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Desflurane, Sevoflurane, and Isoflurane Impair
Canine Left Ventricular-Arterial Coupling and

Mechanical Efficiency

Douglas A. Hettrick, Ph.D.,” Paul S. Pagel, M.D., Ph.D.,* David C. Warltier, M.D., Ph.D.}

Background: The effects of desflurane, sevoflurane, and iso-
flurane on left ventricular-arterial coupling and mechanical
efficiency were examined and compared in acutely instru-
mented dogs.

Methods: Twenty-four open-chest, barbiturate-anesthetized
dogs were instrumented for measurement of aortic and left
ventricular (LV) pressure (micromanometer-tipped catheter),
dp/dt,,,., and LV volume (conductance catheter). Myocardial
contractility was assessed with the end-systolic pressure-vol-
ume relation (E.,) and preload recruitable stroke work (M,,)
generated from a series of LV pressure-volume diagrams. Left
ventricular-arterial coupling and mechanical efficiency were
determined by the ratio of E, to effective arterial elastance
(E,; the ratio of end-systolic arterial pressure to stroke volume)
and the ratio of stroke work (SW) to pressure-volume area
(PVA), respectively.

Results: Desflurane, sevoflurane, and isoflurane reduced
heart rate, mean arterial pressure, and left ventricular systolic
pressure. All three anesthetics caused similar decreases in
myocardial contractility and left ventricular afterload, as in-
dicated by reductions in E_, M, and dP/dt,,, and E,, respec-
tively. Despite causing simultaneous declines in E and E,,
desflurane decreased E_ /E, (1.02 + 0.16 during control to 0.62

£ 0.14 at 1.2 minimum alveolar concentration) and SW/PVA
(0.51 + 0.04 during control to 0.43 + 0.05 at 1.2 minimum
alveolar concentration). Similar results were observed with
sevoflurane and isoflurane.

Conclusions: The present findings indicate that volatile an
esthetics preserve optimum left ventricular-arterial coupling
and efficiency at low anesthetic concentrations (<0.9 mini
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mum alveolar concentration); however, mechanical matching
of energy transfer from the left ventricle to the arterial cir-
culation degenerates at higher end-tidal concentrations. These
detrimental alterations in left ventricular-arterial coupling
produced by desflurane, sevoflurane, and isoflurane contribute
to reductions in overall cardiac performance observed with
these agents in vivo. (Key words: Anesthetics, volatile: des-
flurane, sevoflurane, isoflurane; Heart: myocardial contrac-
tility; mechanical efficiency; end-systolic pressure-volume
relation; ventricular-arterial coupling; pressure-volume area.)

OPTIMUM transfer of energy from the left ventricle to
the arterial circulation requires appropriate matching
of these mechanical systems. Left ventricular—arterial
coupling can be described in the time-dependent pres-
sure—volume plane using a series elastic chamber
model of the cardiovascular system.' The elastances of
the contracting left ventricle (E.) and the arterial vas-
culature (E,) are determined from left ventricular end-
systolic pressure-volume and end-systolic arterial
pressure—stroke volume relations, respectively AeThe
ratio of E.. to E, defines coupling between the left ven-
tricle and the arterial circulation'” and provides a use-
ful technique for assessment of the actions of phar
macologic agents, including volatile anesthetics, on
Analysis

1.5

overall cardiovascular performance in vivo
of the pressure—volume relation also creates a frame
work for the study of left ventricular mechanical efh
ciency defined by the ratio of stroke work (SW) to pres
sure—=volume area (PVA).’

I'he influence of volatile anesthetics on left ventric
ular—arterial coupling and mechanical efficiency have
not been studied completely. Desflurane, sevoflurane,
and isoflurane were shown to reduce myocardial con
tractility concomitant with decreases in systemic vas
cular resistance in experimental animals® and hu
mans.' "7 These observations suggest that left ventric
ular—arterial coupling may be maintained during
anesthesia because reductions in left ventricular after
load may balance declines in contractile state. This in

vestigation compared the actions of desflurane, sevo
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flurane, and isoflurane on left ventricular—arterial cou-
mechanical
hypothesis that these volatile anesthetics do not ad-

pling and cfficiency and tested the
versely affect the mechanical relation between the left
ventricle and the arterial circulation in open-chest,

barbiturate-anesthetized dogs.

