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Massive pulmonary embolism is accompanied by a sharp increase in the contractile activity 
of the right ventricle. Cardiodynamics during the firsl~ 30 min was characterized as subcom- 
pensated with impaired relaxation and then progressed to a compensated state (the next 6 h). 
The initial stage after a sharp increase in right ventricular afterload under massive pulmonary 
embolism is a critical period in relation to the development of heart failure. 
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Clinical studies showed that one third of patients with 
massive pulmonary embolism (MPE) died during the 
1 st hour and two third of these patients died over the 
1 st day [ 12], primarily due to right ventricular failure 
[ 12,14]. Therefore, studies of  the state and functioning 
of  the right ventricle and the mechanisms of  right 
ventricular failure during the first hour after MPE are 
of  considerable importance. These studies can be con- 
ducted only under experimental conditions and, there- 
fore, require adequate models, in particular accurate 
simulation of the localization and severity of  damages 
typical of MPE. Moreover, these models must be re- 
producible. By contrast to various models of  MPE, the 
model used in our experiments conforms to these re- 
quirements [ 1 ]. 

Here we studied the cardiodynamics of  the right 
ventricle during the first 6 h after MPE. 

MATERIALS AND METHODS 

Experiments were performed on 40 mongrel dogs weig- 
hing 15-20 kg without thoracotomy (natural respira- 
tion). Premedication was performed by intramuscular 
injection of 10 mg/kg promedol. Anesthesia was pro- 
duced by intravenous administration of 20 mg/kg so- 
dium thiopental. 
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The experimental group included 20 dogs with 
MPE not accompanied by heart failure. MPE was mo- 
deled as described previously [1]. The control group 
included 20 dogs without MPE. Euthanasia was per- 
formed by intravenous administration of sodium thio- 
pental 6.5 h after heart catheterization. 

Catheterization was conducted through periphe- 
ral vessels. Blood pressure in the aorta, right atrium, 
and cardiac ventricles was recorded by external Pres- 
sure Transducers 746 (Siemens-Elema) connected to 
Pressure Amplifiers 863 (Siemens-Elema). The curve 
of the first derivative of  intraventricular pressure 
was constructed using a Contractility 868 electron 
differentiator (Siemens-Elema). ECG was recorded 
by standard limb leads (ECG Amplifier 850, Sie- 
mens-Elema). Multichannel recording was perfor- 
med on a Mingograf-82 device (Siemens-Elema). 
Indexes of cardiodynamics were determined by poly- 
cardiography (simultaneous registration of the above 
parameters). The data were analyzed using Student's 
t test. 

RESULTS 

Heart rates in control and experimental animals re- 
mained unchanged during the experiment. Therefore, 
we used uncorrected (not normalized to a standard 
rate) interval indexes of intraventricular pressure curves 
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T A B L E  1. Indexes of Ca rd iodynamics  

809 

Index Determinat ion I Units 

Indexes of the intraventricular pressure curve 

EDP End diasto l ic  pressure corresponding to Q wave on ECG 

P0 Pressure cor respond ing to § on the dP/dt curve 

PVP Maximum pressure during eject ion 

PVP t Interval f rom R wave on ECG to PVP 

Indexes of the first derivative of intraventricular pressure curve 

+DP Maximum dP/dt 
-DP Minimal dP/dt 
§ t Interval f rom the moment  cor responded to the R wave on ECG to +DP 

- D P  t Interval f rom the beginning of the maximum negat ive wave of the  dP/dt curve to --DP 

- D P - 0  t Interval f rom - D P  to intersection of the ascending port ion of dP/dt curve and isoline 

+DP-DP t Interval f rom +DP to -DP  

Indexes calculated by curves of intraventricular pressure and its first derivative 

+DP/-DP 

+DV(+DP/+DPt) 

-DV(-DP/-DP 

+DV/-DV 

(+DP+-DP)/ 
+DP-DP t 

+DP/P 0 

+DP/PVP t 

PVP/+DP 

PVP/*DP t 

PVP/PVP t 

PVP* P_VP t 

Phases and periods of cardiac cycle 

Isometr ic  
contract ion 

Tension 

Ejection 

Mechanical  
systole 

Total systole 

Diastole 

Cardiac cycle 

From R wave  on ECG to +DP on dP/dt curve 

From Q wave  on ECG to § on dP/dt curve 

From +DP on dP/dt curve to the maximum negat ive wave of  dP/dt curve or to the incisura 
of intraventr icular  pressure curve 

From R wave  on ECG to the end of e ject ion 

From Q wave  on ECG to the end of e ject ion 

Cardiac cyc le minus total systole 

The RQ interval  on ECG 

mm Hg 

mm Hg 

mm Hg 

s e c  

mm Hg/sec ,  

mm Hg/sec 

s e c  

s e c  

s e c  

s e c  

mm Hg/sec  2 

mm Hg/sec 2 

mm Hg/sec 2 

sec -~ 

mm Hg/sec 2 

sec 

mm Hg/sec 

mm Hg/sec 

mm Hgxsec 

sec 

sec 

sec 

s e c  

s e c  

s e c  

s e c  

and its first derivative and the duration of cardiac cycle 
phases and periods. 

