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Alterations in Canine Left Ventricular-arterial
Coupling and Mechanical Efficiency Produced by

Propofol
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Background: Propofol reduces blood pressure by decreasing
left ventricular (LV) afterload and myocardial contractility.
This investigation tested the hypothesis that propofol pre-
serves LV-arterial coupling and mechanical efficiency because
of these simultaneous hemodynamic actions.

Methods: Experiments were conducted in open-chest dogs
(n = 8) instrumented for measurement of aortic and LV pres-
sure, dP/dt,,.,, and LV volume. Myocardial contractility was
assessed with the slope (E..) of the LV end systolic pressure—
volume relationship. Effective arterial elastance (E,; the ratio
of end systolic arterial pressure to stroke volume), stroke work
(SW), and pressure—volume area (PVA) were determined from
the LV pressure—volume relationships. Dogs were studied 30
min after instrumentation and after 15-min intravenous infu-
sions of propofol at 5, 10, 20, and 40 mg-kg'-h'.

Results: Propofol caused dose-dependent decreases in E.,
(4.7 += 0.9 during control to 2.7 + 0.5 mmHg/ml during the
high dosage) and dP/dt,,.,, indicating a direct negative inotro-
pic effect. E, increased at the 10 mg-kg'-h' dose of propofol
but decreased at higher dosages. Propofol decreased the ratio
of E to E, (0.88 + 0.13 during control to 0.56 + 0.10 during
the high dosage), consistent with impairment of LV-arterial
coupling. Propofol also reduced the ratio SW to PVA (0.54 +
0.03 during control to 0.45 + 0.03 during the 20 mg-kg'-h™),
suggesting a decline in LV mechanical efficiency. SW and PVA
recovered toward baseline values at the 40 mg-kg'-h"' dose.

Conclusions: Although propofol depresses mechanical
matching of the LV to the arterial system and reduces LV effi-
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ciency, these alterations plateau at higher dosages of propofol
because reductions in afterload begin to offset further declines
in myocardial contractile function. (Key words: Anesthetics,
intravenous: propofol. Heart: end systolic pressure—volume
relation, left ventricular-arterial coupling; mechanical effi-
ciency; myocardial contractility.)

LEFT ventricular-arterial coupling describes the me-
chanical relationship between the left ventricle and the
arterial system. Overall cardiovascular performance de-
pends on the complex interaction of the systolic and
diastolic mechanical properties of the left ventricle and
the preload (venous) and afterload (arterial) systems.
Changes in the mechanical properties of one system can
be compensated by corresponding changes in another
system to maintain cardiac output and efficiency. For
example, a decrease in left ventricular afterload pro-
duced by a vasodilator may preserve cardiac output in
the presence of a negative inotropic agent. For any
given left ventricular mechanical state there is a unique
corresponding mechanical state of the arterial system
that will optimize left ventricular performance by max-
imizing stroke work and minimizing myocardial oxygen
consumption. Left ventricular-arterial coupling often is
quantified in the pressure - volume plane using a series
elastic chamber model of the cardiovascular system.'
The ratio of the elastances of the left ventricle (end
systolic elastance; E..) and the arterial vasculature (effec-
tive arterial elastance; E,) defines coupling between the
heart and the arterial circulation."* This model allows
evaluation of the effects of cardiac disease states and
vasoactive drugs on the coupling relationship 72 vivo.**
Pressure -volume analysis also permits examination of
left ventricular mechanical efficiency defined by the
ratio of stroke work (SW) to pressure-volume area
(PV A)'ss

The effects of propofol on systemic hemodynamics,®’
left ventricular systolic® and diastolic function,” and
afterload mechanics'’ in vivo have been described pre-
viously. Propofol produces dose-related decreases in ar-
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terial blood pressure in part by causing simultancous
reductions in myocardial contractility and arterial vaso-
dilation. These data suggest that left ventricular-arterial
coupling may be preserved during propofol anesthesia,
The present investigation tested the hypothesis that op-
timal mechanical interaction between the left ventricle
and the arterial system is maintained during intravenous
infusions of propofol.

Materials and Methods

All experimental procedures and protocols used in
this investigation were reviewed and approved by the
Animal Care and Use Committee of the Medical College
of Wisconsin. All procedures conformed to the Guiding
Principles in the Care and Use of Animals of the Amer-
ican Physiological Society and were performed ac-
cording to the Guide for the Care and Use of Labora-
tory Animals, [DHEW(DHHS) publication (NIH) no. 85-
23, revised 1996].