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
American Physiological Society and were performed in
accordance with the Guide for the Care and Use of
Laboratory Animals, [DHEW(DHHS) publication
(NIH) no. 85-23, revised 1985].

Implantation of Instruments

Mongrel dogs (n = 24) of either sex weighing be-
tween 25 and 30 kg were fasted overnight and anes-
thetized with 25 mg-kg ' sodium pentobarbital and
200 mg-kg ' sodium barbital. Fluid deficits were re-
placed before experimentation with 500 ml 0.9% sa-
line, which was continued at 3 ml-kg '-h ' for the
duration of each experiment. After tracheal intubation,
the dogs lungs were ventilated via positive pressure
with a mixture (1 1-min ') of oxygen (90%) and air
(10%). Respiratory rate and tidal volume were adjusted
to maintain acid-base status (pH = 7.35-7.40) and
carbon dioxide partial pressure (PCO, = 30-35
mmHg) within physiologic limits. The right femoral
vein was cannulated for fluid administration. A 7F, dual
micromanometer-tipped catheter (Millar Instruments,
Houston, TX) was inserted through the left carotid ar-
tery and positioned across the aortic valve, with the
distal transducer in the left ventricle and the proximal
transducer in the ascending thoracic aorta for mea-
surement of continuous left ventricular and arterial
pressures, respectively. The peak rate of increase of
left ventricular pressure (dP/dt,,,,) was determined by
celectronic differentiation of the left ventricular pressure
waveform. A thoracotomy was performed in the left
fifth intercostal space, and the lung was gently re-
tracted. The pericardium was incised, and the heart
was temporarily elevated from the thoracic cavity to
allow access to the left ventricular apex. A 7F, eight-
electrode conductance catheter with a fluid-filled lu-
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men (Webster Labs, Baldwin Park, CA) was inserted
into the left ventricular cavity through a small incision
in the apex. Using a fluid-filled pressure transducer sys-
tem, the conductance catheter was positioned so that
the distal tip was located in the ascending thoracic aorta
just distal to the aortic valve. The conductance catheter
was secured firmly with a purse string suture. A hy-
draulic vascular occluder was positioned around the
inferior vena cava for abrupt alteration of left ventric-
ular preload. Lastly, a fluid-filled catheter was placed
in the left atrial appendage for administration of hy-
pertonic saline (20%; 5 ml), used to determine parallel
conductance volume (V). The experimental prepa-
ration was allowed to stabilize for at least 30 min after
instrumentation was completed.

Measurement of Left Ventricular Volume

The conductance technique was used to measure left
ventricular volume.'® This method was shown to ac-
curately determine beat-to-beat changes in stroke vol-
ume (SV) and end-diastolic volume (EDV) under a va-
riety of experimental conditions in vivo.'’~'° The mul-
tielectrode catheter was connected to a conductance
module designed and constructed in our laboratory that
drove a constant current (20 pA at S kHz) between the
two outermost electrodes and measured the resultant
voltage difference between each adjacent remaining
clectrode. Counterclockwise development of each left
ventricular pressure-segmental volume diagram iden-
tified electrode-pair signals located within the left ven-
tricle. Measured time-dependent left ventricular vol-
ume [V(t)] was determined using the equation:

Vi)' = GO SIS o) R T Ay

where G(t) = the sum of time-dependent conduc-
tances from each intraventricular electrode pair, L =
the intraclectrode distance (1.0 cm), a = a slope cor-
rection factor relating the measured conductance vol-
ume to actual left ventricular volume, and ¢ = the blood
conductivity. Parallel conductance (offset) volume
(Vy) was determined using the hypertonic saline
technique'®'” and subtracted from measured volume
to obtain absolute left ventricular volume during each
experimental intervention. No changes in parallel con-
ductance volume were observed during or after ad-
ministration of volatile anesthetics. 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 each experiment. Previous in-
vestigations have shown that « is approximately equal
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to one and remains relatively constant during a variety
of physiologic or pharmacologic interventions.
End-systolic volume (ESV) and EDV were measured at
maximum left ventricular elastance’” and immediately
before the onset of left ventricular isovolumic con-
traction, respectively. Typical hemodynamic wave-
forms and left ventricular pressure—volume diagrams
obtained during abrupt occlusion of the inferior vena
cava are depicted in figure 1. Ejection fraction (EF)
was determined using the equation: EF = (EDV -
ESV) - EDV '. Hemodynamic data were recorded con-
tinuously on a polygraph (model 7, Grass Instruments,
Quincy, MA) and simultaneously digitized by a com-
puter interfaced with an analog to digital converter for
recording and subsequent analysis of left ventricular
pressure—volume diagrams.

