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Anaesthetic induction may induce myocardial ischacmia. A
prospective randomized trial was instituted to compare the effect
on ventricular function and myocardial metabolism of induction
with fentanyl (FEN) or its analogues sufemanil (SUF) or
alfentanil (ALF) in 96 patients undergoing elective coronary
artery bypass grafting (CABG). Haemodynamic, metabolic
{coronary sinus oxygen and lactate exwraction) and gated
ventriculographic measurernents were made awake pre-induc-
tion (PRE), after induction (IND) and after intubation (INT).
Induction was performed with FEN 75 ngkg=', SUF iS5
pgkg™" or ALF 125 ug-kg™' and metocurine. Fentanyl induc-
tion was associated with the greatest stability of mean arterial
pressure (MAP), cardiac performance, and systolic function
without associated myocardial lactate production. SUF pro-
duced the greatest depression of systolic function (p <0.03) but
without haemodynamic insiability or myocardial lactate pro-
duction in all but one patient. Induction with ALF produced the
grealest reduction in MAP (p < 0.05) associated with the
greatest decrease in diastolic compliance (p < 0.05) and 50 per
cent incidence of myocardiol lactate production (p < 0.03) with
no significant change in coronary bloed flow or myocardial
oxygen consumption,
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Anaesthetic induction may induce myocardial ischaemia
in patients with coronary artery disease. “High-dose”
fentanyl has become the most widely used technique for
induction prior to coronary arlery bypass graft (CABG)
surgery, since its introduction by Stanley et al.' in 1978.
Although high-dose fentanyl provides haemodynamic
stability during induction, it may not adequately prevent
the hypertensive response to intubation®> which has been
associated with evidence of myecardial ischaemia.*
Sufentanil has recently emerged as a popular anacsthetic
drug for coronary bypass surgery. Sufentanil is five to ten
times as potent as fentanyl and may prevent the hyperten-
sive Tesponse to noxious stimuli occasionally seen with
fentanyl.>® Alfentanil is a fentanyl analogue currently
undergoing clinical investigation for use in coronary

Abbreviations
HR Heart Rate (beats-min~")
MAP Mean Arterial Pressure (mmHg)

SBP Systolic Blood Pressure (mmHg)

PCWP  Pulmonary Capiltary Wedge Pressure (mmHg)
ClI Cardiac Index (L-min~'-m~%)

SI Stroke Index (ml-heat='-m=2)

LVSWI Left Ventricular Strokc Work Index

(g X m'm~?) = §1 (MAP — PCWP) (0.0136)
EF Ejection Fraction (%)

EDVI  End Diastolic Volume Index
(mb-m~?) = (SVEF)
ESVI  End Systalic Volume/Volume Index
(ml:m~2) = (EDVI — SI)
CSBF  Coronary Sinus Blood Flow (ml-min~")
0,Ex Myocardial Oxygen Extraction (ml-dl)
MVO, Myocardial Oxygen Flux
(mb-min—!) = (O,Fx X CSBF)
LEx Myaocardial Lactate Extraction (mmol-L™")
%LEx  Per Cent Lactate Extraction (%) = (LEx/
Arterial Lactate)
MVL Myocardial Lactate Flux

(mmel'min~") = (LEx X CSBF)
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bypass surgery. Alfentanil has one-third to one-fourth the
potency of fentanyl, and may limit the postoperative
respiratory depression seen with fentanyl because of its
short elimination half-life of 1.5 hr.”?

Several studies have reported the successful use of
sufentanil and alfentanil in paticnts undergoing coronary
bypass and valvular heart surgery>5®~'" with haemo-
dynamic stability comparable to that during fentanyl
anaesthesia. However, preliminary investigation in our
institution demonstrated that these drugs may have
significant differences in their effects on ventricular
function, including alterations of myocardial contractility
and diastolic compliance., It was felt reductions in
diastolic compliance might reflect ischaemic myocardial
metabolism. The purpose of this investigation was to
compare the effects of induction with fentanyl, sufentanil
or alfentanil on myocardial function and metabolism in a
prospective randomized trial of patients undergoing elec-
tive CABG surgery.

Methods

Patient population

Ninety-six patients scheduled for elective CABG surgery
agreed to participate in this trial and gave written
informed consent. The trial had been approved by the
institutional and the University Heman Experimentation
Committees. Each patient had two or three vessel coro-
nary artery disease, stable angina pectoris and a preopera-
tive contrast ventriculographic ejection fraction >40 per
cent. Patients with a history of myocardial infarction
within one month of surgery were excluded. Additional
patient characteristics are presented in the Table.

