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Deactivation in the Rabbit Left Ventricle Induced 
Constant Ejection Flow 

HESSEL WIJKSTRA AND 

Absfract-Pressure generated by the left ventricle after ejection with 
constant flow was studied for different values of the ejection flow, flow 
duration, time of flow arrest, and ventricular volume. It was found 
that pressure after ejection, normalized with respect to isovolumic 
pressure at the same volume, is regenerated according to a model con- 
sisting of an elastance, a resistance, a series elastance, and an addi- 
tional deactivation component. Deactivation is defined as the difference 
between the value 1 and the plateau value of the normalized pressure 
after constant flow ejection. It is shown that this plateau value is con- 
stant after constant flow ejection until the minimum in isovolumic 
dP/dr ,  i.e., during physiological systole. The plateau value is uniquely 
related to the value of the normalized pressure at the end of a constant 
How ejection. After the end of How, the plateau is reached after an 
exponential increase of normalized pressure with a time constant of 
10.44 f 0.09 ms which agrees with the series-elastance time constant 
of 10.35 f 0.26 ms. These results are discussed with respect to previ- 
ously found results, and to the implication for predicting pressure gen- 
eration during physiological flow patterns. 

INTRODUCTION 
T has recently been shown that the left ventricle, during I and before ejecting with constant flow, exhibits a unique 

relation between pressure, volume, and rate of volume 
change (flow) [32], [38]. The pressure-volume compo- 
nent of this relationship has been described in terms of 
ventricular elastance E [34]. The pressure-flow compo- 
nent likewise can be interpreted as a ventricular resistance 
[ 161, [32], [38]. In addition, a second much stiffer elastic 
component ( E , )  was found [30], [38], with the help of 
rapid changes in volume or short flow pulses. 

The capability of the ventricle of generating pressure is 
equivalent to the fact that elastance E is time dependent. 
Thus, isovolumic generated pressure rises or declines 
when E rises or declines by P (  t )  = E (  t) . V (  t). There- 
fore, E ( t )  also represents the time course of isovolumic 
pressure. Series-elastance likewise changes in time, thus 
suggesting that it resides in the contractile mechanism of 
the myocardium. Thus, during isovolumic contraction, the 
“elastance compartment” of the ventricle does not change 
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Fig. 1. Panel (a): Electrical analog of the three-component model of left 

ventricular pressure generation. E :  elastance, 1 / E :  capacitance, R: re- 
sistance. U (voltage) represents pressure, i (current) flow, q, + q> 
(charge) volume. The arrows with interconnecting lines represent the 
common time functionf( 1 ) .  Panel (b): Linear decreasing volume change. 
constant flow pulse. 1,: start of CFP, I , , , :  end of CFP, A t :  flow duration, 
V,,,: reference volume, AV: stroke volume. During the CFP: d V / d t  = 
-applied flow value. 

its “volume,” despite the presence of series elastance. In 
addition, resistance follows a time course similar to that 
of E ( t )  and E , ( t )  1381. 

At least for nonvarying flow, left ventricular pressure- 
volume-flow-time relations thus can be summarized by a 
three-element reference model [Fig. 1 panel (a)]. This 
model has been shown to describe the pressure response 
to constant flow pulses [CFP, Fig. 1 panel (b)] before and 
during the ejection period. 

After the end of a constant ejection flow period, in the 
second isovolumic period, it has been observed that pres- 
sure can deviate from the isovolumic pressure expected 
on the basis of the value of E ( t )  and for the volume at- 
tained at that moment [24], [38], [39]. This effect can 
partly be explained by the interplay of the series elastance 
and the resistance (low-pass filter effect). The duration of 
the effect, however, excludes a complete explanation in 
this way. For larger flow values, the deviation from the 
isovolumic pressure will be greater. For this reason, the 
effect has been characterized as “(flow) deactivation.” 

Applying a constant ejection flow, the deactivation ef- 
fect only will be present after the ejection period. How- 
ever, physiological ejection flow evidently is not con- 
stant, and therefore deactivation during the ejection cannot 
be excluded [39]. Campbell et al .  [ 101 and Lefevre et al .  
[24] conclude on the basis of simulations the existence of 
such deactivation. Hunter et al .  [15], [16] describe the 
pressure generation of the ventricle, including a deacti- 
vation effect during ejection. Therefore, for an adequate 
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representation of the pressure generation by the left ven- 
tricle next to elastance, series elastance, and resistance, 
also a deactivation effect must be incorporated in the 
model. 

This paper presents detailed quantitative information on 
the effects of deactivation on generated pressure as ob- 
tained with the flow-clamp technique. Deactivation will 
be defined with the help of the three-element reference 
model, and will be shown to be quantitatively related to 
applied flow parameters. 