19-21

Experimental Protocol

After instrumentation had been completed, left ven-
tricular pressure—volume diagrams used to assess myo-
cardial contractility were obtained at end-expiration
by abruptly decreasing left ventricular preload via in-
flation of the inferior vena caval balloon cuff occluder,
resulting in an approximately 25-mmHg decline in left
ventricular systolic pressure during 10-15 cardiac cy-
cles (fig. 1). Using linear regression analysis, the end-
systolic pressure (P.,) and volume (V,.,) of each left
ventricular pressure—volume diagram during the in-
ferior caval occlusion were fit to the equation: P
Ees* (Ve
c¢lastance and V,,

V), where E., = left ventricular end-systolic
the extrapolated volume intercept
of the relation (fig. 2). Myocardial contractility also
was evaluated with the preload recruitable stroke work
relation derived from the same left ventricular pres
surc—volume diagrams using lincar regression analysis

SW = M,,, * (EDV - V,.)

where SW is stroke work (calculated as the integral
of the pressure~volume diagram for each cardiac cycle)
and M and V,, are the slope and volume intercept of
the preload recruitable stroke work relation, respec
tively (hg. 2)
calculated as the ratio of end-systolic arterial pressure

Effective arterial elastance (E,) was

and SV under steady-state hemodynamic conditions im
mediately before inferior vena caval occlusion.'” Left
ventricular—arterial coupling was described as the ratio

of E., and E,." The PVA (total mechanical energy) was
determined at each intervention as the sum of SW and
potential  energy where  potential — energy

0.5P. (V. Vi) 2" In this framework, potential en

ergy represents the energy expended by the left ven
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tricle that does not contribute to ejection. The ratio of
SW to PVA was used to determine the mechanical ef-
ficiency of energy transfer of PVA to externally per-
formed SW.*°

Dogs were assigned to receive desflurane, sevoflurane,
and isoflurane in a random manner in three separate
groups of experiments. Baseline systemic hemodynamics
and left ventricular pressure—volume diagrams were re-
corded during control conditions 30 min after the in-
strumentation was completed. In one group of experi-
ments, 0.6, 0.9, and 1.2 minimum alveolar concentration
(MAC) (end-tidal) desflurane was administered. The order
of MAC was assigned randomly. Hemodynamics were re-
corded, and left ventricular pressure—volume diagrams
were obtained using the techniques described above after
15 min equilibration at each dose. Desflurane was then
discontinued and measurements were repeated after the
anesthetic was eliminated. In two other groups of ex-
periments, hemodynamics and left ventricular pressure—
volume diagrams were recorded at the time intervals de-
scribed above in dogs before, during, and after 0.6, 0.9,
and 1.2 MAC sevoflurane or isoflurane. The canine MAC
values for desflurane, sevoflurane, and isoflurane used in
this investigation were 7.20%, 2.36%, and 1.28%, re-
spectively. End-tidal concentrations of volatile anesthetics
were measured at the tip of the endotracheal tube by an
infrared gas analyzer (Datex Capnomac, Helsinki, Fin-
land) that was calibrated with known standards before
and during experimentation. At the end of each experi-
ment, the heart was electrically fibrillated, and the po
sitions of the fluid-filled, conductance, and microma
nometer-tipped catheters were confirmed.