Anaesthelic management
Antianginal medications (Table) were continued until the
morning of surgery. Patients were premedicated with
lorazepam (0.06 mg-kg™' sublingually) 90 min prior to
the study, morphine (0.15 mg-kg™!) and perphenazine
(0.075 mg'kg™") intramuscularly 60 min prior to the
study. After the initial measurements {described below)
anaesthesia was induced with the assigned drug according
to the randomization schedule while patients breathed 100
per cent oxygen by mask. Fentanyl (75 pg-kg™'} and
sufentanil (15 pgkg™!) were administered over 60
seconds while alfentanil (125 ug-kg~') was administered
over 60 seconds followed by an infusion of 5.0 pg-kg™":
min~' until completion of the study. A continuous
infusion of alfentanil has been recommended in order
to stabilize drug concentration with this short-acting
agent.!213

Metocurine (0.3 mg-kg™!) was used to provide muscle
relaxation as this drug although not free of cardiovascular
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TABLE Clinical information {mean + SD)

Preoperative Fentany! Alfentanil Sufertani!
Patients 31 32 33

Age (years) 54+8 5719 54 = 10
Sex (M/F) 310 3012 321
NYHA 29%07 28=x0D.5 25=09
LV grade 1506 16x07 1.4=046
Diseased vessels 24=08 28=x05% 29=x03*
SBP {(mmHg) 130 =24 128 = 18 130 = 20
DBP 77=10 78 =11 80=8
Beta blockers (%) 23 (74%) 27 (84%) 23 (10%)
Calcium antagonists {%) 17 (55%) 20 (63%) 19 (58%)
Operative

Bypasses 32+10 37+x10 3.7x09
CPB time (min) 117 + 36 116 £ 22 131 = 29
Cross-clamp time (min) 62 = 20 §2+19 68 =19
Postoperative

Monulity (%) I (3%) 0 V]

MI (%) 1 (3.2%) 2(6.6%) 2 (6.5%)
LOS (%) 2 (6.2%) 3{9.9%) 2 (6.5%)
Peak CK-MB (units'L™") 36 = 27 39 +27 33=23
*Different from FEN. 1From SUF (p < 0.05}.

NYHA: New York Heart Association; LV: left ventricle; SBP: systolic
blood pressure; DBP: diastolic blood pressure; CBP: cardiopulmanary
bypass; MI: myocardial infarction; LOS: low output syndrome; CK-
MB: cardiac isoenzyme of creatine kinase.

side-effects, has been associated with less tachycardia
and evidence of myocardial ischaemia compared to
pancuronium in patients undergoing CABG with high-
dose fentanyl.!* All patients were ventilated to normocar-
bia with 100 per cent oxygen throughout the study.
Following completion of the protocol, maintenance an-
aesthesia was continued with fentanyl and muscle re-
laxant at the discretion of the attending anaesthetist.

Protocol

The study sequence is illustrated in Figure 1. Volume
loading (VL)) studies were performed prior to induction
of anaesthesia in order to assess ventricular function. One
to two units of stored plasma were rapidly infused to raise
the pulmonary capillary wedge pressure (PCWP) 2-4
mmHg'*'® and the haemodynamic and metabolic re-
sponses were measured. A colloid solution is necessary to
produce the rapid but sustained rises in PCWP and
ventricular volume required for comparison of the myo-
cardial function curves. Plasma was chosen for this study
as it was in common use perioperatively in our institution
at the time. The observers were blinded as to the identity
of the study drug but the anaesthetist was not. The initial
bolus of drug was diluted 10 a 50 ml volume and ad-
ministered via a large syringe.
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FIGURE 1 Study protocol. The numbers indicate measurement

periods. BL = baseline; VL; = first volume joading episode; PRE =
pre-induction; IND = ane minute after induction, INT = one minute
after intubation; BL = baseline; VL, = second volume leading episode.

Following a five- to ten-minute stabilization period the
measurements were repeated (PRE). Then anaesthesia
was induced with either fentanyl, sufentanil or alfentanil
according to a computer-generated randomization
schedule. Measurements were repeated one minute fol-
lowing induction (IND) and again one minute after
intubation (INT). Five minutes after intubation another
baseline measurement was made and volume loading
(VL,) was repeated to assess any change in ventricular
performance and myocardial metabolism caused by the
anaesthetic agents independent of any alterations in
preload or afterload. The entire study sequence after
initial measurements required 20-25 minutes. Mean
arterial blood pressure <60 mmHg for more than 30
seconds was treated with a vasopressor, intravenous
phenylephrine (0.2 mg increments) and calcium chloride
(0.5 gm) to restore MAP to 70 mmHg.

Measurements

In the operating room lead V5 of the ECG was monitored
continuously at a standardization of 20 mm/mV. The
following catheters were inserted percutaneously with
local anaesthesia: radial arterial, pulmonary artery ther-
modilution and a Ganz* coronary sinus thermodilution
catheter. The latter was inserted via the right internal
jugular vein into the mid-coronary sinus under fluoro-
scopic control, aided by the injection of contrast medium.

*Webster Laboratorics, Inc, Altadena, California.
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Heart rate, systemic and pulmonary artery pressures
and pulmonary capillary wedge pressures were measured
directly. Cardiac outputs were measured in triplicate with
iced five per cent dextrose. Cardiac index and left
ventricular stroke work index were calculated wsing
standard formulae.