THEORY 
We will make use of the reference model of Fig. l(a) 

which gives the electrical analog. All the system compo- 
nents vary in time according to the same time function 
(which is the isovolumic pressure curve). In addition, the 
resistance and the series elastance are allowed to be vol- 
ume dependent [30], [32], [38]. The equations describing 
the model of Fig. l(a) are 

(1)  

( 2 )  w, V )  = Es(t, V )  - [ W )  - v&)] 
where V (  t )  is left ventricular volume, V, ( t )  is volume of 
the elastance E,( t ) ,  R (  t ,  V )  is the resistance, and E,( t ,  
V )  is series elastance. P( t ,  V )  is left ventricular pressure. 
This model has been verified experimentally during the 
application of constant flow pulses [38]. 

The time dependence of the model components is given 
by [381 

E e ( t )  = Ye * f ( t )  

E s k  V >  = Y s W  f(t) 

R ( t ,  V )  = P ( V )  - f ( t ) .  ( 3 )  
If ( 3 )  is substituted in ( l ) ,  all time functions in the com- 
ponents cancel. We write (2) as 

p ( t >  V >  = Y s V )  * f ( t )  * [ U t >  - V e < t > ] .  (4) 

Piso(t9 V m )  = ( Y s ( v m > / / Y e )  * f ( t >  V m  ( 5 )  

When volume is constant, ( V m ) ,  (4) becomes 

where ( Y s ( v m ) / / y e )  = Y s ( V m )  * Y e / ( Y s ( v m )  + 7,). 
If we neglect the so-called “dead” volume V,, ( 5 )  rep- 

resents the time-varying elastance concept [29]. 
During a CFP, the pressure given by (4) is decreasing 

due to the decreasing volume and due to the decreasing 
effect of the applied flow. The last effect includes a tran- 
sient caused by switching on of the flow which, in turn, 
is associated with the series elastance ys ( V )  and which is 
determined by (1) .  

Following the end of the CFP ( t  > tm) ,  another tran- 
sient effect associated with the switching off of flow is 
predicted by the model. After ejection, in the second iso- 
volumic period, (1) can be solved simply since volume is 

constant. This results in 

Ve( t  > trn, V m )  

In ( 6 ) ,  the possibility has been introduced that elastance 
ye after the CFP has been changed to y:. This has been 
suggested by [24], [25], [39]. V e ( t m )  is volume on the 
elastance E, at t = t,. The time constant rd = p/(y: + 
7,) .  

P ( t  > t m ,  V m )  

With ( 2 ) ,  

= (Ys(I/,)//Y:) f ( t >  V m  

(7 )  . e - ( t - r m ) / r d  

The first term on the right represents isovolumic pressure 
at volume Vm when no CFP is present. The second rep- 
resents the transient exponential caused by switching off 
the flow. 

We now define a normalized pressure as IT ( r )  = P/PiSo .  
Thus, dividing (7) by the isovolumic pressure at V = V, 
( 5 ) ,  the model predicts 

~ ( t  > t m ,  v;n> = CY - [ys(vrn) + ~r n(t) = 
Piso([ > t m ,  V m )  ’Ye 

where 

Thus, the time functionf( t )  cancels. In Fig. 2,  a curve 
as predicted by (8) is sketched. During the first isovol- 
umic period, n(t)  [dividing (4) by ( 5 ) ]  is constant. Ac- 
cording to (1) and (2), during the CFP, IT( t ) ,  normalized 
pressure, decreases as a result of both volume and flow 
effects. After the end of the CFP, IT ( t )  is reestablished to 
a level determined by the value of CY. Since a was defined 
by a relative decrease of ye resulting from the existence 
of a CFP, we will denote ( 1  - CY) as (flow) deactivation. 
Before, during, and after the CFP, the time functionf( t )  
cancels in the IT ( t )  curve. 

Since the model on which (8) is based was constructed 
from CFP experiments, we used experimentally CFP’s for 
validating (8). 
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Fig. 2. Upper panel: Sketch of theoretical pressures according to the three- 
element model. P :  by applying a constant flow pulse, P,,, isovolumic 
pressure at volume V,. Lower panel: Theoretical II curve = P/P,,,. End 
value a: “activity index,” deactivation ( 1  - a). 

The switching-on time constant 7 = p / ( y ,  + ys) has 
been assessed in the literature [6], [38]. The time constant 
Td in (8) in principle depends on deactivation. However, 
since ys >> ye, (8) predicts the switching-off time con- 
Stant Td to be only slightly greater than 7 .  

