm Hg. 
O2 content of coronary sinus (CV02) and ar- 
terial blood ( Ca02) was calculated according 
to the method of Defares and Visser (12): 
c02 = 3 x 

C02 = 0 2  concentration in liters of 02/liters 

p 0 2  = partial pressure of O2 in mm Hg, 
s = % hemoglobin O2 saturation, 

6 = 1.23/P50. 

PO, x cap x s 
= 3 x 1 0 - ~  pO2 x C a p  x ( I - e-sp02)~, 

blood, 

Cap = 1.34 X Hb concentration, 

O2 consumption of myocardium equals 

V02 = Q(Ca02 - Cv02), 
Q = coronary flow. 

Pso of blood was measured with the instru- 
ment described by Duvelleroy et al. ( 1  3). 

Microcomputer and software interjace for 
storage and processing of recorded data. The 
described system is controlled and the resulting 
data processed by means of specially designed 
software and a microcomputer. Three parts 
comprise this system: 

(1) An Apple I1 microcomputer with disk 
drive, text printer, and video-display for on- 
line analysis and processing of information. 

(ii) Two A/D control cards. One for timing 
control with a slow acquisition ability of 50 
a/sec. It controls the digital transfer of infor- 
mation with a parallel input-output to control 
the relays connected to the performing instru- 
ments (automatic infusing pump, recorders). 
The second card is a multichannel fast A/D 
converter ( 18250 a/sec) for data acquisition 
within a brief time frame (Interactive Micro- 
ware). 

(iii) External hardware for distribution of 
information with input to the computer and 
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output to the equipment of the experimental 
preparation. 

The software was designed for optimal per- 
formance of the available equipment, to en- 
sure on-line acquisition and processing of data, 
as well as control of the external equipment 
and storage and analysis or modeling of ac- 
quired data. (See Appendix 1.) 

Analysis qf data. The analog to digital con- 
version of the physiological markers recorded 
by this system will give a greater precision than 
that of conventional recording methods. Un- 
der “controlled,” stable conditions the re- 
producibility of coronary outflow, pressure, 
and rate measurements are better than k 1 %. 
Therefore a variation in these measurements 
performed on the same preparation during its 
1-hr period of stability and exceeding k3% is 
significant (P < 0.01). 

Results. Measurements of supraaortic pres- 
sures, rate, and coronary flow obtained during 
90 min in a preparation perfused with Krebs- 
Henseleit are reported in Table I. Ten minutes 
following attachment of the heart to the base 
of the perfusion column, heart rate, coronary 
flow, and pressure measurements reach stable 
control values. During the following hour these 
measurements remain within k 1.5% of each 
other, and all pharmacological studies were 
performed within this time limit and with 
constant perfusion pressure. 

TABLE I. CHANGES IN MEASURED VARIABLES OF AN 
ISOLATED HEART DURING 90 mln FOLLOWING ITS 
ATTACHMENT TO THE PERFUSION COLUMN OVER 

PERFUSION PRESSURE = 80 mm Hg 

Coronary 

(min) (beat/min) (mm Hg) (mm Hg) (mm Hg) (ml/min) 
Time Heart rate Diastolic Systolic AP flow 

0 289 
10 261 
15 258 
30 255 
45 255 
60 263 
75 265 
90 272 

60.3 99.7 
61.4 98.9 
62.1 98.5 
61.4 99.0 
61.4 98.8 
61.7 98.2 
61.5 98.7 
62.8 96.8 

39.4 
37.5 
36.4 
37.6 
37.4 
36.5 
37.2 
34.0 

20.3 
13.4 
13.6 
13.4 
13.4 
13.6 
13.4 
11.8 

Nofe. All pharmacological studies were performed between 15 
and 75 min. “0” time marks the initial recording after heart has 
been attached to the system. Perfusion medium = Krebs-Henseleit. 
These are selected measurements as they appear on the printout 
after on-line analysis by the computer system. There is a printout 
of all variables every 30 sec. 