Implantation of Instruments

The experimental preparation used in this investiga-
tion has been described previously in detail.'" Briefly,
dogs (n = 8) were fasted overnight and anesthetized
with sodium pentobarbital (25 mg/kg) and sodium bar-
bital (200 mg/kg). Fluid deficits were replaced before
experimentation with saline, 0.9% (500 ml), which was
continued at 3 ml-kg" - h' for the duration of each ex-
periment. A pilot study demonstrated that this fluid re-
placement regimen maintained constant left ventricular
end diastolic pressure during administration of propofol
in barbiturate-anesthetized dogs. After tracheal intuba-
tion, each dog’s lungs were ventilated via positive pres-
sure with 100% oxygen. Respiratory rate and tidal vol-
ume were adjusted to maintain acid-base status and
carbon dioxide partial pressure within physiologic lim-
its. The right femoral vein was cannulated for fluid ad-
ministration. A 7-French, dual micromanometer-tipped
catheter was placed across the aortic valve for measure-
ment of continuous left ventricular and arterial pres-
sures and the peak rate of increase of left ventricular
pressure (dP/dt,,,,). A left fifth space thoracotamy was
performed, and the lungs were gently retracted. A 7-
French, eight-electrode conductance catheter was in-
serted into the left ventricular cavity through the apex.
A hydraulic vascular occluder was placed around the
inferior vena cava for abrupt alteration of preload. A
fluid-filled catheter was placed in the left atrial append-
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age for administration of hypertonic saline (20%: 5 ml)
used to determine parallel conductance volume (Vp).
The experimental preparation was allowed to stabilize
for 30 min after instrumentation had been completed.

Determination of Left Ventricular Volume

Left ventricular volume was measured using the conduc-
tance technique."” Briefly, a multiclectrode conductance
catheter was interfaced to a module that drove a constant
current between the two outermost electrodes and mea-
sured the resultant voltage difference between each of the
five remaining adjacent remaining electrode pairs. Time-
dependent left ventricular volume [V(t)] was determined
using the equation: V(t) = G(t):L*: (a-0)' — V,, where
G(0) = the sum of time-dependent conductances from each
intraventricular electrode pair, L = the intraelectrode dis-
tance (1.0 cm), a = a slope correction factor relating the
measured conductance volume to actual left ventricular
volume, and o = the blood conductivity. The parallel con-
ductance volume (V,,) is a constant offset error volume that
results from current leakage into surrounding tissue and
was determined using the hypertonic saline technique.'*"
No changes in V,, were observed during the administration
of propofol. Blood conductivity (o) was determined at each
intervention from a 5-ml blood sample using a cuvette that
was precalibrated with solutions of known conductivity.
No changes in o were observed during the course of each
experiment. End systolic and end diastolic volumes (ESV
and EDV, respectively) were measured at left ventricular
maximum elastance'" and immediately before the onset of
left ventricular isovolumic contraction, respectively. Hemo-
dynamic variables were determined at steady-state and aver-
aged for 10 consecutive beats just before caval occlusion.
Ejection fraction (EF) was determined using the equation:
EF = (EDV — ESV)-100-EDV'. Hemodynamic data were
continuously recorded on a polygraph and simultaneously
digitized (200 Hz) by a computer interfaced with an analog
to digital converter for recording and subsequent analysis
of left ventricular pressure -volume diagrams.

Experimental Protocol

Left ventricular pressure -volume diagrams used to as-
sess myocardial contractility were obtained at end expira-
tion by abruptly decreasing left ventricular preload via
inflation of the inferior vena caval balloon cuff occluder
(fig. 1). Using linear regression analysis, the end systolic
pressure (P.) and volume (V.) of each left ventricular
pressure -volume diagram were fit to the equation: P., =
Eei* (Ves — Vo), where E., = left ventricular end systolic
elastance and V,, = the extrapolated volume intercept of

¥20¢ Iudy 0} uo 3sanb Aq 4pd'Z1000-00050.66 | -27S0000/€8916€/8801/5/98/4Pd-8]01E/ABO|0ISAY)SBUE/WOD JIEUYDIBA|IS ZESE//:d)Y WO papeojumoq




1090

HETTRICK ET AL.