Statistical Analysis

Statistical analysis of the data within and between
groups before and during the administration of des
flurane, sevoflurane, and isoflurane was performed
by multiple analysis of variance with repeated mea
sures, followed by use of Student’s £ test, with Bon
ferroni's adjustment for multiplicity. Changes were
considered statistically significant when the proba
bility (P) value was < 0.05. All data are expressed
as mean + SEM

Results

I'wenty-four dogs were used to provide 21 complete
experiments. Three dogs were excluded from analysis

because of instrument failure. Desflurane causced sig
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nificant (P < 0.05) decreases in heart rate, mean arterial
pressure, and left ventricular systolic pressure (table
1). Left ventricular end-diastolic pressure, EDV, and
ESV were unchanged by desflurane. A decrease in SV
occurred at 1.2 MAC. Dose-related reductions in the
slopes of the end-systolic pressure—volume (E.; 3.3 +
0.5 during control to 1.2 + 0.2 mmHg-ml ' at 1.2
MAC) and the preload recruitable SW relation (M,; 57
+ 6 during control to 30 + 4 mmHg at 1.2 MAC) were
produced by desflurane, indicating that a direct
depression of myocardial contractility occurred. The
volume intercepts (V, and V,,, respectively) of these
relations remained unchanged. Concomitant reductions
in dP/dt,,,, and EF were observed. Desflurane also pro-
duced dose-related decreases in E, (3.3 + 0.3 during
control to 2.1 + 0.2 mmHg - ml ' at 1.2 MAC). Despite
simultaneous declines in E., and E,, the ratio of these
variables (E./E,) decreased at the highest concentra-
tion of desflurane (1.02 + 0.16 during control to 0.62
+ 0.14 at 1.2 MAC, fig. 3), indicating that this volatile
anesthetic caused an alteration in mechanical coupling
of the left ventricle to the arterial circulation. In ad-
dition, desflurane also decreased SW/PVA (0.51 + 0.04
during control to 0.43 + 0.05 at 1.2 MAC; fig. 3), con-
sistent with a decline in the conversion of total left
ventricular energy to external SW. Discontinuation of
desflurane caused hemodynamics, contractility (E,., and
M..), and afterload (E,) to return to baseline values.
Sevoflurane and isoflurane caused hemodynamic and
mechanical effects very similar to those produced by
desflurane (tables 2 and 3, respectively). Sevoflurane
and isoflurane decreased heart rate, mean arterial pres-
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sure, and left ventricular systolic pressures. No changes
in left ventricular end-diastolic pressure, EDV, and ESV
were observed. In contrast to the findings with des-
flurane and isoflurane, SV remained unchanged during
sevoflurane anesthesia. Sevoflurane and isoflurane
caused dose-related depression of contractile state (E,.,
and M,,,) and reductions in E, (tables 2 and 3). Depres-
sion of myocardial contractility and decreases in E, ob-
served in dogs receiving sevoflurane and isoflurane
were similar to those produced by desflurane. Sevo-
flurane (fig. 4) and isoflurane (fig. 5) caused declines
in E.,/E, (e.g., 1.07 = 0.20 during control to 0.59 *
0.13 at 1.2 MAC sevoflurane; fig. 4) and SW/PVA (e.g.,
0.54 = 0.06 during control to 0.42 + 0.05 at 1.2 MAC
sevoflurane; fig. 4), indicating that these volatile an-
esthetics impair normal left ventricular—arterial cou-
pling and mechanical efficiency. Sevoflurane- and iso-
flurane-induced alterations in coupling and efficiency
variables were similar in magnitude to those observed
during desflurane anesthesia. Hemodynamics and left
ventricular mechanical properties returned to control
values after sevoflurane and isoflurane was discontin-
ued.

Discussion

The current results indicate that desflurane, sevo-
flurane, and isoflurane produce similar reductions in
myocardial contractility, as evaluated by E. and M,
derived from left ventricular pressure—volume dia-
grams generated using the conductance catheter tech-
nique to invasively measure continuous left ventricular
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Fig. 2. End-systolic pressure-volume (top panel) and stroke
work-end-diastolic volume relations (bottom panel) before
(control 1; C,), during 0.6, 0.9, and 1.2 minimum alveolar con-
centration, and after isoflurane (control 2; C,) in a typical
experiment. P and V_ ~ end-systolic pressure and volume,
respectively; SW stroke work; V., = end-diastolic volume.

volume. The current findings confirm and extend

the results of previous investigations from our

laboratory ™4

"in which regional preload recruitable
SW derived using sonomicrometry was uscd as a rela-
tively heart rate- and load-independent index of con
tractile state in chronically instrumented dogs. The
negative inotropic effects of volatile anesthetics were
accompaniced by reductions in E,, confirming the find
ings of several previous investigations that indicate that
desflurane, sevoflurane, and isoflurane decrease resis

9-14.2

tance to left ventricular outflow " These observa
tions suggest that mechanical matching between the
left ventricle and the arterial vasculature may be pre
served during anesthesia because reductions in left

ventricular afterload may balance declines in contrac
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tile state. This hypothesis was tested using a series elas-
tic chamber model of left ventricular—arterial coupling
quantified with the ratio of left ventricular end-systolic
elastance (E.,) to effective arterial elastance (E,)."* Left
ventricular SW has been shown to be maximized when
E., equals E, in both isolated and intact hearts.”