LANGENDORFF AND CARDIAC DYNAMICS 307 

Measurements performed on 38 hearts 10 
min after attachment of the heart to the per- 
fusion column were heart rate 237 ? 15 bpm, 
coronary flow 13.6 k 2.5 ml/min, diastolic, 
systolic, and differential pressures ( AP) 6 1.2 
k 2.8, 98.7 k 3.6, and 37.5 f 1.8 mm Hg, 
respectively. In three preparations, adminis- 
tration of isoprenaline 2 x 1 Op7 hif significantly 
increased heart rate from 273 -t 18 to 342 2 26 
bpm, systolic pressure from 94 2 3 to 128 2 5 
mm Hg, while diastolic pressure decreased 
from 64 -t 2.5 to 60 k 2 mm Hg and AP in- 
creased from 30 -t 4 to 58 k 5 mm Hg and 
coronary flow from 13.5 _t 1.4 to 14.6 k 1.5 
ml/min. Subsequent administration of pro- 
pranolol 3 X lo-' A4 decreased rate to 172 
f 12 bpm, AP to 13 f 2 mm Hg, and coronary 
flow to control levels (Fig. 3). 

In three studies, the hearts were perfused 
with a 25% suspension of washed erythrocytes 
in Krebs-Henseleit. In each experiment, su- 
praaortic pressures followed the variations of 
perfusion pressure and so did AP and coronary 
flow. When perfusion pressure was increased 
from 83 to 116 mm Hg, diastolic pressure in- 
creased from 70 to 98 mm Hg, systolic from 
98 to 135 mm Hg and AP from 29 to 37 mm 
Hg (Table 11). Coronary flow increased from 
5.2 to 10.0 ml/min. An increase in heart rate 
was also observed from 26 1 to 34 1 beats/min 
after the first increase in perfusion pressure. 

In six studies the hearts were perfused with 
a 30% erythrocyte suspension in Krebs-Hen- 
seleit and perfusion pressures were changed 
from 80 to 60 mm Hg and back to 80 mm 
Hg. Oxygen uptake was a function of perfusion 
pressure: decreasing from 3.55 -t 0.55 to 0.82 

+_ 0.34 X ml 02/min/g wet wt/beat when 
perfusion pressure was lowered from 80 to 60 
mm Hg and rising to 3.10 2 1.20 mm Hg when 
perfusion pressure was restored to 80 mm Hg. 

Discussion. The measurements of heart rate 
and systolic pressures observed in this study 
when the preparations were perfused with 
Krebs-Henseleit under a perfusion pressure 
of 80 mm Hg are comparable to those reported 
by other authors (4). Coronary flow was similar 
to those reported by others (2, 3) but below 
these reported by Neely et al. (4). 

The consistent decrease in diastolic su- 
praaortic pressure during diastole observed in 
this study was not reported by other authors 
probably because of the damping present in 
the perfusion system which they used (4). This 
pressure change suggested that ventricular fill- 
ing was occurring during diastole. While su- 
praaortic diastolic pressure fell below perfusion 
pressure with each diastole, peak systolic su- 
praaortic pressure increased 18 to 19 mrn Hg 
above perfusion pressure (Fig. 4). The mag- 
nitude of this positive pressure difference was 
similar to that of the negative pressure differ- 
ence recorded during diastole (Fig. 4). As a 
result of these pressure changes, a differential 
pressure AP of the order of 34 to 37 mm Hg 
was recorded. (AP was increased by isopren- 
aline and decreased by propranolol, changes 
consistent with the known cardiac properties 
of these drugs (14, 15)) 

Such pressure changes suggest that ventric- 
ular filling occurs during diastole and that 
some fluid is ejected with systole. It appeared 
that the fluid which filled the ventricle during 
diastole resulted from incompetent aortic 

Propronolol 

/soprenoline 

c-----l w 
.25scc 5sec 

FIG. 3. Effect of propranolol 3 X lo-* M and isoprenaline 2 X lo-' M on the pulse pressure of the 
Langendorff perfused heart. (Perfusion pressure = 80 mm Hg.) 
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TABLE 11. EFFECTS OF PERFUSION PRESSURE ON CORONARY FLOW AND ON RECORDED DIASTOLIC, SYSTOLIC, 
AND DIFFERENTIAL PRESSURE ( AP) OF A MODIFIED LANGENDORFF PREPARATION 

Perfusion 
pressure Time Diastolic Systolic AP Coronary flow Rate 
(mmHg) (min) (mmHg) (mmHg) (mmHg) (ml/min) (beat/min) 