METHODS 
Physiological Preparation 

A total of 11 rabbits, weighing 1.9-3.2 kg. were used 
for the experiments. Most details of the preparation have 
been fully described elsewhere [38]. The rabbits were an- 
esthetized with a combination of Hypnorm ( 10 mg flu- 
anison/ml, 0.2 mg fentanyl base/ml; 1 ml/kg initial 
dose I .M.)  and atropine sulphate (0 .5  mg/ml; 0.4 ml/kg 
I.M. ). Adequate anesthesia was maintained with addi- 
tional doses of Hypnorm (0.1 ml)  given intravenously 
when needed. Artificial respiration was maintained during 
the preparation. After midsternal thoracotomy and admin- 
istration of heparin (5000 I.U. /ml; 0.5 ml/kg I .V.)  and 
bleeding, a suitable cannula was inserted in the aorta and 
ligated close to the aortic valves. After quick complete 
excision of the heart, the aortic cannula was connected to 
a perfusion system (see Fig. 3). In two experiments, the 
aortic valves were damaged by the cannula, resulting in 
leakage. In these cases, the aorta was completely removed 
and two thin catheters (diameter 1 .O-1.5 mm) were in- 
serted into the two coronary arteries and connected to the 
perfusion system. The aorta was closed with tissue ad- 
hesive (Histoacryl blue) at the place of the aortic valves. 
No difference could be detected in the results with or 
without the use of catheters. Coronary perfusion during 
the experiment was maintained at a constant pressure of 
75 mmHg. In nine experiments, the perfusion fluid was a 
Tyrode-like solution with the following composition in 

Fig. 3 .  Experimental setup 

meq/l: Na’ 156.6, Ca2+ 2.2, Kf  5.6, C1- 143.6, 
HCO, 21.4, H2P0, 1.5, and glucose 11.7. In two ex- 
periments, an FC-43 emulsion (Perfluorochemical Artifi- 
cial Blood, Green Cross Corporation) [12], [31] was 
added to the perfusate. The perfusate was oxygenated by 
gassing with a mixture of 95 percent O2 and 5 percent 
CO2. Its pH was 7.37 k 0.08 (mean f SD) at 37°C. The 
perfusate was not recirculated. After connection of the 
aorta cannula to the perfusion system, most of the atria 
was removed, and a closely fitting cannula was snapped 
into the mitral orifice. The cannula served to connect the 
left ventricle to a servo-driven pump system (see below). 

At the end of the experiment, the heart (left and right 
ventricle only) was dried lightly with filter paper and 
weighed. The averaged heart weight was 6.0 k 0.4 g 
(mean f SD).  

Experimental Setup 
The experiments were carried out with a computer-con- 

trolled setup drawn schematically in Fig. 3. Most of it has 
been described elsewhere in detail [38]. A piston pump, 
driven by a linear motor, was connected to the left ven- 
tricle by way of a rigid, perfusion fluid-filled, glass as- 
sembly and the mitral cannula. Linear piston movements 
represented constant rated changes of ventricular volume. 
The linear motor was driven by an electronic servosystem 
with position and velocity feedback. The range of this 
volume actuator was 9 ml. 

Intraventricular pressure was measured with a catheter 
tip pressure transducer (Honeywell/Philips Type 98 15- 
156-1000) introduced via the mitral cannula. The tip was 
positioned in the center of the ventricle. 

The ventricle was paced using silver plate electrodes on 
both sides of the heart with a frequency of 2 Hz. Tem- 
perature was maintained at 37 O C. 



1116 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 36, NO. 11. NOVEMBER 1989 

Volume 
Vm 1 

time ._ I ,- .~ 

time of stimulation 

I I 
Fig. 4. Panel (a), (b), (c): Constant flow pulses as applied during the ex- 

periments with the same end volume V,  at the same end time t,. (a) 
Same flow value, different Row duration, different stroke volume. (b) 
Same flow duration, different flow value, different stroke volume. (c) 
Constant stroke volume, different flow value, different flow duration. 
Panel (d): Constant flow pulses at different end volume V,,, at the same 
end time t,. With interspacing isovolumic beat (broken line) and without 
(solid line). 

Data acquisition was performed by a data acquisition 
system based on an Apple IIE microcomputer. The pres- 
sure and position signals were sampled with a 12 bit AD 
converter at maximal 1 kHz and stored on a hard disk. 
After an experiment, the collected data were transferred 
to a Hewlett-Packard HP-9000 computer for further anal- 
ysis. The data acquisition system was controlled by the 
same interactive control language as the experimental 
setup [3]. Beats were generally sampled with 200 Hz; the 
beats of special interest were sampled with 1 kHz. 

Experimental Protocols 
In the experiments, constant flow pulses were applied 

[Fig. 1, panel (b)], effected by moving the piston with 
specified, constant speed over a specified interval during 
systole. In the following, an “experiment” is defined as 
a series of protocols on one left ventricle where a “pro- 
tocol” consists of a series of successive CFP’s including 
interspaced stabilizing isovolumic beats. 

All experiments started with a stabilization period. After 
a stable preparation was reached, a number of protocols 
were performed. Before every CFP in a protocol, (usu- 
ally) 25 isovolumic beats were used as stabilization beats. 
The constancy of the maximal pressure obtained during 
the isovolumic beat preceding the CFP, at volume V,, 
was used as an indicator for stability. 

The CFP’s used in the experiments are given in Fig. 
4(a)-(c). Values of flow, flow duration, and stroke vol- 
ume could be changed independently of V,, and t,, which 
also could be varied. In all protocols, each CFP with equal 
parameters was applied twice. During the first CFP, vol- 
ume was increased in the preceding diastole; during the 
second, an additional isovolumic beat was inserted. In the 
latter, the beat preceding the CFP was an isovolumic beat 
at the volume V, plus A V .  The results of both kinds of 
CFP’s were similar. 