The current investigation is the first to examine the
effects of volatile anesthetics on left ventricular—arterial
coupling and mechanical efficiency derived from a se-
ries of differentially loaded left ventricular pressure—

volume diagrams in vivo. The results indicate that des-
flurane, sevoflurane, and isoflurane maintain nearly op-
timum left ventricular-arterial coupling and mechan-
ical efficiency at low concentrations (<0.9 MAC),
however, these vasodilating negative inotropes ad-
versely affect mechanical matching between the left
ventricle and arterial circulation and reduce the transfer
of total left ventricular energy to external SW at higher
anesthetic concentrations

Decreases in E., observed with desflurane, sevoflur-
ane, and isoflurane occurred in a dose-dependent man-
ner in the presence of the basal barbiturate anesthetic
In contrast, relatively large decreases in E, were ob-
served at the 0.6 MAC concentration of the volatile
anesthetics that were not further reduced at the 0.9
and 1.2 MAC doses. These findings suggest that a de-
crease in peripheral sympathetic nervous system tone
may have accompanied the low dose of the volatile
agents with little further effect and higher doses.

A single previous study compared the influence of
isoflurane and halothane on left ventricular—arterial
coupling using a single-beat method to determine E
and V, without altering the loading conditions of the
left ventricle in pentobarbital and «-chloralose-anes
thetized, acutely instrumented dogs.*® The authors
demonstrated that low concentrations of halothane (1
MAC). but not isoflurane, reduced E. /E,, consistent
with depression of mechanical coupling between the
left ventricle and the arterial circulation.”® However,
isoflurane decreased E./E, at 2 MAC, suggesting that
the vasodilating effects of this volatile agent were un
able to compensate adequately for relatively greater
declines in contractility. Although single-beat deriva
tion of E.. was validated previously,”” interpretation of

4

the results of Kawasaki et al.”" requires qualification
because of several major potential limitations with this
method. Single-beat analysis of left ventricular end-sys
tolic pressure—volume relations assumes symmetric left
ventricular pressure rise and fall and requires extrap

olation of peak isovolumic-developed pressure from
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Table 1. Hemodynamic Effects of Desflurane

Control 1 0.6 MAC 0.9 MAC 1.2 MAC Control 2
HR (beats - min ") 130 + 12 10667 109507 109 + 6* 1(0ke) == 7/
MAP (mmHg) 97 + 4 T4 7 67 = 6* 561 4% 106 + 411§
LVSP (mmHg) 108 + 5 85=6} 7OF=57 b9E=I8 i 115 == 511§
LVEDP (mmHg) (Salizs 14! (=2 il {65180 T/al== ) 131142
dP/dt,., (mmHg-s") 1,440 + 1083 944 + 88* 826 + 71* 673 Bt 1,267 + 83t1§
EDV (ml) 56 + 4 S 2= 1) 59EE6 58 +5 61+5
ESV (ml) 25+ 4 29+ 4 30+5 32 + 5* 30 + 4
SV (ml) 30 +2 30 + 2 29512 2610 31 + 2§
EF 0.56 + 0.04 0.52 + 0.03 0.49 + 0.04* 0.47 + 0.04* 0.54 + 0.03§
Msw (MmHg) 57 =6 38 + 3* 34 + 3* 30 + 4* 54 + 611§
Vsw (ml) 2+6 —6 + 6 =il =25 2558 0+3
E.. (MmHg-ml") 3.3+05 11:¢) 2= (0).5) 1169 2= (013 152028 2:.95520: 5548
Vo (ml) 526555 =209 —32 + 8 = Si=:16 208
E, (mmHg-ml") 3.3+0.3 2:4-1-028 2.2 £10.2% 2l ae (02 3.5+ 0.211+§
ET (%) — 4.47 + 0.06 6.41 + 0.03t 8.68 + 0.0411 0.31 + 0.031+1+§