The double thermistor coronary sinus catheter was
inserted in 27 patients, in equal distribution amongst the
three groups, to permit blood sampling for PO,, oxygen
saturation (HbO;) and lactate content measurements. T
Oxygen content (CO,) was calculated from the haemo-
globin (Hb) and HbO, measurements using the formula:

€O, = 1.34 X Hb X HbO, + (0.0031 X PO,).

Myocardial oxygen extraction (O;Ex) and myocardial
lactate extraction (LEx) were calculated as the difference
between the coronary sinus and arterial oxygen and lactate
contents.

The coronary sinus catheter was employed to measure
coronary sinus blood flow using the continuous thermo-
dilution technique of Ganz et al.'” Myocardial oxygen
consumption (MVQ;) and myocardial lactate flux (MVL)
were calculated with the formulae:

MVO; (ml-min~') = CSBF (ml-min~")
X O, Ex (ml-dl~')/100.

MVL (mmol-min~'} = CSBF (ml'min™")
x LEx {mmol-1~})/1000

Equilibrium-gated nuclear ventriculograms were per-
formed with a commercially available, non-imaging
computerized nuctear probe.}'®!? This pertable unit con-
sisted of a 5 cm diameter thallium activated sodium iodide
crystal attached to an 8 cm converging collimeter. The
analogue scintillation data and the ECG were simulta-
neously sampled at ten millisecond intervals by a micro-
processor. The probe was carefully positioned over the
precordium and the region of the left ventricular counts
was marked on the skin. The intraventricular septum was
identified as the area without counts between ventricles.
After positioning the probe the patient was not moved and
the position was reconfimed prior to the second volume
loading episode.

Scintigraphic measurements were performed after the
red blood cells were labelled in vivo by infusing 30 mg of
stannous pyrophosphate followed 25 minutes later by 9.2
x 102 mbg (25 mCi} of Technetium 99 m pertechnetate.
The probe then calculated left ventricular end diastolic
counts (EDC) and end-systolic counts {ESC). Left ven-

tRapid Lactate Stat Pack Kit, Calbiochemical — Behring
Company, La Jolla, California.
{Nuclear Stethoscopy, Bros Inc., Aramis NJ, USA.
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tricular ejection fraction (EF) was calculated from the
formulae: ™

EF = (EDC - ESCYEDC.

The accuracy of the nuclear probe was evalvated in an
carlier study at our institution by comparing the results to
those obtained with a gamma camera (Technique 420)
interfaced with a Digital Equipment Corporation micro-
computer. Intertechnician variability was minimal. Mea-
surements of ejection fractions of 26 consecutive patients
performed by the two technicians showed a goed correla-
tion (r = 0.887, p < 0.01, line of regression y = 1.0536x
— 3.3046). Comparisons of 29 ejection fractions mea-
sured by the nuclear probe and by the gamma camera
showed a good correlation (r = 0.891, p < 0.01, line of
regression y = 1,2668x — 3.7598).%

The left ventricular end—diastolic volume index (EDVT)
was calculated from the thermodilution stroke index
divided by the radionuclear ejection fraction,

The propagated error of the calculated end—diastolic
volume index incorparated the errors of the scintigraphic
and thermodilution measurements. Calvin er al.?? sug-
gested that the variation in the thermodilution measure-
ment was approximately nine per cent and that of the
nuclear ejection fraction measuremenf was approximately
seven per cent. They suggested that the overall variation
in the end-diastolic volume calculated approached 12 per
cent. This variation was reduced in our study as serial
measurements were made in the same patient.

The left ventricular end—systolic volume index was
determined from the formula:

ESVI = EDVI - SL.

Myocardial performance was assessed by examining the
increase in cardiac index per unit increase in PCWP and
EDVI induced by volume loading. Left ventricular
systolic function was examined by comparing the increase
in systolic blood pressure to the increase in ESVI with
volume loading. Left ventricular compliance was as-
sessed examining the relationship between PCWP and
EDVI.

Statistical analysis was performed using the System for
Statistical Analysis Program.* The changes with induc-
tion in intubation and volume loading were evaluated by
an analysis of variance (ANOVA} using the general linear
models procedure.?*?* The two main effects shown by
ANOVA were anaesthetic sequence and the anaesthetic
drug. Separate analysis of variance were performed to
specify difference in the anaesthetic sequence or between
drugs when the main effects were independently or
interactively significant (p < 0.05). Difference between

*SAS Institute Inc., Box 8000, Cary, N.C.
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means were also specified using Duncan’s multiple range
test when the ANOVA was significant (p < 0.05).
Analysis of covariance (ANOCOVA) was used to evalu-
ate myocardial performance, diastolic compliance and
systolic function. Chi square and Fisher’s exact tests were
employed to compare original data. The results are
reported as mean and standard error in the figures and
mean and standard deviation in the text and tables.
Statistical significance was assumed when p < 0.05.

Results

The preoperative characteristics of the patients are pre-
sented in the Table. There were no differences between
groups except that the patients who received fentany) had
fewer diseased vessels than those who received either
alfentanil or sufentanil. The conduct of the operation after
anaesthetic induction was identical in the three groups.