MPE was acconqpanied by a sharp increase in the 
maximum systolic pressure in the right ventricle (PVP) 
to 224.6+11.3% (Table 2). Other amplitude indexes of 
the curves of right ventricular pressure and its first deri- 
vative changed similarly (Po, +DP, and -DP to 206.7+ 
13.5%, 200.0+15.7%, and 257.8+18.7%. respective- 
ly). The end diastolic pressure (EDP) in the right ven- 
tricle increased to 337.5+58.5%. The increase in PVP 

was accompanied by an increase in the period of  its 
attainment (PVPt) to 125.9+8.6%. The lengthening of  
the DP t interval was observed in the diastolic portion 
of the dP/dt curve (136.7+12.0%). No changes of  in- 
terval indexes in the systolic portion of  the dP/dt curve 
were found. 

Secondary indexes varied with changes in the para- 
meters of  right ventricular pressure curves and its first 
derivative (Table 3). The ratio of +DP/-DP decreased, 
because +DP increased to a lesser extent than -DP. 



8 1 0  Bul le t in  o[ Exper imen ta l  B io logy  and  Med ic ine ,  No_ 8, 1 9 9 9 G E N E R A L  P A T H O L O G Y A N D  P A T H O L O G I G A L  PHYSIOLOGY 

> 

0 
0 

U- 

"0 
e "  

(0 

13.. 

0 

e- 

> 

n, 

~q 

. J  

I -  

, n o  :, :, o ~ 
O O O O O O O O ',-- O 

�9 .        oooooooooo  o ,  

.._, . _  +, § § +, +, +, +, +, § +, 

�9 , -  I'-. (~D ~ O9 CO ~ CO I'-- 
-~ .~ -,- o o o o o o - -  o 

: ~ ~ o o o o o o  0 0 0 

oooooo ooo UO 
_+[ +I +I +I +I +I +I I +I +I +I 

u6 O~ C~ I"- 0,4 09 ~ O CO ~O 0~, 
CO uO ~" ~" ~ 04 I" ~0 UO u'9 ~ " O0 ~" 0 04 O4O4 " "  O O O O O O O " -  ",-- 

o o o o o o o (5  (5  

O If) LO (.O I..O 04 ~" 09 O~ 
: : ~ o o o o o  o - o  

q ,-:. : : ~ ~ ~ . . . .  o . . o o o 

o o ~  5: TM - 
"-  o o o o o o o c)  c~ 

uO uO ~ ~"  09 09 If'/, 09 ' , -  I ' -  
O : ~ oOoOO oOOOoO5O : ~ ~ ~ . - -  . . . . . . . . .  

O O O O O O O O O O 

0 LO ~ ~ QO ~" CO ~" O~ 
. ~  ~ ",- O O O O O O ~ O 

O4 o o o  
.~ o ~4 ~ o o o o o o  o o o  

+, § +, +, § § I § +, +, ~-- LO 0") ~'- CO CO ~ -- Lf) O4 O4 

I'~(~0 ~ - O 0 0 0 0 ( D  

' -  o o o o o o o o c5 

O'~ (~D LO UO OO ~" e O O  O") 
O O O O O O O ~ O 

�9 . ~ O O O O O O O O O 

~" ~ ~ ,~ +' +' +' +' +' § I +' +' +' " -  ~-- 09 ~ ~'9 O 09 ",-- ~t" O 

o 0 o 0 0 0 o ~5 C) 

. ~  ~ ~ ~ 5 ~ 8 o  o ~ 5 5 ~  
O ' ) O 9 0 " )  

. O  O O O O ~ "," O o  O 

o o o  

~: ~ o ~ o  ~ ~ o ~  

O 

~ ~ ~ o . - ~ ~ 1 7 6 1 7 6  ~ 1 7 6  ~ 1 7 6 1 7 6 1 7 6  
- -  o o o oooo o 

0 0 0 0 0 0 ~ ~'- 

O O O O O O O O O O 

I 
0. ~- 0.  a. ~ ~ 0 . -  i .  Q. 
o > o > ~ a rn 
w ~ 0. 9 ~ 0. + , j 9 

O 
cD 

e- 

,5 

CL 

E 

~6 
cD 

_= 

cD 

.C 

O. 
E 
O 

O 

O 
(D 
V 
O.. 

