The Cardiovascular Effects of Cyclopropane in Man
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The cardiac and peripheral vascular effects of
15-20 per cent, 25-30 per cent, and 3540 per
cent alveol. i of eycl
were determined in each of 11 nonmedicated hu-
man volunteers at normal Paco. and body tem-
perature during controlled ventilation. Compared
with awake values during controlled ventilation,
cyclopropane caused little change in cardiac out-
put (Q), heart rate (HR) or stroke volume (SV),
while mean right atrial pressure (MRAP) in-

d kedly. Large i in mean ar-
terial pressure (AP), total peripheral resistance
and forearm vascular resistance suggested arte-
rial constriction. A profound decrease in venous
compliance contributed to the elevated MRAP.
Cutaneous blood flow increased 560 per cent.
Rapid reduction_of cycloprop. led to i di-
ate increase in Q, SV, and AP at a lower MRAP
within two minutes. After eight additional min-
utes at the lower cycloprop ion, Q,
SV, and AF retumed to the previous values (i.e.,
before reduction of cyclopropane), but at even
lower MRAP. (Key words: Cyclopropane; Con-
trolled ventilation; Cardiovascular effects of cy-
clopropane; Paco:; Muscle blood flow; Skin blood
Row.)

THE carplovascuLAr EFFECTS of an inhaled
anesthetic may be modified by premedication,
induction agents, surgical stimulation, body
temperature and, most importantly, by anes-
thetic depth and Pagg,. No study has elimi-
nated all of these modifying factors to permit
both a quantitative evaluation of the effects
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of the anesthetic agent itself on cardiovascular
function and a quantitative comparison of one
anesthetic with another. This report describes
unmodified cardiac and peripheral vascular
effects of cyclopropane in man.

Methods

Eleven healthy, nonmedicated, young adult
male volunteers were studied (table 1). With
the subjects under local anesthesia, catheters
were placed in the radial or brachial artery,
right atrium or central vein, and forearm vein.
VWhitney strain gauges were placed on the
terminal phalanx of the third or fourth finger
and the fleshy portion of the forearm. Occlu-
sion cuffs were located on the proximal pha-
lanx of the same finger, the wrist, and the
arm. A skin-temperature thermistor was taped
onto the forearm or dorsum of the hand. Sub-
lingual t ature was d prior to in-
duction with a thermistor probe. After induc-
tion, the probe was inserted into the esopha-
gus. EKG leads were located on both arms
and the right leg.

End-tidal cyclopropane was measured with
a Beckman LB-1 end-tidal ether analylzer.
End-tidal CO. was measured with the Beck-
man LB-1 infrared CO. analyzer. Arteral,
right atrial, and peripheral venous pressures
were measured with Statham strain gauges.
Mean values were obtained by electrical
damping. Forearm and finger Whitney mer-
cury strain gauges were calibrated against a
millimeter ruler. With the gauge on the fin-
ger or forearm, the amount of stretch pro-
duced by occluding venous return from the
finger or forearm was recorded directly. Prior
to venous occlusion of the forearm, the cuff
at the wrist was inflated to isolate the circula-
tion of the hand from that of the forearm.
Considering the arm or finger as a cylinder,
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flow/100 ml tissue/min (Qn) was calculated
as 200 AC/C, where C is the circumference.?
Peripheral venous pressure was measured
imull ly during occl of venous re-
turn. Venous compliance was then calculated
as Qu/MAP-MRAP, where MAP is mean ar-
terial pressure and MRAP, mean right atrial
pressure.

Arterial and right atral Pg,, Pgo, and pH
were measured with appropriate electrodes and
corrected {or temperature. Base excess was
derived from the Siggaard-Andersen nomo-
gram. Arterial oxygen saturation was always
100 per cent. Venous oxygen saturation was
calculated from venous P, pH, and base ex-
cess using the Severinghaus slide rule.* Hema-
tocrits were measured frequently, and hemo-
globin concentration was assumed to be a
third of the hematocrit. Oxygen consumption
was calculated from arteriovenous oxygen dif-
ference multiplied by cardiac output. We re-
alize that the use of right atrial or central ve-
nous blood limits the value of V. data, but
believe that a right ventricular or pulmonary-
artery catheter would have introduced an un-
necessary hazard. Although our measure of
oxygen consumption was indirect, both con-
trol and anesthetic values compare well to re-
sults noted previously by others, and we be-
lieve absolute accuracy is less important than
relative accuracy in determination of the per-
centage change from the awake to the anes-
thetized state. Cardiac output was measured
with a Beckman Cardiodensitometer equipped
with a mechanical integrator. Cardiogreen
dye was injected into the right atrium and
sampled from the arterial catheter by con-
tinuous withdrawal with a Harvard pump.
The densitometer was calibrated using three
known concentrations of dye in the subjects’
blood after the experiment was completed.
The calibration curve is alinear below 2.5
mg/1 of dye, and no attempt was made to
correct for this. Continuous recordings of ar-
terial pressure, right atrial pressure, periph-
eral venous pressure, electrocardiogram, end-
tidal CO., forearm and finger circulation were
obtained using a Grass model 7 polygraph re-
corder.