Postoperatively, six patients had evidence of a peri-
operative myocardial infarction (the appearance of a new
Q wave), two in each of the groups. Seven patients
developed postoperative low output syndrome (the need
for inotropic drugs or intra-zortic balloon pump assis-
tance), two in the fentanyl, three in the sufentanil and two
in the alfentanil group. One patient in the fentanyl group
died, with no deaths in the other two groups. The
postoperative results were similar after induction with the
three agents.

The haemndynamic and metaholic responses to volume
loading for the three groups were similar prior to
induction. Therefore, the data (BL-VL,) were combined
in Figures 2-4 in order to facilitate comparison of the
separate responses to volume loading after induction and
intubation (BL-VL,) for each of the three groups as shown
in Figures 2 and 3 and as described in the following
sections.

Haemodynamic response to induction and intubation
The haemodynamic responses to the anaesthetic sequence
are presented in Figures 2 and 3. Induction produced a
significant decrease in systolic, diastolic and mean
arterial blood pressure with all three drugs, but alfentanil
and sufentanil induced a greater depression than fentanyl
{p < 0.05). The fall in blood pressure one minute after
induction was followed by a progressive decrease in the
alfentanil group which persisted for nearly five minutes.
Four of the 32 patients (12 per cent) required treatment
with calciom and phenylephrine. Ten of the patients (30
per cent) had a fall in systolic pressure greater than 30
mmHg, with absolute pressures less than 100 mmHg in
seven patients. Only one patient (three per cent) required
vasopressors after induction with sufentanil, and no
patient developed clinically significant hypotension after
induction with fentanyl.
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FIGURE 2 The haemodynamic responses to induction (IND), intubation (INT) and volume loading (VL, and VL,). The responses to volume
loading were combined (COMB) prior to IND. An analysis of variance (ANOVA) wus employed 1o evaluate the anaesthetic sequence and the
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FIGURE 3 The response of the nuclear ventriculographic variables to induction (IND), intubation (INT) and volume loading (VL and VLz). The
response to volume loading were combined (COMB) prior to IND. An analysis of variance (ANOVA) was employed to evaluate the anaesthetic
sequence and the anacsthetic agents: fentanyl (FEN), sufentanil (SUF) and alfentanil (ALF). EF = ejection fraction; EDVI = end—diastolic volume

index; ESV] = end systolic volume index.
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FIGURE 4 The myocardial metabolic response to induction (IND), intubation (INT) and volume loading (VL and VL,). The responses to volume
loading prior to intubation were combined (COMB). An analysis of variance (ANOVA) was employed (o evaluate the anacsthetic sequence and

the anaesthetic agents: fentanyl (FEN), sufentanil (SUF) and alfentanil (ALF). CSBF = coronary sinus blood flow; MVO, = myocardial oxygen
flux; LEx = cardiac lactate extraction; MVL = myocardial lactate {lux.
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FIGURE 5 Myocardial performance was evaluated as the relation between the stroke work index (SWT) and end—diastolic valume index (EDVI).
An analysis of covariance permitted evaluation of the anaesthetic sequence (left panel) and the anaesthetic agents (right panel). The left panel
illustrates the combined response to volume loading before induction (PRE, with the 70 per cent confidence limits stippled). The right panel shows
the response of the individual drugs to volume loading after intubation {with the 70 per cent confidence limits of the PRE measurements
stippled). Fentanyl induced less depression than either sufentanil or alfentanil.

Induction with sufentanil and alfentanil, but not fentanyl,
produced small but significant decreases in heart ratc
(HR) and pulmonary capillary wedge pressure (PCWF).
Induction caused a decrease in both cardiac index (CI) and
stroke work index (SWI) with all three drugs.

Alfentanil and sufentanil produced corresponding sig-
nificant (p < 0.05) reductions in end—systolic (ESVI) and
end—diastolic volume indices (EDVT). with alfentanil
causing the greatest reduction. Although induction pro-
duced an increase in ejection fraction (EF) with all three
drugs (p < 0.05), the effect was greatest with alfentanil,
which caused the greatest decrcase in both preload
(EDVI) and afterload (MAP).

In spite of the tendency of intubation to increase the
MAP in all three groups (not significant), the MAP after
intubation in the alfentanil and sufentanil groups re-
mained significantly lower than pre-induction (PRE)
MAP values and the rise in MAP with intubation in the
sufentanil group was significantly less than the rise in the
fentanyl group. The alfentanil group exhibited an in-
creased cardiac and stroke work index without an increase
in heart rate. Sufentanil and fentanyl were not associated

with any significant changes in these haemodynamic
indices during intubation.

Intubation did not restore EDVI, ESVI or ejection
fractions in any group.