,4 
"O 

o9 
~n 

I-- 
._C 
7D 

O 
7- 

O 
Z 



V. S. Savel 'ev,  A. O. Virganskii ,  et  al. 8 1 1 [  

~D 

i ,  

"10 

~D 

0 

(D 

(1. 

.o_ 

r -  

r~ 

E 
0 

7O 

($ 

_9.o 

0 
(D 

X 
- ~  

,,m 

en 

I-" 

. ~ . ~  ~ ~ .  . ~ ~ . ~  

I,.o 
~6 

. . . .  ~ -  ~ ~ ~ o ~ o ~  

~ ~ ~1 ~ +1 
~ ~ ~ ~ ~ ~ ~ ~ ~ 0 ~ ,~ ~ ~ ~ ~ 

~ o ~ ~  ~ ~ o ~  ~ o ~  ~ ' .  

-o o  oo LO (:D " " ~ o +~ +~ 
0 co 

�9 - 0 - ~ ~. ~ 

I.o ooo~o~oo 
~ ~ b ~  ~ ~  . ~ ~ 

~ ~ ~ ~ ~  
~ o ~ ~  ~ o 

. oo ooo~ 
+1 +1 

�9 . ~ .  0 

+1 +1 +1 ~ +1 

. o 

~ ~ o  

0 

. . . . . . . .  - . o o ~ ~  
o o o o o o o o  " ~ddd666d6dd 

5 ~ 5 5 "5 ~ 5 5 5 "5 

0 ~ 0 0 

o o o o 9 ~ > o o .> > 

1:1. ~ ~ (L O_ I:L O. D_ 

o p o o ~ 9 .o o > > > > + I + ~ . G. 1:1. O. D. 



812 Bullet in o f  Exper imenta l  Biology and  ~4edicine,  N o- 8, 1999 GENERAL P A T H O L O G Y A N D  P A T H O L O G I C A L  PHYSIOLOGY 

~D 

"6 
(P > 

n ,  

0 

"5 

t -  
O 

0 

U,. 

N 

r-" 
n 

,6 

_,1 
I11 

UD 
~6 

,d 

i n  
~4 

uO 

c4 

u9 

0 

0 

0 0 0 0 0 0  ~ 0  
q q  q o q q ~ ~ ~ ~ o o  
o o o o o o  o o  
+1 +1 +1 +1 +1 +1 +1 +1 

o o o o o o d d d d  d d o o  

0 0 0 0 0 0  ~ 0 ~ 0 ~ 0 
0 0 0 0 0 0  0 0 0 0 0 0  0 0  
0 0 0 0 0 0  0 0 0 0 0 0  0 0  
+ 1 + 1 + 1 + 1 + 1 + 1  + 1 + 1 + 1 + 1 + 1 + 1  + 1 + 1  
~ ~ 0 ~  ~ ~  ~ 

, 0 0 0 0 0 0  ~ ~ ~ ~ ~ ~ ~ ~ , 

0 0 0 0 0 0  0 0 0 0 0 0  d O 

0 0 0 0  ~ 0 ~ 0 ~ 0 ~ 0 
0 0 0 0 0 0  0 0 0 0 0 0  0 0  
0 0 0 0 0 0  0 0 0 0 0 0  0 0  
+ 1 + 1 + 1 + 1 + 1 + 1  + 1 + 1 + 1 + 1 + 1 + 1  + 1 + 1  