Volume V,  was changed in two ways. In the first way, 
end-diastolic pressure was controlled at different values, 
and thus different end-diastolic volumes were effected. In 
the second, the volume courses applied were of the form 
as drawn in Fig. 4(d). In the first beat, only a part of the 
volume step made in the preceding beat was used. In the 
second beat, the rest of the volume was withdrawn. No 
differences in the results could be detected. 

During the experiments, the slope of the maximum iso- 
volumic pressure-volume curve, the E,,, value, was used 
as an indicator of contractility. 

In the experiments, we did not use an intraventricular 
balloon for reasons described elsewhere [38]. Thus, we 
had no simple way to measure the absolute ventricular 
volume. In this paper, we use the term end volume V, as 
relative to a reference volume. By controlling end-dia- 
stolic pressure or by using volume changes drawn in Fig. 
4(d), we could change this (relative) end volume V,. The 
constancy of the reference volume at constant end-dia- 
stolic pressure was estimated by the constancy of the 
maximum isovolumic pressure. 

RESULTS 
In 11 experiments, we applied a total of 908 CFP’s. In 

the protocols, we systematically changed the values of the 
flow (range: 0 . . 21.2 ml/s) ,  flow duration (range: 0 
. - * 50 ms), stroke volume (0  - * 0.61 ml), end time 
of flow t , (75 . * 150 ms), and end volume V,( -0.3 
- * . 0.3 ml relative to the reference volume). 

Pressure curves measured with the application of con- 
stant flow pulses are given in Figs. 5 and 6. In Fig. 5, all 
CFP’s used had the same flow duration and different flow 
values, and thus different stroke volumes. Pressure curves 
with CFP’s with constant flow but different duration are 
given in Fig. 6. The experimental ne( V ,  t )  curves, ob- 
tained by dividing the sampled pressure values by the cor- 
responding preceding isovolumic pressure values, arc also 
given in the figures. These experimental measured IIc 
curves behave quantitatively according to the theoretical 
II curve (Fig. 2 ,  “Theory”). Before the CFP’s, the II, 
curve is constant at a value greater than 1; during the 
CFP’s, the II, curve is decreasing. After the CFP, Figs. 
5 and 6 show that also in the experiment, the II, value 
stays constant, and thus forms a plateau in accordance 
with (8). Usually, the plateau persisted until a moment 
when the He curve abruptly deviated from the plateau 
(Figs. 5, 6). 

We tested the prediction by the model that in the ex- 
periment also the n, curve after the CFP is exponential 
and determined by a time constant about the value of the 
switching-on time constant of the flow. For this, we fitted 
the calculated experimental ne curves after the CFP with 
an exponential (see Figs. 5, 6), and calculated the time 
constant rd and the end value a. The exponential fitting 
procedure was performed as follows. Sampled pressure 
values were divided by the corresponding preceding iso- 
volumic pressure values at V,. In the resulting II, curve, 
the end of the CFP and the start and end time of the pla- 
teau were detected automatically by software, and cor- 
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Fig. 5. Panel (a): Typical result of experimental measured pressure curves 
by applying constant flow pulses with different flow values and constant 
flow duration. Flow duration is 33 ms. Flow values: 0, 3, 6, . . . , 12 
ml/s. Ejected volume: 0, 0.099, 0.198, . . . , 0.396 ml. End time of 
CFP’s is 105 ms. Panel (b): The result of dividing the CFP affected 
pressure curves by the isovolumic pressure at V,  (U, curve). Fitted ex- 
ponentials also are given. 

rected if found necessary by visual inspection. The pla- 
teau value (a), the mean value between start and end time 
of the plateau, was used as the asymptotic value of the 
exponential, while the value of II, at t = tm was used as 
a start value. Linear regression was performed on the log- 
arithm of the IT, values. Since the start and end values 
were known, only the time constant td had to be calculated 
from the slope of the regression line. 

For the end time of the plateau, we found a value of 
195 f 19 ms (mean k SD). We also calculated the time 
of the maximal negative peak of the first time derivative 
of the isovolumic pressure, and found 196 k 12 ms (mean 
k SD ) . Thus, the plateau in the II, curve exists until after 
the normal time of end ejection [l]. The mean plateau 
length of all calculated II, curves was 53 ms; the maximal 
length was 140 ms. We calculated the root mean-squared 
differences between the fitted exponential and calculated 
II, curve, and found a value of 0.0071 k 0.0028 (mean 
f SD).  In the calculation, all sampled points between the 
end of the CFP until the end of the plateau were used. For 
the part until the start of the plateau, we found 0.0062 f 
0.0039; for the plateau, we found 0.0074 k 0.0029. We 
concluded that the parameters a and r d  in (8) are experi- 
mentally well-definable values. 