Metabolic response to induction, intubation and volume
loading
Figure 4 depicts the metabolic responses to induction and
intubation. Coronary sinus blood flow and myocardial
oxygen consumption were not significantly altered by any
of the three narcotics. However, myocardial lactate
production (anaerobic myocardial metabolism} was ob-
served in 50 per cent (four of eight) of the alfentanil group
of patients during induction, and correlated (p < 0.01 by
ANOCOVA) with the reduction in MAP caused by
alfentanil during induction. This response was signifi-
cantly greater (p < 0.05 by Chi square analysis) than
observed with either fentanyl of sufentanil. No patients
who received fentanyl, and only one patient of nine who
received sufentanil, demonstrated myocardial lactate
production.

In response to volume loading, myocardial oxygen
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FIGURE 6 Systolic function as the relation between systolic blood pressure (SBP) and end—systolic volume index (ESVI), An analysis of
covariance permitted evaltuation of the anaesthetic sequence (left panel) and the anacsthetic agents (right panel). The left panel illustrates the
response ta volume loading before induction (PRE, with the 70 per cent confidence limits stippled) and after intubation (POST), The right panel
shows the individua] drug response to volume loading (with the 70 per cent confidence interval of PRE measurements stippled). Sufentanil

(SUF) produced a greater dep

extraction and consumption were not significantly altered
for any drug. However, myocardial lactate extraction and
flux, which were negative after induction with alfentanil
and sufcntanil, became positive prior to the second
volume loading episode. Volume loading after induction
with alfentanil resulted in the lowest myocardial lactatc
utilization (per cent myocardial lactate extraction: FEN:
28 = 24 per cent; SUF: 23 = 20 per cent; ALF: 6 £ 16 per
cent; (p < 0.03), suggesting persistent anuerobic metabo-
lism following alfentanil induction.

Haemodynamic response to volume loading

Figure 5 depicts myocardial performance (the relation
between SWI and EDVI). On the left, data from the three
groups were combined to demonstrate an overall reduc-
tion in myocardial performance (p < 0.01 by ANOCOVA)
after induction and intubation, which describes the effect
of the anaesthetic sequence. On the right, the individual
responses to volume loading illustrate a depression of
performance with all three drugs. Fentanyl caused less
depression (p < 0.01) than either sufentanil (p < 0.001)
or alfentanil (p < 0.001).

ion of systolic function than did alfentanil (ALF) or fentanyl (FEN).

Figure 6 illustrates that systolic function (the relation
between SBP and ESVI) was depressed after induction
and intubation (p < 0.001) by ANOCOVA. Sufentanil
caused the greatest depression of systolic function (p <
0.001) which was more depressed than with either
alfentanil (p < 0.01) or fentanyl (p < 0.05).

Figure 7 demonstrates the diastolic pressure—volume
relations. These were monoexponential in general con-
figuration, and therefore the natural logarithm (In) of the
puimonary capillary wedge pressures were compared to
the end—diastolic volume indices. On the left an overall
reduction (p < 0.05 by ANOCOVA) in diastolic com-
pliance is demonstrated after induction and intubation. On
the right the individual drug responses are depicted.
Alfentanil produced the greatest reduction in diastolic
compliance which was significantly different from the
responses to fentanyl and sufentanil (p < 0.03 by
ANOCOVA). The patients with the decreased diastolic
compliance with alfentanil matched the patients with the
ischaemic myocardial lactate production.
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FIGURE 7 Diastolic compliance was evaluated by the diastalic pressure-volume relation.. The relation between pulmonary capillary wedge
pressure (PCWP) and cnd-diastoliz volume index were monoexponential and therefore the natural logarithmic (In) of the PCWP was employed.
An analysis of covariance permitted evaluation of the anacsthetic sequence (left panel) and the anaesthetic agents {right panel}. The left panel
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e after intubation (POS1) compared to before induction (PRE<< with the 70 per cent confidence

limits stippled). Alfentanil (ALF, right pane!) produccd a greater decrease in diastolic compliance than fentany] (FEN) or sufentanil (SUF)>.

Discussion

The ideal anaesthetic for patients with significant coro-
nary artery disease should provide adequate anaesthetic
depth to abolish the sympathetic responses to surgical
stresses. However, the ideal anaesthetic for patients with
poor ventricular function should produce minimal depres-
sion of myocardial function and preserve cardiac perfor-
mancc. A short-acting agent that limits postuperutive
respiratory depression might reduce the time in the
intensive care unit and allow an earlier assessment of
neurologic integrity. The recently introduced fentanyi
analogue alfentanil is a short-acting agent which permits
early awakening and early extubation postoperatively.
Sufentanil, with its greater potency, has been shown to
prevent the haemodynamic responses to noxious stimuli.
The advantages of each agent must, however, be weighed
against their effects on myocardial performance and
metabolism.

Assessment of ventricular function

Measurements of mean arterial pressure, pulmonary
capillary wedge pressure and cardiac index are important
clinical indices, but provide insensitive estimates of

ventricular function. Left ventricular ejections fraction
measurements provide additional information, but are
very sensitive to changes in preload and afterload.
Ventricular volumes are required to assess myocardial
performance, systolic function and diastolic compliance
and compare the response to fentanyl, sufentanil and
alfentanil induction.