125

I
m
QO

|

100

743 5

50

25

LEFT VENTRICULAR PRESSURE (mmHg)

T T

0 10 20 30 40
LEFT VENTRICULAR VOLUME (ml)

Fig. 1. Left ventricular pressure—volume diagrams obtained
during inferior vena caval occlusion obtained in a typical ex-
periment. Left ventricular maximal elastances (solid dots) for
each pressure—volume diagram were used to generate the
slope (E.,) of the end systolic pressure—volume relation. Effec-
tive arterial elastance (negative slope, E,) was determined by
the ratio of end systolic arterial pressure and stroke volume
during steady-state hemodynamic conditions.

the relation. Myocardial contractility also was evaluated
with the slope (Mgy) of the preload recruitable stroke
work relation derived from the same left ventricular pres-
sure -volume diagrams." Effective arterial elastance (E,)
was calculated as the ratio of end systolic arterial pressure
and stroke volume."” Figure 1 shows representations of
E., and E, in the pressure - volume plane. Left ventricular-
arterial coupling was described by the ratio of E., and E,."
PVA (total mechanical energy) was determined as the sum
of SW and potential energy (PE), where PE = 0.5 - P, * (V..
— V,)."° PE represents left ventricular energy that does
not contribute to ejection. The ratio of SW to PVA was
used to determine left ventricular mechanical efficiency.”

Baseline systemic hemodynamics and left ventricular
pressure -volume diagrams were recorded during
steady-state conditions 30 min after instrumentation
was completed. Propofol then was administered as an
intravenous infusion at 5, 10, 20, and 40 mg-kg"' - hr'
in escalating dosages. Hemodynamics were recorded,
and left ventricular pressure - volume diagrams were ob-
tained using the techniques described previously after
15 min equilibration at each dose. At the end of each

Anesthesiology, V 86, No 5, May 1997

experiment, the heart was electrically fibrillated, and
the positions of the fluid-filled, conductance, and micro-
manometer-tipped catheters were confirmed.

Statistical Analysis

Statistical analysis of the data before and during adminis-
tration of propofol was performed by analysis of variance
(ANOVA) with repeated measures followed by Student’s
t test with Duncan’s adjustment for multiplicity. Changes
between interventions were considered statistically sig-
nificant when the probability (P) value was less than 0.05.
All data are expressed as mean = SEM.

Results

The hemodynamic effects of propofol are summarized
in table 1. Propofol caused significant (P < 0.05) de-
creases in heart rate, mean arterial pressure, and left
ventricular systolic pressure. Increases in EDV and ESV
also were observed at higher dosages. Left ventricular
end diastolic pressure remained unchanged. Reductions
in E., (4.7 = 0.9 during control to 2.7 + 0.5 mmHg/ml
during the high dose) and Mgy (66 + 6 during control
to 43 = 5 mmHg during the high dose) were observed
during administration of propofol, indicating a direct
negative inotropic effect. Concomitant reductions in
dP/dt,,.. and ejection fraction also occurred. The vol-
ume intercepts of the end systolic pressure-volume
(Vo) and preload recruitable stroke work (Vgy) relations
were unchanged. Propofol caused reductions in SW and
PVA at the 40 mg-kg'-h' dose. An increase followed
by a decrease in E, was observed at the 10 and 40
mg-kg'-h' doses of propofol, respectively. The ratio
of E., to E, was decreased by propofol (0.88 = 0.13
during control to 0.56 = 0.10 during the high dose; fig.
2A), indicating that this intravenous anesthetic impairs
the mechanical interaction between the left ventricle
and the arterial circulation. Propofol also reduced the
ratio of SW to PVA (0.54 + 0.03 during control to 0.45 =+
0.03 during the 20 mg - kg - h'' dose; fig. 2B), consistent
with a decline in the conversion of total left ventricular
energy to external stroke work. However, SW and PVA
increased toward control values at the highest dosage
of propofol, suggesting that partial restoration of left
ventricular mechanical efficiency had occurred.

Discussion

The present results indicate that propofol reduces myo-
cardial contractility as evaluated by E. and Mg, derived
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Table 1. Hemodynamic Effects of Propofol
Propofol (mg-kg '-hr ')