Fig. 6. CFP’s with same flow value and different flow duration. Flow is 6 
rnl/s. Flow duration: 24, 30, 36, 43 ms. End time of CFP’s is 
120 rns. 

Deactivation Plateau Value 
Generally, we found deactivation ( 1 - a) to be depen- 

dent on the value of II, at time tm (II, ( t ,  )). If at the end 
of ejection a lower II,(t,) was reached, as a result of, 
e.g., a higher flow value, a smaller value of a, and thus 
a greater deactivation effect was found. 

An a, II, (t,) relation for one protocol is given in Fig. 
7. Below a certain value of II,(t,), here 0.75, a linear 
relation between a and II,(t,) is reached. For values of 
II,(t,) near one, the value of a is greater than 1 ;  thus, 
deactivation is negative, which according to our termi- 
nology, could be denoted by “superactivation. ” Appar- 
ently, the ventricle is capable of generating pressure in 
excess of what would be generated at the same volume 
without a preceding volume decrease (see “Discus- 
sion’ ’). 

From all II, curves, for the part where a and II,(t,) 
‘‘by eye” were linearly related, the linear regression lines 
were calculated, and were used to characterize the behav- 
ior of a. 

We found a to depend uniquely on II, ( tm ). The value 
of 11, ( t ,  ) in turn depends on both flow and flow duration, 
with the additional property that when flow duration is 
greater than 30 ms, II,( t,) only depends on the flow value 
[38]. Thus, for the shorter flow duration, the same II,( t,) 
value can be reached by different flow and flow-duration 
values. In Fig. 8, a is plotted against II, ( t,), using dif- 
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Fig. 7.  Example of 0 1 ,  “activity index,” related to the value of the n, 
curve at t = t,. Also, the linear regression line (for II ,( t ,)  values less 
than 0.75) is given. Protocol with different flow values ( 0 , 2 , 4 , 6 ,  . . . , 
18 ml /s )  and constant flow duration (30  ms).  For the regression line 
wasfound:a  = 1 . 0 4 .  He(?,) + 0.16. ForII,(t,)valueslessthan0.75 
for the correlation coefficient, a value of 0.998 was found. 
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Fig. 8. 01 related to I Ie ( t ,n )  using two different protocols. One protocol 
with same flow value ( + : 12 m l / s )  and different flow duration (0, 6, 
12, . . . , 42 ms),  the other ( X )  with CFP’s with different flow values 
(0, 3, 6, . . . , 18 m l / s )  and constant flow duration (30 ms).  For the 
linear regression lines was found: a = 0.79 . I I p ( t m )  + 0.35 ( + )  and 
01 = 0.72 . IIe(t,, ,) + 0.37 ( X ) .  Correlation coefficients for the linear 
part: 0.996 and 0.996. 

ferent protocols with different flow and flow duration, with 
t, and V, constant. Also, the regression lines and the cor- 
relation coefficients are given. The figure shows that in 
this case, the a ,  II (t,) relation is independent of the in- 
dividual flow and flow-duration values. 

pressure [mmHg] I la 

x 

0 
1-20 200 Jw 

time [rns] 

Fig. 9.  Experimental measured pressure curves by applying the same con- 
stant flow pulse at different t, (100, 120, 140 ms).  Used CFP: flow 
value = 12 ml/s,  flow duration = 36 ms. After the CFP, following a 
transient effect, all pressure curves reach a common path, indicating the 
same degree of deactivation. 

According to the theory and the experimental finding 
that all the components vary in time according to one time 
function f (  t ) ,  the ne( t,) values are predicted to be in- 
dependent of the end time t,. It is therefore also predicted 
that CY is independent of t,. In two experiments, we ex- 
amined the relation between a and Il, ( t, ) at different end 
time t,. Fig. 9 shows an example of experimental mea- 
sured pressure curves by applying the same CFP’s which 
end at different t, in systole. Following the CFP’s, after 
a transient effect as described above, all pressure curves 
indeed reach a common path, indicating the same degree 
of deactivation. 

Previous findings [32], [38] found a linear volume de- 
pendence of the resistance. Then, according to the theory, 
II, (t,) is independent of the end volume V,. In three ex- 
periments, we measured a related to II,(t,) at different 
end volumes V,. Fig. 10 shows an example of the relation 
between a and II,(t,) at different volumes V,. Clearly, 
this a, II( t,) relation is not affected by changing V,. 

Averaging all the results from all 11 experiments, we 
found for the regression coefficient 0.85 k 0.16, for the 
extrapolated II,(t,) = 1 intercept 1.14 * 0.08, and for 
extrapolated II, (t,) = 0 intercept 0.29 * 0.11, all values 
in mean SD. A value of 0.973 & 0.031 (mean + SD) 
was found for the correlation coefficient. 

From the small SD values, we conclude that the rela- 
tion between CY and ne( t,) does not depend on flow, flow 
duration, stroke volume, end time t,, and end volume V,. 
This is despite the fact that II,(t,) and thus, indirectly, 
a do depend on flow, flow duration, and thus stroke vol- 
ume. 