Echocardiography provides excellent resolution of a
limited portion of the ventricle and permits an assessment
of regional wall motion abnormalities. However, extrapo-
lations to global ventricular volumes may be difficult in
patients with regional wall motion abnormalities. There-
fore, echocardiography may provide inaccurate estimates
of ejection fraction or ventricular volumes in patients with
coronary artery disease. Transoesophageal positioning of
the echocardiographic probe limits evaluation of the left
ventricle to cross-sectional views, reducing the accuracy
of ventricular volume calculations.

We employed gated nuclear ventriculography to pro-
vide a noninvasive assessment of ventricular volume
which avoided the geometric assumptions required by
echocardiography. The nuclear probe provided repro-
ducible ejection fraction determinations and permitted an
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accurate assessment of interventions performed serially in
the same patients. The calculation of ventricular volumes
permitted an assessment of preload and systolic function.

Sagawa et al.®® demonstrated that the end-systolic
pressure—volume relation was linear and the slope (E
max) reflected left ventricular inotropy in isolated heart
preparations using a time-varying systolic elastance model.
Grossman?® measured end—systolic pressures and volumes
in humans before and after a phenylephrine infusion to
calculate E max. However, in patients the increase in
arterial pressure with phenylephrine was usually insuffi-
cient to accurately calculate E max. Sagawa et al.?® have
demonstrated that the volume at zero pressure (Vy) varies
over a narrow range. Therefore, a significant increase in
end—systolic volume at lower end-systolic pressure implies
¢ither a decrease in E max or an increase in V,. Sagawa?’
demonstrated that depressed contractility was associated
with both a decreased E max and an increased V. We
employed volume loading to provide two end-systolic
measurements at different end-systolic pressures and
volumes. However, volume loading (like the phenyl-
ephrine infusion) did not increase arterial pressure enough
to permit the calculation of E max. As we could,
therefore, only evaluate a limited portion of the systolic
pressure relation, we employed an analysis of covariance
to compare simultancously the end-systolic pressures
and volumes in the three treatment groups. Differences in
these measurements are believed to represent either
differences in the slope and/or the volume intercept of the
end-systolic relation, both of which may represent
depressed contractility. McKay®® and Aroesty®® found
that volume loading was as effective as a phenylephrine
infusion to evaluate the end—systolic pressure~volume
relationship in patients. They also demonstrated that
differences in end-gystolic pressures and volumes mea-
sured over a narrow range permitted an accurate assess-
ment of systolic function.

The left ventricular diastolic pressurc—volume relation
was believed to be monoexponential in general configura-
tion®® and therefore the natural logarithm (In) of the
wedge pressure was calculated and plotted against the
end—diastolic volume index®*-*! to provide a linear
relation and permit an assessment of diastolic compli-
ance. We have previously demonstrated that a decrease in
the diastolic pressure-volume relation was associated
with ischaemic anaerobic myocardial metabolism post-
operatively.3!-3

Myocardial performance was evaluated by examining
the relation between left ventricular stroke work index and
end—diastolic volume index. Recent experimental studies
have demonstrated that “preload recruitable stroke work”
provided an estimate of myocardial contractility which
was better than the systolic pressure—volume relation.

229

We used an arithmetic estimate of stroke work rather than
a direct measurement although volume loading permits
the best evaluation of “preload recruitable stroke work”
and ventricular contractility when ventricular pressure—
volume loops are measured directly.

Effects of fentanyl, sufentanil and aifentanii on
haemodynamics and ventricular function
All three narcotics decreased aftcrload (MAP) but only
alfentanil produced progressive hypotension which re-
quired calcium chloride and vasopressors. A transient
decrease of systolic blood pressure (more than 25 mmHg)
has been observed in 40 per cent of patients without
coronary artery disease immediately after induction with
150 pug-kg™" of alfentanil.* However, progressive hypo-
tension has not been reported in several earlier investiga-
tions in cardiac patients with alfentanil.®~'! Prevention of
hypotension may have been the result of a slower rate of
infusion in one study? in which the same dose of alfentanil
{125 pg-kg™") produced only a slight, nonsignificant
reduction in mean arterial pressure when the drug was
administered over one to two minutes. The hypotension
caused by alfentanil in our study was an adverse response
which correlated with ischaemic myocardial metabolism.
The reduction in blood pressure with fentanyl and
sufentanil, however, was not clinically significant in all
but one patient in the sufentanil group. The hypotensive
effect of alfentanil may have been, in part, a result of the
relatively smaller apparent volume of distribution (Vo)
of alfentanil compared to fentanyl or sufentanil.® The
smaller VDb may have resulted in higher initial plasma
concentrations of alfentanil and may account for potency
differences based upon bolus versus steady-state measure-
ment, in spite of following our loading dose of alfentanil
with a continucus infusion. An additional factor which
can explain the hypotension with alfentanil is that this
drug has less time lag between serum concentration
changes and changes in effect compared to fentanyl. 3
The hyperdynamic response to intubation was com-
pletely prevented by sufentanil, partially prevented by
fentanyl and least prevented by alfentanil. Previous
investigators have also found that sufentanil moderated
the response to surgical stimuli more than did fentanyl.>®
Ejection fractions increased during induction with all
three drugs, with further increases during intubation in
response to alfentanil. The greater rise in ejection fraction
with alfentanil can bc accounted for by the greater
reduction in afterload (MAP) seen with this drug. How-
ever, systolic function was depressed with all three
narcotics, despite increases in ejection fraction. This
demonstrates the limited usefulness of the latter measure-
ment as an independent index of ventricular function.
Calculation of ventricular volumes was essential in
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order to account for the changes in preload and afterload.
In this way we have been able to demonstrate that all three
narcotics, in induction doses, depress contractility.
Sufentanil caused the greatest depression of systolic
function, and fentanyl the least. Despite the depression in
systolic function sufentanil did not produce haemo-
dynamic instability. However, our data suggest that
sufentanil should be used more cautiously in patients with
impaired ventricular function, and that fentanyl may be
the preferred agent for such patients since it depresses
systolic function least. This conclusion may be tempered
by consideration of the dose ratio of 5:1 fentanyl to
sufentanil used in our study. Although the relative
potency of sufentanil in humans is not known, the ratio of
5-10:1 is now generally accepted and our dose of fentanyl
may be slightly less potent than our dose of sufentanil.