I 85 3 
4 
5 

I1 85 14 
15 
16 

111 101 43 
44 
45 
46 
47 
48 

IV 116 49 
50 
51 
52 

V 58 53 
54 
55 

VI 86 56 
57 
58 

~~ 

71 
70 
70 

(7 1.8) 

71 
70 
69 

(70.0) 

88 
88 
87 
86 
85 
85 

(86.5) 

99 
97 
99 
98 

(98.3) 

46 
45 
45 

(45.6) 

71 
71 
69 

(70.3) 

~~ 

100 
98 
98 

(98.6) 

98 
99 
99 

(98.6) 

116 
115 
116 
117 
116 
117 

( 1  16.2) 

134 
135 
135 
135 

(1 34.8) 

70 
71 
70 

(70.3) 

102 
101 
99 

( 100.6) 

29 
28 
28 

(28.3) 

27 
29 
30 

(28.6) 

28 
27 
29 
31 
31 
32 

(29.6) 

35 
38 
36 
37 

(36.5) 

24 
26 
25 

(25) 

31 
30 
30 

(30.3) 

6.2 
6.1 
6.2 

(6.16) 

5.2 
5.2 
5.1 

(5.16) 

7.8 
7.9 
8.2 
8.2 
8.3 
8.3 

(8.1) 

10.0 
10.0 
10.0 
9.9 

(9.98) 

4.2 
4.3 
4.3 

(4.26) 

7.0 
6.8 
6.6 

(6.8) 

294 
293 
289 

(292) 

254 
26 1 
264 

(260) 

278 
3 34 
337 
338 
34 1 
34 1 

(328) 

330 
332 
332 
332 

(33 1.5) 

333 
326 
336 

(33 1.6) 

328 
324 
333 

(330) 

Note. Numbers in parentheses are the average of the figures taken during the outlined intervals. The first period (I) 
is one of stabilization after suspending the heart to the aortic cannula. In period I1 heart rate and coronary flow reach 
stable values (see text). 
' Perfusion: 25% erythrocytes suspension in Krebs-Henseleit. 

valves. Indeed Thebesian drainage could not 
account for ventricle filling: total Thebesian 
drainage represents at best 5% of coronary 
flow, of which 25% is drained in the left ven- 
tricle. With a coronary flow of 13 ml/min, left 
ventricular Thebesian drainage would amount 
to 13,000 X 0.0125 = 160 pl/min. Such a vol- 
ume represents 1 stroke vol of the rat heart 
perfused with Krebs-Henseleit. 

It was concluded that the Langendorff per- 
fused heart was ejecting with each systole a 
stroke volume which leaked back into the 
heart during diastole, a mechanism already 
proposed by others (4). Such a mechanism was 
also validated in the preparation perfused with 

a 25% suspension of erythrocytes in Krebs- 
Henseleit: When perfusion pressure was in- 
creased from 85 to 1 15 mm Hg, diastolic pres- 
sure increased from 70 to 99 mm Hg and sys- 
tolic pressure from 99 to 135 mm Hg, and 
pulse pressure from 30 to 37 mm Hg. Systolic 
and differential pressure fell back to 70 and 
25 mm Hg, respectively, when perfusion pres- 
sure was lowered from 1 16 to 58 mm Hg. Cor- 
onary flow nearly doubled when perfusion 
pressure increased from 85 to 116 mm Hg. 
Under such conditions as reported by others 
(4) heart rate also increased. This increase in 
rate may be attributed (4) to an increase of 
the heat capacity of the coronary perfusate, 
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Supra Valvular Aortlc Pressure 

c----------.l 
I SbC 

Supra Valvular Aortic Pressure Valves Removed 

I sec ' 
FIG. 4. Records from supravalvular catheter taken before 

and after aortic valves of the Langendorff perfused heart 
have been made totally incompetent by pushing back and 
forth the aortic cannula into the ventricle. (Perfusion pres- 
sure = 80 mm Hg.) 

and an increased cardiac metabolism. Oxygen 
consumption decreased by 76% when perfu- 
sion pressure was lowered from 80 to 60 mm 
Hg in hearts perfused with 30% erythrocyte 
suspension in Krebs-Henseleit, reflecting de- 
creased cardiac work. 