Deactivation Time Constant 

Fig. 11 shows a typical result of the relation between 
the time constant T~ and flow duration. In total, we used 
25 protocols in eight experiments to examine the relation- 
ship. The flow values range was 6 to 12.4 ml/s, flow 
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0.0 0.2 0 4 0.6 0.8 1 0 

Fig. 10. CY related to ne(?,) at different end volume V,  ( 0 ,  0.254 ml) 
relative to the reference volume, using the same protocols: flow duration 
= 30 ms, flow = 0, 2 , 4 ,  . . . , 18 ml/s.  For the linear regression lines 
was found: CY = 0.71 . ne(?,) + 0.37 and CY = 0.73 . ne(?,,,) + 0.35. 
Correlation coefficients for the linear part: 0.999 and 0.998. 
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Fig. 11. rd related to flow duration. Flow = 12 ml/s,  flow duration = 0, 
6 ,  12, . . . , 42. For the linear regression line was found: T~ = -0.022 
. A ?  + 12.14. 

duration ranged from 0 to 60 ms, and end time t ,  between 
81 and 150 ms. In all 25 protocols, we calculated the lin- 
ear regression, and found a value of -0.038 rt 0.042 
(mean f SD) for the regression coefficient, which is sta- 
tistically different from zero (two-sided t test, hypothesis 
mean = 0, P = 0.001). 

Using CFP’s with a constant flow duration but different 
flow values, we examined the relation between Td and ap- 
plied flow value in 26 protocols in nine experiments. Fig. 

0 2 4 8 8 1 0 1 2 1 4  

flow [ml/s] 

Fig. 12. rd related to flow value. Flow duration = 33 ms, flow = 2, 3 ,  
. . . , 9 ml/s. For the regression line was found: rd = -0.012 . @ 
+ 9.46. 
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Fig. 13. T~ related to t,. For the regression line was found: Td = -0.0098 
. ?, + 7.49. 

ml/s, flow duration usually 33 ms, and end time t ,  ranged 
from 81 to 150 ms. Linear regression was calculated, and 
for the regression coefficient, a value of -0.09 k 0.25 
(mean f SD) was found, which was not significantly dif- 
ferent from zero (two-sided t test, P > 0.08). 

In two experiments, we performed the same protocols 
at different end time t ,  in systole. In total, 23 protocols 
were used to examine this relation; one example is given 
in Fig. 13. Again, linear regression was calculated, and 
we found for the regression coefficient 0.003 f 0.03 
(mean SD), not significantly different from zero (P > 

12  gives a typical result. Flow values were 1 to 21.18 0.6) .  
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End volume V, was changed in three experiments. In 
total, 26 protocols were used. Linear regression was per- 
formed, and we found a value of 1.7 + 5.3 for the regres- 
sion coefficient, not significantly different from zero ( P  
> 0.1) .  

We conclude that the time constant r d  is statistically 
independent of flow, stroke volume, end time t,, and end 
volume V,. Only the regression coefficient of the relation 
between 7d  and flow duration is statistically different from 
zero, but has a small value (30  ms results in a change in 
rdof 1.1 ms). 

For the total averaged value of rd,  10.44 & 0.09 ms 
(mean f SEM) was found. In all the experiments, the 
nontime-varying switching-on time constant r of the three- 
element model 161 was also calculated in the way de- 
scribed in 161. This resulted in a value of 10.35 f 0.26 
ms (mean f SEM).  Thus, we could not detect a signifi- 
cant difference between the two time constants (two-sided 
t test, P > 0.3) .  

DISCUSSION 
In the literature, a depressive effect on the pressure dur- 

ing and after normal ejection has been shown to be present 
[IO], 1151, 1161, 1251, 1321, 1381, although no commonly 
used definition of this deactivation phenomenon can be 
found. Hunter et al.  1151, 1161 define “deactivation” by 
assuming that the corresponding pressure decrease is 
identical for both withdrawal and infusion of a volume 
step. Earlier studies 161-[9], 1321, 1381 support the valid- 
ity of the reference model of Fig. l(a), both before and 
during constant flow pulses. After the end of the CFP, 
pressure deviates from this model prediction. According 
to the model, (8) with 01 = 1, after a CFP pressure, would 
return to the isovolumic pressure. Our definition of deac- 
tivation ( 1  - a )  is based on the difference between iso- 
volumic pressure and pressure after a CFP. The present 
study shows that problems arising in earlier work in re- 
lating deactivation to other contraction parameters in the 
cardiac cycle arose since ejection flow had not been held 
constant, and pressure had not been normalized by iso- 
volumic pressure. By using constant flow pulses, we found 
deactivation to be uniquely related to the pressure at the 
end of the CFP, and thus also to the flow value. Ensuing 
from our definition, and the fact that the three-element 
reference model is valid during constant flow pulses, 
deactivation stays zero after the flow starts, and appears 
when flow stops. Experiments with two cascaded CFP’s 
1391 show that deactivation only exists during the ejection 
phase when flow has been decreasing. Simulations by 
Campbell et al.  [IO] support this finding also for normal 
ejection. These authors found the greatest deviations from 
model simulations in late ejection, thus when flow is de- 
creasing. 