Data are mean + SEM; n = 7
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; Mgy and Ve = preload recruitable stroke work slope and volume

intercept, respectively; Eqs =
* Significantly (P < 0.05) different from control 1.

t Significantly (P < 0.05) different from 0.6 MAC desflurane
1 Significantly (P < 0.05) different from 0.9 MAC desflurane.
§ Significantly (P < 0.05) different from 1.2 MAC desflurane

the left ventricular pressure waveform of an ejecting
beat.?”*° The single-beat estimation of E,, assumes that
V, remains constant during inotropic interventions, but
Vo was shown to be altered significantly by changes in
ventricular loading conditions or contractile state.*' In
addition, assumptions of complete linearity and total
load-independence of the end-systolic pressure—vol-
ume relation may represent inappropriate simplifica-
tions because previous studies demonstrated that some
degree of curvilinearity and afterload dependence is
inherent to the relation.**~** Lastly, a recent investi-
gation showed that single-beat estimation of E., also
may be relatively insensitive to changes in inotropic
state when compared with E,, derived invasively from
left ventricular pressure—volume diagrams.*® Despite
these potential limitations, the current results support
the findings of Kawasaki et al.*® and indicate that iso-
flurane does not adversely affect left ventricular—arterial
coupling at anesthetic concentrations < 0.9 MAC.
The current results should be interpreted within the
constraints of several possible shortcomings. Our re-
sults may differ from those obtained in conscious,
chronically instrumented dogs because of the cardio-
vascular depression associated with barbiturate anes-
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end-systolic elastance; V, = volume intercept; E, = effective arterial elastance; ET = end-tidal concentration.

thesia and acute surgical instrumentation. The inherent
negative inotropic effect of the barbiturate anesthetic
may have contributed to a more profound depression
of contractility with desflurane, sevoflurane, and iso-
flurane in the current study than was previously ob-
served in chronically instrumented dogs.®~'**° In ad-
dition, lack of a conscious control state may make dif-
ficult a comparison of the current results to previous
studies that examined the mechanical effects of volatile
anesthetics. The possibility of drug interaction between
the basal barbiturate anesthetics and volatile agents
used in this investigation also cannot be excluded
completely from the analysis. Nevertheless, the value
of E,/E, observed under control conditions before and
after administration of volatile anesthetics was similar
to that observed in conscious dogs.* Previous studies
demonstrated that E,,***° but not M, ,%*3” may be sen-
sitive to acute alterations in left ventricular afterload.
Therefore, reductions in E, during desflurane, sevo-
flurane, and isoflurane anesthesia may have partially
attenuated the decreases in E. produced by these
agents. However, decreases in the magnitude of E, and
M,y in response to the volatile anesthetics were appro-
priately matched, indicating that reductions in afterload
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Fig. 3. Histograms depicting left ventricular-arterial coupling
(E../E,; top panel) and mechanical efficiency (stroke work
[SW]/pressure-volume area [PVA]; bottom panel) before
(control 1;C,), during 0.6, 0.9, and 1.2 minimum alveolar con
centration, and after desflurane (control 2; C,). *Significantly
(P < 0.05)different from C1; "Significantly (P < 0.05) different
from 0.6 minimum alveolar concentration desflurane.

probably did not adversely affect evaluation of con
tractility using E., . The slope of the end-systolic pres
surc=volume relation also was reported to be curvilin
car over a wide range of pressures. ' However, over
the relatively narrow range of pressures observed in
the current investigation, the end-systolic pressure-
volume relation was shown to be essentially linear

and V, were

A previous study'” demonstrated that E,

consistently underestimated with the conductance
catheter measurement of left ventricular volume
However, alterations E.. in responsc to mterventions
that alter contractile state (e.g., autonomic NErvous
system blockade and dobutamine) were appropriately

detected and quantified with the conductance tech

Anesthesiology, V 85 No 2, Aug 1996

nique, as compared with three-dimensional sonomi-
crometry.'” Therefore, it is likely that decreases in
myocardial contractility produced by desflurane, sev-
oflurane, and isoflurane were quantified accurately,
with E, calculated from conductance catheter-derived
left ventricular volume