All of the foregoing indicates that the dif- 
ferential pressure AP recorded by this system 
reflects an ejected volume (times acceleration) 
from the heart against the perfusion column. 
This volume corresponds to a valvular leak 
caused by the rigid nature of the system which 
is devoid of aortic compliance and presents a 
constant resistance. This valvular leak will be- 
come even more apparent when the aortic 
valves are made totally incompetent by push- 
ing back and forth the aortic cannula into the 
ventricle. When this procedure is performed 
the pressure tracing will not present the notch 
corresponding to the rebound wave on the 
valves as the pressure equilibrates between 
ventricle and perfusion column. Instead, the 
pressure tracings oscillate in a sinusoidal fash- 
ion and the left ventricular chamber acts as a 
perfectly damped oscillator. (Fig. 4). Further- 
more when a needle is inserted through the 
left ventricle, a pulsatile flow is observed as 
the heart ejects part of its content toward an 
area of pressure lower than that of the perfu- 
sion column. As a result there is a doubling 
of the recorded outflow from the system. 

The measurement of differential pressure 
AP may be considered an index of left ven- 

tricular performance and contraction relaxa- 
tion, an indication that the Langendorff prep- 
aration perfused under a pressure of 60 to 120 
mm Hg, is a working heart. This experimental 
observation is validated by mathematical 
analysis (Appendix 11). 

The measurement of AP in conjunction 
with that of frequency and coronary flow con- 
tinuously recorded and analyzed to test the 
effects or cardioactive drugs on the isolated 
heart represents a novel and useful method of 
investigation. 

Appendix I: Computer processing of re- 
corded data. The perfusion apparatus de- 
scribed in this study is controlled by an Apple 
I1 microcomputer and specially designed soft- 
ware. Two programs were designed: one for 
experiments lasting up to 9 hr allowing for 
processing and storage of information with 
continuous monitoring performed by two or 
three scannings per minute. Another for 
shorter studies, which will now be described. 

Performance of software. Parameters are first 
determined to enable the computer to process 
information for final analysis, for instance, 
amount of drug in syringe to calculate molar 
concentration. The next phase determines ac- 
quisition of data in activating interface cards 
and selecting the number of channels and fre- 
quency of acquisition. During acquisition, the 
software processes recorded data, thus maxi- 
mizing computer availability. Once data ac- 
quisition has ended, the computer processes 
the last data, stores it on a disk, prints it, and 
performs general calculations to compare dif- 
ferent series of acquisitions. 

In an experiment designed to test cardiac 
effects of a drug during I min, the external 
sequence is as follows (taking in account a 5- 
to 8-sec lag for the drug to reach the coronary 
vascular bed). 

I 2 3  4 5 6  7 
I I I I 

0 

0: 

1: 

2: 

1'25 

Interfaces activation and definition of 
acquisition parameters. 
Start of acquisition of the control lasting 
8 sec storage of results, start of control 
cards, onset of calculation of pressures, 
frequency, output. 
Waiting 2 sec. 
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3: 

4: 

5: 

6: 

7: 
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Triggering of the electric pump by start- 
ing the relay card, end of calculation of 
control data, storage on disk, printing, 
wait. 
Start of first treated acquisition, pro- 
cessing of data, storage, print, wait. 
Stop of perfusion by deactivation of relay 
card. 
Start of last acquisition, calculation of 
parameters, storage, print. 
General calculations and comparison 
with control, printing of final results. 

Recorded parameters. Rapid acquisition 
card controls entry of signals into the com- 
puter according to a predetermined schedule. 

For pressure signals, an acquisition of 640 
points in 8 sec is sufficient to calculate the fre- 
quency with precision. 

The treatment of these points is performed 
in four packs of 2 sec starting 2 sec following 
the start of acquisition (economy of calcula- 
tion time). This allows for the measurement 
of maximal and minimum pressures corre- 
sponding to a mean of five samples of 40 
points regularly spaced and then the selection 
of a threshold within the variations of the two 
extreme limits of maximal and minimal pres- 
sures which we define as “floating threshold.’’ 
Its selection is set by the operator. 

Frequency will be calculated by reexamin- 
ing the 640 acquired points, and counting the 
number of passages of the wave form across 
the “floating threshold.” 