Control 5 10 20 40
HR (beats-min") 136 + 4 130 = 3 124 =+ 3* i 9= 100 = 4" 1,1.§
MAP (mmHg) 95 + 4 98 + 4 103 = 4 96 £'5 2 LS
LVSP (mmHg) 108 53 110 + 4 114 + 4 110="5 84 + 6°,1,1,§
LVEDP (mmHg) 4+0 S () 3r=10 310 30
dP/dt . (MmHg-s ) 1,829 + 82 1,690 + 67 1,634 + 63" 1,624 + 79* 1104 = 97*,1,%.§
EDV (ml) 48 + 3 47 = 3 49 + 3 50 =3 DZ T EEE
ESV (ml) IR, 28122 2953 30 + 3* 33 = 3 1.1.§
SV (ml) Al | 1981 19+ 2 18 + 2 2057
EF (%) 44 + 3 412 40 = 3* 39/= 3¢ 36 = 3"t
Mg, (MmHg) 66 + 6 60 = 6 58 + 6 53 + 6* 43.:£ 5T
Vs (M) 13 £ 6 14 £ 5 13 £ 6 14 =6 17 =7
Ees (mmHg-ml™") 47 = 0.9 43 +0.8 S == 07 3.2¥E 0.5 2.6 E0.55T
Vo (ml) 1.7 £ 4.9 6.4 + 6.6 49 + 41 6.0 + 5.4 1.9+ 49
E. (mmHg-ml™") 5.31:£10:8 (0] a=0)¢] 6:8 =5 (1155 6.0 = 0.6 5.1 £ 0.61,%.§
SW (ml- mmHg) 1,704 + 118 1,583 = 119 1,652 + 158 1,562 = 162 1,214 = 170*,1,1.§
PVA (ml- mmHg) 3,302 + 366 3,618 + 548 3,730 + 428 3,619 + 448 2,601 = 319*1,1.,§

Data are mean + SEM; n = 8.

HR = heart rate; MAP = mean arterial pressure; LVSP = left ventricular systolic pressure; LVEDP = left ventricular end-diastolic pressure; EDV and ESV —
end-diastolic and end-systolic volume, respectively; SV = stroke volume; EF = ejection fraction: Msw and Vsy = preload recruitable stroke work slope and
volume intercept, respectively; E.; = end-systolic elastance: Vo = volume intercept; E, = effective arterial elastance; SW = stroke work area: PVA — pressure

volume area.

* Significantly (P < 0.05) different from control.

1 Significantly (P < 0.05) different from 5 mg-kg ™' -hr ' propofol.
¥ Significantly (P < 0.05) different from 10 mg- kg " hr ' propofol.
§ Significantly (P < 0.05) different from 20 mg-kg ' -hr ' propofol.

from left ventricular pressure -volume diagrams generated
using the conductance catheter. The present findings con-
firm and extend the findings from a previous investigation
from our laboratory,” in which regional preload recruitable
SW derived from subendocardial segment length was used
as a relatively heart rate- and load-independent index of
contractile state before and during propofol anesthesia in
chronically instrumented dogs. E, increased slightly at the
10 mg-kg"'-h' dose and then decreased with higher dos-
ages of propofol. E, is closely related to left ventricular
afterload because this coupling variable directly depends
on systemic vascular resistance and inversely depends on
total arterial compliance. The present results are consistent
with previous findings from this®"° and other labora-
tories,'” " indicating that propofol does not alter indices
of left ventricular afterload (eg., systemic vascular resis-
tance and aortic input impedance) in dogs despite produc-
ing dose-related depression of myocardial contractility at
very low dosages of propofol similar to those used in the
present study. In contrast, propofol reduces afterload at
higher dosages concomitant with additional negative ino-
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tropic effects.®'*'” These observations have important im-

plications for left ventricular-arterial coupling relations.
The present investigation examined the effects of propo-
fol on left ventricular-arterial coupling using a series elastic
chamber model quantified by the ratio of E., to E,."? It has
been shown that SW is maximized when E, is equal to
E..' The results indicate that propofol decreases E./E,,
indicating that this intravenous anesthetic impairs mechani-
cal coupling of the left ventricle to the arterial vasculature.
These propofolinduced reductions in E./E, result from
primary decreases in E... At higher dosages of propofol (20
and 40 mg-kg'-h"), E./E, plateaus and does not decrease
further because modest reductions in E, offset further de-
clines in contractility. This finding indicates that left ventric-
ular-arterial coupling is not restricted at higher doses of
propofol despite dose-related decreases in E... The present
results with propofol contrast with a previous investigation
examining the influence of desflurane, isoflurane, and sev-
oflurane on left ventricular-arterial coupling in barbiturate-
anesthetized dogs.'' These volatile anesthetics decreased
E. and E, in a dose-related manner. However, because vola-

——
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Fig. 2. Histograms depicting (4) left ventricular-arterial cou-
pling (E./E.) and (B) left ventricular mechanical efficiency
(SW/PVA) before (control; C) and during 5, 10, 20, and 40
mg-kg'-h' propofol infusions. Data are mean + SEM: n — 8.
“Significantly (P < 0.05) different from C.

tile anesthetic-induced declines in E.. were proportionally
greater than E,, the ratio of E,. to E, also declined in a dose-
dependent manner.