Effective arterial elastance is a composite coupling
variable influenced by systemic vascular resistance and
total arterial compliance. However, E, cannot be used
to quantify alterations in left ventricular afterload, be-
cause this parameter ignores characteristic aortic
impedance, an important high frequency component
of the arterial vascular behavior. Left ventricular after-
load is a complex description of frequency-dependent
arterial mechanical properties that be strictly quantified
only with aortic input impedance.””*” Nevertheless, E,
provides a useful framework for the analysis of left ven-
tricular—arterial coupling relations in vivo.'” The cal-
culation of SV required for the determination of E, using
the conductance technique also was validated previ-
ously, under a variety of experimental conditions.'®"”
We assumed that the slope correction factor («) used
in the determination of left ventricular volume was

10,41

cqual to 1 The value of & may vary, to some degree,
between dogs because of differences in left ventricular
geometry. However, this potential source of bias was
probably climinated, because dogs were assigned to
receive desflurane, sevoflurane, and isoflurane in a ran
dom manner. Recent evidence also suggests that « also
may vary with the changes in left ventricular volume
that occur during the cardiac cycle or as a result of
rapid changes in ventricular volume (as may occur
during vena caval occlusion) "* Such volume-de
pendent alterations in « theoretically may contribute
to a relative underestimation of SV and EDV."* The value
of V, may change during large alterations in left ven

) 20

tricular volume,' again introducing possible error
in the measurement of absolute left ventricular volume
during experimental interventions or abrupt alteration
of preload. However potential errors in o and V, were
probably minimized in this investigation because left
ventricular arterial coupling and mechanical efficiency
were described using ratios (E./E, and SW/PVA) of
volume-derived variables. Despite these potential lim
itations. the conductance method used to determine
left ventricular volume in the current study has been
widely established as a valid technique for the de
termination of beat-to-beat changes in SV and EDV
under a wide variety of experimental conditions /n

vivo.'

¥20¢ Iudy 0} uo 3sanb Aq jpd*€2000-00080966 |-27S0000/96606€/€01/2/58/4Pd-aloe/ABO|0ISBUISBUR/LIOD IBYIIBA|IS ZESE//:dRY WOl PapEC|UMOQ]




+10

HETTRICK, PAGEL, AND WARLTIER

Table 2. Hemodynamic Effects of Sevoflurane

Control 1 0.6 MAC 0.9 MAC 1.2 MAC Control 2
HR (beats - min ') 131 + 4 1548 1162 1173t 123k 4%
MAP (mmHg) 104 + 7 80 + 4* 72 £2% 66 + 3"t QEEW S
LVSP (mmHg) 120 £ 6 93LE 58 86 + 3* 79k 35+ 110 + 511§
LVEDP (mmHg) 78IRS 6.2+ 1.4 6.5+1.4 58+1.2 615414
dP/dt,., (mmHg-s ") 1, 74570 1,066 +48* 943 + 32* 860 + 27"t 1,422 + 65*11§
EDV (ml) GIFEE5 6675 66 + 5 64 + 6 633
ESV (ml) 31+4 374 36+ 4 36 +4 33+4
SV (ml) SilE=E3 293 29 £ 3 28+ 3 31 £3
EE 0.50 + 0.03 0.45 + 0.04 0.45 + 0.04 0.44 + 0.04 0.49 + 0.05
Msw (MmHg) 62 + 6 45 + 6* 41 + 4 36 + 4* 60 + 711§
Vaw (M) 1955 22 + 6 2455 23 6 22 + 4
E.. (mmHg-ml™") 355015 2.0+ 04" 7 2502 ESEE 028 3.7 + 0.611+§
Vo (ml) 18528 =@ == 7/ 18 £ 6 =289 —14 £ 6
E, (mmHg-ml ") 351024 2.9 = 0.3 2.6/ 0.3" 2,5:-10.3¢ 3.4 + 0.41§
ET (%) — 1.43 + 0.02 2.10 + 0.03t 2.83 + 0.031% 0.14 + 0.0111+§

Data are mean + SEM; n = 7. See table 1 for abbreviations
* Significantly (P < 0.05) different from control 1

t Significantly (P < 0.05) different from 0.6 MAC sevoflurane
£ Significantly (P < 0.05) different from 0.9 MAC sevoflurane

§ Significantly (P < 0.05) different from 1.2 MAC sevoflurane.