The present study shows “deactivation” as represented 
by the quantity (1  - a) to be constant during a great part 
of the systole. Until the moment of the maximal negative 
first derivative of the isovolumic pressure, the parameter 
a is constant, while earliest CFP’s we used had an end 

time t,,, value of 75 ms. Thus, “deactivation” is a con- 
stant phenomenon during the normal ejection period [ 11. 

With CFP’s, elastic, resistive, and deactivation effects 
can be measured separately. Comparison of the results 
from CFP experiments to experiments in which other vol- 
ume interventions were used (varying flow) is difficult be- 
cause then all these effects are simultaneously present. 

Normal ejection can be thought to be assembled by 
many short CFP’s in series. Doing so, a summation of 
deactivation terms during the time the flows are decreas- 
ing, and thus in late ejection, can be expected 1391. The 
summation effect, however, is unknown, and its result 
may be greater than the deactivation values found in this 
paper by using one CFP. This remains to be further in- 
vestigated. 

Deactivation as experimentally observed in the current 
study is in accordance with (7) and (8). These expres- 
sions, for a # 1, in turn can be interpretated as a change 
of the end-ejection pressure-volume relation (see the end 
of “Discussion”). Much attention has been given to the 
end-systolic pressure-volume relation [4], [ 191, 1221, 
1261, 1271, 1291, 1331-1371 and the results have been con- 
tradicting. When resistive and/or deactivation effects are 
present, these in itself have a decreasing effect on the 
pressure. Thus, when limiting the description of systolic 
pressure to a varying elastance, any resistive and/or deac- 
tivation effect will be incorporated into the elastic effect. 
This results, for instance, in an E,,, value dependent on 
the shape of ejection (Shroff et al. 132, Fig. 61). Com- 
parably, when using a description including a resistance, 
any deactivation effect present will influence both the 
elastance and resistance 1251. This could be the reason 
why such models have no great predictive value in de- 
scribing normal ejection [ IO]. 

Suga et al.  1331, [35], 1361 used exponentially shaped 
volume changes, arranged in the way we applied constant 
flow pulses, and they measured the end-systolic pressure- 
volume relation. After ejection, pressure stayed below the 
corresponding isovolumic pressure 133, Fig. 41, indicat- 
ing deactivation. Suga et al. correlated pressure decrease 
and end-systolic flow value, peak flow value, and - dV,  
and found a correlation between pressure decrease and 
end-systolic pressure the highest. However, as a result of 
the continually decreasing flow, it can be surmised from 
our study that a deactivation effect during the ejection also 
will have occurred. Correspondingly, therefore, this high 
correlation can be expected from our experiments. 

Shroff et al.  1321 used constant flow pulses with con- 
stant flow duration in the blood perfused canine left ven- 
tricle, but did not make an explicit effort to quantify the 
deactivation phenomenon. Their Figs. 1-4, however, 
show flow or II, ( t , )  dependent deactivation. Simulating 
normal ejection patterns with a model consisting of elas- 
tance and resistance values measured with the CFP tech- 
nique, these authors demonstrated excessive simulated 
pressure values at end systole, the excess being linearly 
related to the measured pressure at end systole. We also 
found, above a certain value, a linear relation between 
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deactivation and the pressure at the end of the CFP. How- 
ever, since the effect of the series elastance and effects of 
the nonconstant flow are not incorporated in the simula- 
tion model of Shroff et al.,  quantitative comparison is dif- 
ficult. 

Hunter et al. [15], [I61 used rounded flow pulses to 
quantify elastance, resistance, and deactivation effects and 
also defined a “volume influence factor.” They used 
small flow pulses as a modification of the impulse-re- 
sponse method. They stated that less rapid flow pulses 
have a smaller deactivation effect, which we also found. 
The deactivation effect these authors found also in the first 
part of the flow pulse where flow is increasing differs from 
our findings as a result of a different definition of deacti- 
vation. 

The time independency of a during a major part of sys- 
tole can also be observed in the results of Kaam [21, pp. 
76, 1631. It seems, however, at variance with the results 
of Hunter et al. [ 161 who found a deactivation effect with 
a maximal value after time of peak isovolumic pressure. 
An essential condition for the time invariance of deacti- 
vation found in our study is that deactivated pressure and 
nondeactivated isovolumic pressure after the end of ejec- 
tion (CFP) at the same volumes are compared. In con- 
trast, Hunter et al. compared pressure at preejection vol- 
ume to pressure after ejection. It is, however, well known 
[5] that at greater volumes, peak isovolumic pressure as 
well as the descending limb of the isovolumic pressure 
curve are shifted to later times. In our model, this corre- 
sponds to a change o f f (  r ) .  Hunter et al. used moderately 
large volume steps (comparable to = 0.15 ml in the rabbit 
left ventricle), and thus the use of preejecting isovolumic 
pressure will result in an appreciably greater pressure dif- 
ference, and hence a greater deactivation effect for times 
after peak isovolumic pressure. In fact, we eliminated the 
influence o f f ( t )  on volume by dividing pressure by iso- 
volumic pressure at end-ejection volume. Therefore, our 
finding that a is independent of time in systole (t,) is not 
contradictory. 