The awake subject, lying supine, breathed
pure oxygen from a mouthpiece. Ventilation
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TasLe 1. Physical Characteristics of
Volunteer Subjects (£1 SD)

Number 11

Age (years) 245 =+ 3.4
Height (em) 179 =+ 3.7
Weight (kg) 3 = 17T
BSA (mn?) 192 % 018

was controlled with an Air Shields volume-
limited ventilator. End-tidal CO. was main-
tained at the value observed during spontane-
ous breathing of oxygen or slightly below it.

After measurement of cardiovascular func-
tions, anesthesia was induced with cyclopro-
pane and oxygen, and endotracheal intubation
accomplished without muscle relaxants or
topical anesthesia. Anesthesia was maintained
with cyclopropane in oxygen at approximately
1 1/min total inflow, using a circle system and
a CO, absorber. End-tidal cyclopropane was
held at 15 per cent or 20 per cent for ten
minutes, whereupon all measurements were
repeated. End-tidal cyclopropane concentra-
tion was raised to 25 or 30 and then to 35 or
40 per cent, and maintained for ten minutes
following each change, after which each set
of measurements was redetermined. The same
sequence was repeated two and four hours
following induction to permit observation of
the effect of duration of anesthesia on cardio-
vascular function. Ventilation was controlled
to maintain Pagg, at or near the awake value.
No other drugs were used during the study.
Statistical comparisons were made using paired
t tests, with each subject serving as his own
control.

Results (Table 2)

The cardiac index was 2.5 I/min/m?, as op-
posed to 3.0 l/min/m* for young healthy
males.? The difference was due solely to the
lower heart rate in our subjects (64 vs. 74
beats/min), perhaps the result of positive-
pressure ventilation with 100 per cent oxygen.

At 15 to 30 per cent cyclopropane, cardiac
output, heart rate and stroke volume were un-
changed from awake values (fig. 1), while
mean right atrial pressure increased markedly
(fig. 2). Additional changes included signifi-
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TasLe 2. The Effects of Cyclopropane on the Cardi lar Sy in Man}
First Hour Fourth Hour
Control
15-20 25-30 35-10 15-20 25-30 15-10
Per Cent | Per Cent | Per Cent | Per Cent | Per Cent | Per Cent
Q(1/min) 157 99 91 §5* 110 107 100
£023 | %57 +6.5 %78 +=6.9 £7.5 =9.4
Heart rate (beats/min) 64 99 92 91 95 9o 97
+24 ES5E ] +5.7 *5.3 =3.7 =34 =7.1
SV (m)) 71 101 98 2 115** 109 102
%32 EX R 6.1 E] 4.1 5.4 +4.2
MRAP (mm Hg) 0 6.2 g1 10.4** 3.3* G.1** 9.3**
+0.96 | 2081 +12 +0.96 =1 =*1 1.4
AP (mm lig) 90 131%* 132 131°* 111* 124%* 1320
=29 +5.3 %54 +=8.4 +3.8 5.7 =7
TPR 1589 1324 142%* 151 102 116 133
{dyne-sec/cm?) +73 =11 %13 *=11 8.5 E3W +14
Muscle blood flow 33 93 100 70* M7 121 108
(ml/min/100 ml tissue)} 2048 | =114 | =24 %113 +25 +23.4 2]
FVR 2.7 162** 179+ 2]12%* 96 129 165
dyne-sec/cm® X 10¢ £0.39 | =228 +30.2 237.5 =153 =21.2 £35.3
FVC 0.16 11** 37 30°** St 39 28
+0.03 | 54 £8.4 1.6 +254 =6.2 +4.3
Cutaneous blood flow 73 48+ 16** 48** Go** 67 69**
{ml/min/100 ml tissue) =3 +9.3 97 [N =10 =11 216
Skin temperature (C) 30.8 337 342 B2 ad BT 347 B2
2032 ) 04 +0.42 =+0.55 =033 <046 £0.78
Body temperature {C) 36.5 36.3 364 36.6 36.5 365 36.5
=011 | +0.15 =+0.19 =0.18 +0.09 *0.08 =+0.09
Vo (ml/min) 221 79* Ity 65* 101 85 80
=29 +=7.2 +3.9 =54 +8.8
Paco, (mm Hg) 34 38 37 38 38 37 37
*=13 =1 =095 | =096 | =15 £0.96 | %16
Base excess (mEq/1) —1.5 —32%| —3.5°* —44*| —27 -3 —2.8
+0.73 { =09 +0.79 | =074 | =057 | £0.66 | +=0.76
Het (per cent) 42,1 41.4 43.6
=+0.95 +0.99 =+0.84