The anaesthetic sequence reduced diastolic com-
pliance. The decrease in diastolic compliance may have
represented myocardial ischaemia. This change in com-
pliance is also known to render the pulmonary capillary
wedge pressure an insensitive predictor of changes in
preload (end-diastolic volume index). Following induc-
tion, a depression of cardiac indices may have reflected
inadequate volume expansion. In addition, volume load-
ing used to restore cardiac index in the noncompliant
ventricle may produce excessive rises in lelt ventricular
filling pressures. It has been shown that high filling
pressures may impair coronary blood flow to the suben-
docardium, increasing cardiac ischacmia.’® Alfentanil
produced the greatest decrease in diastolic compliance
which may have induced further ischaemia, and could
account for the persistently low myocardial lactate utiliza-
tion which we observed with this drug following intuba-
tion.

Myocardial metabolic measurements

We measured coronary sinus blood flow with the
continwous thermodilution technique described by Ganz
etal.'” We found a wide variation in these measurements,
but the method appeared to be reproducible. The tech-
nique measured global, but not regional, coronary blood
flow. In paticnts with coronary artery disease, blood flow
limitations are usually regional rather than global.>” We
have therefore employed the measurement of myocardial
lactate extraction to assess cardiac ischaemia. Gertz et
al.3® demonstrated that a decrease in myocardial lactate
extraction to very low levels represented ischaemic lactate
production from poorly perfused regions and lactate
extraction from well perfused regions in patients with
coronary artery disease. Therefore myocardial lactate
utilization was employed to reflect heterogeneous cardiac
ischaemia. Myocardial lactate production reflects inade-
quate oxygen delivery for oxygen demands and may
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indicate abnormalities which may herald progressive
ischaemic injury.

Effects of fentanyl, sufemianil and alfentanil on myo-
cardial metabolism

Fentany! induction did not significantly alter coronary
sinus blood flow, myocardial oxygen consumption or
lactate utilization. Prcvious investigators have also demon-
strated stable myocardial metabolism with fentanyl,*3%+40
In response to intubation with fentanyl, Sonntag et al.*
found that five of nine patients had myocardial lactate
production. However, their patients had antiangial medi-
cations (except pindolol) discontinued 48 hours prior to
their study and they received a light premedication
(diazepam 10 mg). In addition, intubation was performed
after patients had received only 10 pg-kg™" of fentanyl.
Moffitt et al.** demonstrated as have we that induction
with large doses of fentanyl (75 p.g-kg™") provided stable
haemodynamics and myocardial mectabolism during intu-
bation. However, surgical stimulation may induce a
hyperdynamic response after fentanyl induction and
anaesthetic supplements or antihypertensives may be
required to control the autonomic response.

Induction with sufentanil resulted in net myocardial
lactate production, without altering oxygen demands.
Significantly, the data demonstrated that myocardial
lactate extraction and lactate flux remained positive
during the induction-intubation sequence in all but one
patient in this group. This patient became hypotensive on
induction and developed ischaemic ECG changes which
were associated with high levels of lactate production
(LEx: —5.6 mmol-I"!). These changes corrected to
normal values with restoration of blood pressure, but had
an effect to cause overall ischaemic myocardial metabo-
lism in this group of patients. However, no other patient in
the sufentanil group demonstrated ischaemic metabolism
during the study. This one patient appeared to have an
atypical response to the sufentanil induction sequence, as
the efficiency of myocardial metabolism otherwise ap-
pears to be preserved with this drug.