, 0 0 0 0 0 0  ~ ~ ~ ~ ~ ~ ~ ~ , 

0 0 0 0 0 0  0 0 0 0 0 0  0 0  

0 0 0 0 0 0  
0 0 0 0 0 0  
0 0 0 0 0 0  
+ 1 + 1 + 1 + 1 + 1 + 1  
0 ~ ~  

0 0 0 0 0 0  

0 0 0 0 0 0  

oooo o oo +, 
I / )  ~ r,.., I'-- ~ i_o 0 

o o o o d o o o 

g g g g S g  
0 0 0 0 0 0  
+t +1 +1 +I +1 +{ 

0 0 0 0 0  
0 0 0 0 0 0 

~ o o ~ o  ~ 
0 0 0 0 0 0 0 0 

o o o  o o o o o 
+1 +1 +t +i +1 +1 +I +I 

g g g g o ~  
0 0 0 0 0 0  

0 0 0 0 0  
0 0 0 0 0 0  

CO 0 e9  0 O 9 0 ~  ,~" UD 

0 0 0 0 0 0 0 0 
o o o o o o  d o  
? 0 ~ g o N  o ~  

0 0 0 0 0 
o o o o  

0 0 0 0 0 0 

~ o ~  ~- ~ 0~0 
o o o o O o  o~ 
o o o o o o  

�9 -- ",- .- ~ ~ -'- 03 CO 

0 0 0 0 0 0 0 0 

0 0 0 0 0 0 
o o o o o o  

0 0 0 0 0 0 

O o ~ O ~  ~ 00~  
o o o o ~ o  ~ 

0 0 0 0 0 0 0 0 

5 5 "5 

f- 

0.0 

.o .o 

~~ ,9. i= 

(D 



V. S. Savel' ev, A. O. Virganskii, et al. 813 

+DV, -DV, (+DP+-DP)/+DP-DPt, +DP/PVP t, PVP/ 
+DPt, PVP/PVPt, and PVPxPVP t increased to 208.1+ 
24.9%, 207.2+30.6%, 184.2+22.1%, 165.3~19.9%, 
229.2• 186.4+15.6%, and 286.8• re- 
spectively. +DV/-DV, PVP/+DP, and +DP/P 0 did not 
change. The index of +DP/P 0 was most stable. 

The duration and structure of the cardiac cycle did 
not change during the first 30 rain of  MPE (Table 4). 

During the next 6 h of uncomplicated MPE, right 
ventricular PVP slightly decreased but remained above 
the initial and control values (Table 2). Other am- 
plitude indexes of the right ventricular pressure curve 
and its first derivative (P0, +DP, and -DP) changed 
similarly. Right ventricular EDP decreased after 1 h 
and then did not differ from the initial and control 
values. Starting from the first hour of MPE, no leng- 
thening of the PVP t interval was observed. Interval in- 
dexes in the systolic and diastolic portion of the dP/dt 
curve did not change significantly. 

Changes in the parameters of right ventricular 
pressure curve and its first derivative affected the dy- 
namics of the secondary indexes (Table 3). The ratio 
.of +DP/-DP did not differ from the initial and control 
values 2 h after the start of MPE. ~DV, -DV, (+DP+-- 
DP)/+DP-DPI, +DP/PVP t, PVP/+DP,, PVP/PVP t, and 
PVPxPVP remained increased over 6 h of uncompli- 
cated MPE. 

The duration and structure of the cardiac cycle did 
not change over 6 h of uncomplicated MPE (Table 4). 

Thus, MPE is accompanied by a sharp increase in 
contractile activity of the right ventricle. High con- 
tractile activity indexes of the right ventricle indicate 
that the severity of embolic damages in pulmonary 
vessels is the same throughout the experiment. Over 
the first 30 min of MPE, the cardiodynamics of the 
right ventricle is subcompensated with the impairment 
of relaxation. Delayed relaxation (lengthening of the 
-DP, interval) is typical of many heart diseases, in- 
cluding those accompanied by high afterload [2-4, 
8,11]. It should be noted that diastolic dysfunction 
precedes the impairment of myocardial contractile ac- 
tivity [3,4,13]. The delayed relaxation results from dis- 
turbances in Ca 2+ release, insufficient production of 
macroergic phosphates in cardiomyocytes, and low 
ATPase activity of contractile proteins [3,5,6,9,10]. 
Some authors showed that early disturbances in the re- 
laxation processes is due to their high sensitivity 
to pathological effects leading to accumulation of 
sarcoplasmic Ca z+ and insufficient energy formation 
in cardiomyocytes [3,5,7]. The sarcoplasmic reticulum 

plays the major role in the regulation of isometric re- 
laxation [8]. 

Our findings prove the compensated state of car- 
diodynamics of the right ventricle from the 1st to the 
6th hour of MPE. This is confirmed by normalization 
of PVPt, --DP t, and +DP/-DP indexes and a decrease 
in EDP in the right ventricle. During this period, the 
right ventricle is assumed to function under static con- 
ditions characterized by equilibrium between patho- 
logical and compensatory mechanisms (compensa- 
tion). By contrast, during the first 30 min after a sharp 
increase in afterload, the right ventricle functions under 
intermediate conditions characterized by imbalance 
between these mechanisms, which can be accompa- 
nied by various functional disorders. Therefore, the 
initial stage of MPE is critical for the development of 
right ventricular failure. This agrees with clinical studies 
demonstrating high mortality during the first hour of 
MPE [12,14]. 

This work was supported by the Russian Founda- 
tion for Basic Research (grant No. 98-04-48003). 
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