 The upper figure in each row is the mean value; the lower is the standard error. Cardiac output (Q),
heart mte (HIY), stroke volume (SV), mean arterial pressure (AP), total peripheral resistance (T PR),
muscle flow, forearm vascular resistance (FVR), forearm venous compliance (FVC), and oxygen consump-
tion (Vos) during anesthesia are expressed as percentages of the awake values. MRAP is mean right atrial
pressure.

*P <0.05 compared with the awake value.

** P <0.005 compared with the awnke value.
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cant increases in total peripheral resistance,
mean arterial pressure, and forearm vascular
resistance, and a decrease in forecarm venous
compliance (fg. 3). Cutaneous blood flow
increased 560 per cent, and skin temperature
rose 3 C (fig. 4). Oxygen consumption was
reduced by anesthesia.

The differences between cardiovascular func-
tion at the three different alveolar concentra-
tions of cyclopropane were small. At 3540
per cent cyclopropane, cardiac output was 85
per cent of the awake value, a small but sig-
nificant difference (P < 0.05). Total periph-
eral resistance, forearm wvascular resistance,
and mean right atrial pressure increased, and
forearm venous compliance decreased, while
heart rate and blood pressure remained con-
stant as anesthesia deepened.

Prolongation of anesthesia had little effect
on cardiovascular function (table 2). Al-
though cardiac output during 35—40 per cent
cyclopropane was significantly higher after
five hours than after one hour of anesthesia,
the mean difference was only 15 per cent (P
< 0.005) (fig. 5). The peripheral circulation
showed less vasoconstricion as time pro-
gressed, since muscle blood flow increased and
forearm vascular resistance decreased. Fore-
arm venous compliance did not change signifi-
cantly. Mean cutaneous blood flow was
higher after five hours than after one hour at
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Fic. 1. Effects of cyclopropane on cardiace

output, heart rate, and stroke volume.

all three levels of anesthesia, but the differ-
ences were not significant.

An acute reduction in cyclopropane concen-
tration produced immediate increases in car-

] 2

Fie. 2. Effects of cy-
clopropane on MRAP and 21
Q. Note profound in-
crease in MRAP with
small change in Q as cyclo-
propane concentration is
elevated.

CARDIAC INDEX

1 ]

L/MIN/M2 BSA
h—‘

15-207

25-30%
35-40%

-2 [

2 4 6 8 10

MEAN RIGHT ATRIAL PRESSURE (mm Hg)

20z ludy 0z uo 3senb Aq ypd°z0000-0001 1696 L-Z¥S0000/v12882/86€// | £/4Pd-01o1n1e/AB0|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



402

MEAN RIGHT
ATRIAL
PRESSURE
{mm Hg)

MEAN
ARTERIAL
PRESSURE

{% CONTROL)

TOTAL
PERIPHERAL
RESISTANCE

{7 CONTROL}
10

FOREARM
MUSCLE FLOW
{% CONTROL)

FOREARM

VASCULAR

RESISTANCE
(% CONTROL)

FOREARM
VENOUS
COMPUANCE
{% CONIROL)

CULLEN, EGER, AND GREGORY

Jxase
10 1
sl
o 1 1 1 SR
200
150
100 13 1 1] —_—
200
150
0. 1 1 1 —
100
sof-
1 1 ] —1
250
200
150
100 1 1 1
100
50| <
1 1 t —_—
[ 10 20 30 20

%END-TIDAL C3Hg

Fic. 3. Effects of cyclopropane on the
arterial and venous circulation.

Anesthesiology
November 1969

100

X Ist

Skin Blood Flow ¢c/100g tissue

Skin temp °C

30 1 ! 1 |
10 20 30 40

% End—tidal C3 Hg

Fic. 4. Efiects of cyclopropane on cutaneous
blood flow and skin temperature.

diac output, stroke volume and mean right
atrial pressure (fig. 6) (table 3). Two min-
utes after cyclopropane was reduced from 35—
40 per cent to 15-20 per cent, cardiac output
and stroke volume were higher, while mean
right atrial pressure was 3 mm. Hg lower.
After eight additional minutes at 15-20 per
cent cyclopropane, cardiac output returned to
normal, but at an even lower mean right atrial
pressure.