The effects of propofol on the efficiency of energy
transfer from the left ventricle to the arterial system
also were quantified in the present investigation using
the ratio of SW to PVA. PVA represents the amount of
work performed by the left ventricle and is defined
as the sum of SW (kinetic energy that contributes to
¢jection) and potential energy (energy used to over-
come the viscoelastic and inertial properties of the myo-
cardium itself).”*’ Decreases in SW and PVA imply less
efficient energy transfer from the left ventricle to the
arterial system. The present results indicate the propo-
fol reduces SW and PVA at the intermediate dosages,
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although these declines in SW and PVA were reversed
to some degree at the 40 mg-kg' - h' dose. This finding
parallels the observations with E. and E, and suggests
that modest reductions in afterload produced by propo-
fol also may limit declines in left ventricular mechanical
efficiency at higher dosages. The predominant hemody-
namic effect of lower dosages of propofol is a reduction
in myocardial contractile function with little change in
afterload, resulting in deleterious declines in left ventric-
ular-arterial coupling. This was not the case in our previ-
ous study, in which desflurane, isoflurane, and sev-
oflurane caused dose-related reductions in SW and

PVA.'" Maintenance of stroke volume may be one of

the important benefits of preserving left ventricular-

arterial coupling relationships. Stroke volume remained
constant at all dosages of propofol.

The present results require interpretation within the
constraints of several potential limitations. The cardio-
vascular depression associated with barbiturate anesthe-
sia and acute surgical instrumentation may prevent di-
rect comparison of the present results with those ob-
tained in conscious, chronically instrumented dogs. The
negative inotropic effects of sodium barbital and so-
dium pentobarbital may have resulted in greater de-
creases in contractility with propofol in the present
study than observed previously.” However, reductions
in Mgy during the 40 mg-kg'-h' dose of propofol in
the present study (approximately 65% of control) were
similar to those observed with 30 and 60 mg - kg'-h'
doses (approximately 68% and 60%, respectively) in a
previous investigation, in which chronically instru-
mented dogs were used.® These data indicate that the
baseline barbiturate anesthetic did not substantially al-
ter the effects of propofol on myocardial contractility.
The value of E, and E, observed during control steady-
state hemodynamic conditions also was similar to that
observed in conscious dogs,* suggesting the barbiturate-
induced alterations in left ventricular-arterial coupling
did not adversely influence the effects of propofol on
this relation. Nevertheless, the possibility of drug inter-
actions between the barbiturate anesthetics and propo-
fol in this investigation cannot be completely excluded
from interpretation of the results. Lack of a conscious
control state also impairs direct comparison of the pres-
ent and previous results.

The slope of the end systolic pressure -volume rela-
tion has been shown to be curvilinear for a range of
pressures.”' However, this relation has been established
to be linear** for the relatively narrow range of left
ventricular pressures observed during interior vena ca-
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val occlusion in the present investigation. E.. and Vo
may be underestimated using the conductance catheter
technique to measure left ventricular volume,** but al-
terations in E in response to vasoactive drugs were
appropriately quantified with the conductance tech-
nique when compared with three-dimensional sonomi-
crometry.”” Thus, it is likely that propofolinduced nega-
tive inotropic effects were accurately measured using
conductance catheter-derived left ventricular volume
data. The determination of stroke volume required for
the calculation of E, using the conductance technique
also has been validated previously.'*"

The dosages of propofol used in the present investiga-
tion were chosen because these doses produce corre-
sponding plasma concentrations that fall within the an-
esthetic range in humans. The 20 and 40 mg-kg'-h'
doses of propofol produce plasma concentrations be-
tween 2 and 13 pg/ml in dogs'’ that correlate with
clinically relevant concentrations. Nevertheless, com-
parison of the effects of propofol on systemic hemody-
namics, myocardial contractility, and left ventricular-
arterial coupling relations between barbiturate-anesthe-
tized dogs and humans can be inferred only indirectly.

In summary, the present investigation demonstrated
that propofol reduces optimal left ventricular-arterial
coupling and mechanical efficiency as evaluated by E.,
and E, and SW and PVA, respectively. These detrimental
effects plateau at higher doses of propofol because de-
clines in afterload occur that partially offset depression
of myocardial contractility. Propofol-induced impair-
ment in left ventricular-arterial coupling may contribute
to declines in overall cardiovascular performance ob-
served with this anesthetic in vivo.

The authors thank Rich Rys for the design, construction, and main-
tenance of the conductance module; Dave Schwabe for technical
assistance; and Angela M. Barnes for preparation of the manuscript.
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