In summary, the current results demonstrate that des-
flurane, sevoflurane, and isoflurane decrease myocardial
contractility and reduce left ventricular afterload in
barbiturate-anesthetized, open-chest dogs. These va-

Table 3. Hemodynamic Effects of Isoflurane

sodilating negative inotropes maintain optimum left
ventricular—arterial coupling and mechanical effi-
ciency, as evaluated by E./E, and SW/PVA, respectively,
at low anesthetic concentrations (<0.9 MAC). How-

Control 1 0.6 MAC 0.9 MAC 1.2 MAC Control 2
HR (beats - min™") 124245 52k 3% 1)) ee & 109l(0) == 1lakEs B
MAP (mmHg) 90 + 4 71l 2= & 6512 BilF==25 82 + 511§
LVSP (mmHg) H0EE8 Q28 E25 86 + 3* 8228 t; 101 + 31§
LVEDP (mmHg) U9 Ee 12 5% == 1.2 6)118) ae 1) 4L 64 =13 @l =& 7.2
dP/dt,., (mmHg-s ") 1,629 + 82 13575625 pilehl 25 7409 1,079 + 64* 1 NG5 EE6 2 RS
EDV (ml) 59 + 3 56153 56 + 2 57 2x 2 5513
ESV (ml) 28D 2 sk 2 29 + 2 SilEE=D! 26 + 2§
SV (ml) BilEE8 &10) 2= & 281131 26EE2x 293
EF 0:58=E(0.08 0.52 + 0.08 0.49 +0.04 0.46 + 0.04* 1 0.53 + 0.03§
Mgy (MmHg) 59 + 6 53 + 5* 44 + 4*+ 38 + 411 64 + 411§
Vsw (ml) 58 203 e == 18 + 4 9EE3
Ees (MMHg-ml™") 37 +1016 2.8 +0.4* 21010188 1:8) 25 (0.3 41+ 0.71+§
Vo (ml) =616 =316 —118) 2= (5] —1)(5 == 7/ —3 + 6§
E. (mmHg-ml ") SI0EE0E3 26551018 2:5E 038 24 + 0.2t 2.9 + 0.3t1§
ET (%) — 0.75 + 0.01 1.16 + 0.011 550102k 0.09 + 0.02t1+§

Data are mean + SEM; n = 7. See table for abbreviations.
* Significantly (P < 0.05) different from control 1

t Significantly (P < 0.05) different from 0.6 MAC isoflurane
1 Significantly (P < 0.05) different from 0.9 MAC isoflurane.

§ Significantly (P < 0.05) different from 1.2 MAC isoflurane.
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ever, mechanical matching between the left ventricle
and the arterial vasculature and efficiency of total left
ventricular energy transfer to external SW degenerated
at higher anesthetic concentrations, indicating that an-
esthetic-induced reductions in left ventricular con-
tractility are not appropriately balanced by simulta-
ncous declines in afterload. These adverse alterations
in left ventricular-arterial coupling produced by des-
flurane, sevoflurane, and isoflurane contribute to re-
ductions in overall cardiac performance observed with
these agents in vivo

I'he authors thank Rich Rys for the design and construction of the

conductance module and Dave Schwabe for technical assistance
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Fig. 4. Histograms depicting left ventricular-arterial coupling
(F./E,; top panel) and mechanical efficiency (stroke work
[SW]/pressure-volume area [PVAJ; bottom p.lll('l) before
(control 1, C,), during 0.6, 0.9, and 1.2 minimum alveolar con
centration, and after sevoflurane (control 2; C,). "Significantly
(P 0.05)different from C; "Significantly (P < 0.05) different
from 09 minimum alveolar concentration sevoflurane;
Significantly (£ < 0.05) different from 1.2 minimum alveolar

concentration sevoflurane
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Fig. 5. Histograms depicting left ventricular-arterial coupling
(E../E,; top panel) and mechanical efficiency (stroke work
[SW]/pressure-volume area [PVAJ]; bottom panel) before
(control 1; C,), during 0.6, 0.9, and 1.2 minimum alveolar con
centration, and after isoflurane (control 2; C,). *Significantly
(P < 0.05)different from C,; "Significantly (P < 0.05) different
from 0.9 minimum alveolar concentration isoflurane;
‘Significantly (2 < 0.05) different from 1.2 minimum alveolar
concentration isoflurane
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