This method is quite effective and allows 
for the spontaneous variations in pressure 
since the “floating threshold” set by the op- 
erator will follow the mean changes of the 
pressure tracing, at the level set by the oper- 
ator. 

The number of intersections of the pressure 
wave forms with the “floating threshold” as 
well as the time of first and last intersection 
are known. Each measurement is calculated 
on the half period. Frequency is obtained by 
calculating the time period between first and 
last intersection and converting to 1 min the 
number of half periods computed in 8 sec. 

The uncertainty of the timing of first and 
last intersection depends upon the height of 
the last pressure wave in relation to the “float- 
ing threshold.” 

The time period between two points being 
0.0125 sec the error of time measurement is 
smaller than 0.0 125 X 2 sec in 8 sec (=0.0250/ 
8), of the order of 0.003 of a sec. 

For a heart with a frequency of 240/min 
(4/sec) our system will detect 63 one-half 
periods during a time period of 7.875 sec 
k 0.0250 or 63 one-half periods for a time pe- 
riod of 7.9 to 7.85: 

- 239.24/min7 in one case, - - 
63 
7.9 

6 5  
in the other, - - - 240.76/min. 

7.85 

The resulting frequency will be given as 239 
or 240/min. 

A variation in frequency greater than k 2  or 
3 beats per min (-t0.5%) (when the heart is 
beating at that rate) will therefore correspond 
to an actual frequency variation and not to an 
artefact of the computing system which has 
the performance ability to detect changes in 
rate of the order of k 1%. 

Variations in precision due to data pro- 
cessing of the system are still smaller. 

Following this series of calculation, P,,,, 
P m i n ,  Pm,,n, and frequency are known. 

During acquisition of the 640 points of 
pressure, the computer has recorded during 8 
sec on another channel 128 points corre- 
sponding to the signals from the tachymeter 
of the pump which regulates volume replace- 
ment corresponding to coronary outflow. This 
represents 16 points/sec. 

The average of all of these points will give 
a mean signal corresponding to mean outflow 
during 8 sec. 

All of the parameters are printed and saved 
on disk or in memory for comparison with 
control. 

Conclusion. Such a system has proven to be 
most useful for on-line acquisition, storage 
processing, and analysis of data obtained in 
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our experimental studies of cardioactive drugs. 
It possesses inner features of feasibility and 
flexibility which should make it most useful 
to study for dose-related pharmacological and 
toxicological effects of cardioactive drugs. 

Appendix 11: Mathematical Model. For a 
40 mm Hg differential pressure (AP) to be re- 
corded at the base of a catheter the force ex- 
erted on its surface must increase: 

AP = F/S.  
The differential pressure recorded 

or 
AP = P1 - Po 

A P = -  F1 - Fo 
Y1 ~ 

S 
if 

and AP represents a force related to cardiac 
performance assuming that in the equation AP 
= PI  - Po. Po is an hydrostatic pressure and 
PI is an equilibrium pressure during the time 
fraction dt corresponding to dp/dt = 0 so that 
Pascal’s law for a hydrostatic system becomes 
a particular case of Bernouilli general principle 
and assuming that F1 is a mean value related 
to Pi,. Pi, = (t2/tl)Fdt (impulsion law) applied 
to the heart. 

When the heart is in diastole, the pressure 
Po is Po = pgh + me(d2x/dt2) (l/S). 

In diastole, there is no cardiac ejection, ac- 
celeration is zero and (d2xo)/(dt2) = 0 and me 
= 0. 

When the heart is in systole, pressure P, is 
P, = pgh + me(d2x/dt2)( l/S). Acceleration 
given to the volume is no longer zero and the 
maximal recorded pressure should correspond 
to the maximal acceleration given to this 
ejected volume: 

A P Z  0, F1 Z Fo (SZ 0) 

AP = Po - Pi 

This equation indicates that AP is propor- 
tional and related to cardiac performance, e.g., 
to a force exerted by the heart. In the present 
system which is rigid, devoid of aortic com- 
pliance, and presents a constant resistance, AP 
should also be considered as an index of myo- 
cardial function and contraction-relaxation. 
This theoretical analysis is validated by the 
experimental data recorded in the present 
study which indicates that the measured su- 

praaortic AP corresponds to an ejected volume 
from the heart (times acceleration). 
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