Induction with alfentanil, however, dramatically re-
duced myocardial lactate utilization and half of the
patients demonstrated myocardial lactate production sug-
gesting ischaemic anaerobic metabolism. The ischaemic
metabolism could have resulted from mitochondrial
dysfunction probably associated with an inequality be-
tween supply and demand. There are two possible ex-
planations for this ischacmic metabolism in the presence
of no change in total coronary sinus flow. The
hypotension produced by alfentanil may have resulted in
reduced coronary perfusion pressure and thus reduced
coronary blood flow to poorly perfused regions distal to
arterial coronary stenoses, or the vasodilating effect of
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alfentanil may actually have facilitated a “coronary steal”
phenomenon with blood being diverted away from is-
chaemic areas.

The patients who received CaCl, and/or vasopressors
after induction tequired this resuscitation after the com-
pletion of the induction measurements. These patients
were included in the data for later events. However, the
effect of the passage of time in this study was for the
lactate extraction to improve and the effect of a rise in
blood pressure was for the lactate extraction to improve;
consequently, the effect of improved blood pressure
should have minimized the negative metabolic effect of
the drug.

After induction with alfentanil, intubation produced a
hyperdynamic adrenergic response, and 25 per cent of
patients continued to produce lactate. Alfentanil in the
dosage we employed produced a significant incidence of
ischaemic myocardial metabolism in patients with coro-
nary artery disease. The ischaemia was associated with
haemodynamic instability and decreased diastolic com-
pliance. Therefore we suggest that alfentanil should not
be used as a primary induction agent in most patients with
coronary artery disease. The pharmacokinetics of this
drug suggest its potential advantages when used as a
continuous infusion for maintenance anaesthesia during
cardiac surgery. Avoiding sudden increases in plasma
levels (as may occur with induction} might avoid the
adverse responses we have demonstrated.

Limitations of current investigation

We have employed very sensitive techniques in this study
to show some important differences between fentanyl,
sufentanil and alfentanil, using induction doses that have
been found previously to produce satisfactory haemo-
dynamic stability in premedicated cardiac patients. One
limitation of this study is that we have not correlated our
findings with pharmacokinetic data. Thus, changes in
plasma concentration during the study for each drug, and
the differing ratio between drugs were not measuored.
Also, we used equipolent doses of fentanyl and sufentanil
{a 1:5 ratio based on EEG criteria)*' but the relative dose
of alfentanil was approximately one half to one third the
fentany] dose. The alfentanil dose we selected was based
on recommendations from previous studies'™'! and our
own observations that higher doses can produce greater
haemodynamic instability. Therefore, our models were
used to comparc the cffects of thesc narcotics when
administered in clinically relevant induction doses.

We also considered that the choice of premedication
and muscle relaxant would have an interactive effect on
the cardiovascular responses seen with these narcotics.
However, we did not believe it to be appropriate or even
ethical to avoid premedicating cardiac patients prior to
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major surgery. Additionally, muscle relaxants are neces-
sary in order to prevent muscle rigidity with high-dose
narcotic analgesia. Randomization and the large number
of patients in our investigation produced study groups
comparable with respect to these factors, and ensured the
validity of our statistical tests.

We conclude that for patients undergoing coronary
bypass surgery, fcntany] and sufentanil provide hacmo-
dynamic stability while preserving the efficiency of
myocardial metabolism. However, sufentanil in this dose
induces a greater depression of myocardial contractility,
which suggests that it should be used cautiously in
patients with impaired ventricular function. Finally,
induction with alfentanil in cardiac patients can produce
significant haemodynamic instability and ischaemic an-
aetobic myocardial metabolism.
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Résumé

L’induction de I'anesthésie peut induire de I'ischémie myo-
cardigue. Une étude prospeciive randomisée a été conduite afin
de comparer ' effet sur la fonction ventriculaire ei le métabo-
lisme myocardique de ! induction avec le fentanyl (FEN) ou son
analogue sufentanil (SUF ) ow I’ alfentanil (ALF) chez 96 patients
devant subir une chirurgle de pontage aorto corgnarien élec-
tive, Des mesures hémodynumiques, métaboliques (extraction
de lactate d' oxyéne du sinus coronaire) ainsi que des mesures de
la fonction ventriculaire par des méthodes nuclénires étaient
faites avant Uinduction (PRE), aprés {'induction (IND) et aprés
Pintubation (INT). L'induction é1ait faite avec du fentanyl 75
peke™!, sufentanil 15 pg-kg~' et fentanil 125 ug kg™ associé
a la métocurine. L' induction avec le fentanyl a amené la plus
grande stabilité de la pression artérielle moyenne (MAP), la
performance cardiaque, et la fonction systolique sans produc-
tion de lactare par le myocarde. Le sufentanil a produir la plus
grande dépression de la fonction sysioligue (p < 0.05) sans
instabilité hémodynamique ou production de lactate par le
myocarde chez tous les patients sauf un. L'induction avec
Ualfentanil a produit la plus grande réduction de la pression
artérielle moyenne (p < 0.05) associé avec la plus grande
diminution de la compliance diastolique (p < 0.05) et 50 pour
cent & incidence de production de lactate par le mvocarde (p <
0.05) sans changement significatif dans le flor sanguin corona-
rien ou dans la consommation d'oxygéne du myocarde.