The finding of elastic, resistive, and deactivation ef- 
fects reflects three major parameters of ventricular dy- 
namics. It may be questioned whether such parameters 
can also be identified in cardiac muscle mechanics. Elas- 
tance would reflect the force-length relation, and resis- 
tance the force-velocity relation. Likewise, deactivation 
would correspond to a reduced capability of force devel- 
opment, resulting from previous shortening velocity. On 
the muscular level, it has been shown that length changes 
cause a depression of the ability to generate force, which 
does not contradict a velocity-determined deactivation ef- 
fect since length changes imply shortening velocity. It 
seems therefore likely that deactivation is a property of 
cardiac muscle. 

It is accepted that the time course of intracellular cal- 
cium concentration determines the time course of a me- 
chanical systole [20]. Thus, the common time function 
f ( t )  in the model may be closely linked to the overall 
intracellular calcium concentration time course. It has 

been suggested that shortening (ejection) decreases the 
binding of calcium to troponin [2], [14], thus releasing 
calcium from the sarcomeres. An increased uptake of cal- 
cium by the SR could be the result. Therefore, after ejec- 
tion, the amount of calcium present in the sarcoplasm may 
be lower, and force cannot be regenerated to the isometric 
level, resulting in deactivation. This mechanism would 
imply deactivation to be built up during the flow pulse. 
Clearly, this would not affect the observation that resis- 
tance, with or without deactivation having partly incor- 
porated, behaves in the way as described by (1). 

Force generated by a sarcomere is believed to be the 
result of the formation of cross bridges between the actin 
and myosin filaments [ 181. The simplest way to describe 
this is by approximating it by a first-order process [5]. 
Then the breaking and formation of bridges are deter- 
mined by one single time constant. The present finding of 
one same time constant for switching on and switching off 
of flow supports this assumption. 

Deactivation has been observed in cardiac muscle. Ed- 
man et al. [ 131 used a quick release method on rabbit pap- 
illary muscle, applied with and without damping of the 
lever movements. With no damping, deactivation was the 
greatest, and the authors conclude that the more changes 
in shortening velocity arise, the greater the resulting deac- 
tivation is. Also, the contractile process appeared to be 
not depressed by accelerations. Rather, the depressant ef- 
fect had, probably, to be attributed to the decelerations. 
These findings correspond closely to our finding that 
deactivation on ventricular level is related to the flow (or 
ne( t , ) )  and only exists after flow has been decreasing 
1391. 

ter Keurs et al. [23] examined deactivation in rat car- 
diac muscle. They imposed triangle-shaped sarcomere 
length changes; thus, after the change, the sarcomere 
length had the same value as before the change. From 
their Fig. 5(c), it is observed that after a length change, 
developed force is decreased. The shape of the deacti- 
vated force is comparable to the force curve without length 
change, corresponding to our results on the ventricular 
level. 

From the present study, it can be concluded that (8) 
describes the ‘‘deactivation phenomenon” satisfactorily. 
According to (8) and (8a), a < 1 is equivalent to the 
switching on of an additional capacitor in the three-ele- 
ment model of Fig. l(a), thus giving rise to the model of 
Fig. 14. The value of ye is changed to y: = (ye * 7d)/(yc 
+ yd). This was already suggested by Lefevre et al. [24], 
[25]. The time constant 7 d  is related to r by 

(9)  7d Ye + 7 s  - - 

7- 7: + Ys’  

Since it has been found [38] that ys >> ye, it follows 
that r d  is only slightly greater than r.  This is in accordance 
with experimental values for T( = 10.35 k 0.26 ms) and 
7 d  ( = 10.44 & 0.09 ms), although the difference between 
r and rd is not significant. 
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Fig. 14. Reference model for left ventricular pressure generation, includ- 
ing “deactivation” (see “Discussion”). Symbols: See Fig. 1. Total 
charge (volume) after CFP: qe + qs + qd. 

In the present study, we found that after small flow 
pulses, pressure can exceed isovolumic pressure at the 
same volume. This “superactivation” also is present in 
the results of Hunter et al. [15], [16] and Campbell et al. 
[lo]. Nwasokwa et al. [28] found this phenomenon in the 
in situ dog papillary muscle. Thus, ejection can have a 
positive effect on pressure [ l l ] ,  [17]. It has been dis- 
cussed that deactivation and superactivation represent dif- 
ferent mechanisms in the muscle [17]. The existence of 
superactivation was not studied in detail in this paper. The 
model of Fig. 14 can describe this effect by introducing 
before t ,  a charge at the deactivation capacitor 1 / E d .  
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