Arthythmias occurred during deep cyclo-
propane anesthesia while Paco, was normal.
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These ranged from a wandering pacemaker
and nodal rhythm to multifocal premature
ventricular contractions and ventricular tachy-
cardia. Immediate reduction of cyclopropane
restored cardiac rhythm to normal. Experi-
mental conditions remained constant, as dem-
onstrated by normal Pagg, values and body
temperatures (table 2). A minimal meta-
bolic acidosis following induction did not pro-
gress during the experiment.

Discussion

The awake measurements which served as
control values for this study were obtained in
unstimulated unexcited subjects during con-
trolled positive-pressure ventilation. In addi-
tion to their outward calm appearance, the
subjects’ low-normal cardiac indexes, low
heart rates, normal stroke volumes, normal
mean arterial pressures, and normal forearm
blood flows confirmed our evaluation of their
basal condition. The variations in finger
blood flow were the only measurements which
suggested that our clinical observations of the
subjects’ emotional state might be in emor.

Fre. 5. The effect of
duration of cyclopropane
anesthesia on Q. The
asterisk‘ denotes data re-
calculated from those of
Jones ¢f al'® The point
at 10 per cent cyclopro-
pane refers to non-in-
tubated subjects whose
mean end-tidal Pcos was
40 mm Hg. The point at
17 per cent cyclopropane
refers to intubated sub-
jects. There is no signifi-
cant difference between
his results in spontan~
cously-breathing subjeets
(Paco, 38 mm Hg)and our
results during_controlled
ventilation (Paco,) 38
mm Hg) at either one or
four hours.

CARDIAC OUTPUT
(% CONTROL)
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Therefore, we measured cutaneous blood fow
and skin temperature in ten anesthesiologists,
including the authors (table 4). The same
degree of variability was observed, and mean
finger blood flow measurements were not sig-
nificantly different from those obtained in the
subjects. However, our skin temperatures
were 2 C higher than those of the volunteers
(P <0.001). This was the one and only in-
dication that the data were not truly baseline.

All anesthetics except ether elevate resting
Pagg. as anesthetic depth increases.* In view
of the well-known cardiovascular effects of
hypercarbia,® it was essential to maintain nor-
mal Pago, during this experiment, hence the
need for controlled positive-pressure ventila-
tion. This introduced a new variable, in-
creased mean intrathoracic pressure. By obtain-
ing our awake control data during controlled
ventilation, we eliminated this potential source
of error, while allowing deep cyclopropane an-
esthesia at normal Pagg,. Our results, obtained
in a rigidily controlled experiment, confirm
those of previous studies during light cyclo-
propane anesthesia in man.% %% By avoiding
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hypoxia and hypercarbia, we were able to ob-
serve that deep cyclopropane anesthesia in-
tensified the potent vasoconstriction noted at
light anesthetic levels.

Cardiac output was well maintained during
cvclopropane anesthesia in man, a finding
which agrees with that of Jones.® Recalcula-
tion of his results and their expression as per-
centages of the awake control values (fig. 5)
result in a mean cardiac output that is 108
per cent of the mean control value in his
intubated subjects at 17 per cent cyclopro-
pane, breathing spontaneously (Paco, —38).
This was not significantly different from mean
cardiac output in our subjects at either one
hour (99 per cent of control) or five hours
(111 per cent of control).

The elevation of mean right atrial pressure
probably reflected an increase in venous re-
turn owing to peripheral venoconstriction, an
increase in ventricular end-diastolic pressure
from a less compliant ventricle,® or a com-
bination of both. Maintenance of stroke vol-
ume, hence cardiac output, in the presence of
higher combinations of cyclopropane is due at
least in part to increased filling pressure (fig.
2). This implies a shift in the position of the
ventricular function curve to the right, al-
though we cannot define the shape or slope
of that curve. One can speculate that if filling
pressure had not been elevated 6-10 mm Hg,
stroke volume would have decreased as cyclo-
propane concentration was raised.

CULLEN, EGER, AND GREGORY

Anesthesiology
November 1969

Heart rate was unaltered by changes in cy-
clopropane concentration or duration of anes-
thesia. This may have been the result of bal-
ancing opposing stimuli. In man, cyclopropane
stimulates norepinephrine release by increased
sympathetic activity.?® Tachycardia might re-
sult unless the associated hypertension stimu-
lated reflex bradycardia. In additon, the
data of Jones ct al.1* suggest parasympathetic
stimulation by cyclopropane, since heart rate
increased markedly following administration
of atropine (0.4 mg iv) during cyclopropane
anesthesia.

The peripheral circulation is jmportant in
maintaining cardiac output during cyclopro-
pane ancsthesia. Resistance vessels constrict
to maintain arterial pressure, while capacitance
vessels constrict to raise the filling pressure of
the heart. The finding of profound forearm
arterial and venous constriction agrees with
the observations of others. In unmedicated
patients, Caffrey? found decreased forearm
blood volume, decreased venous compliance
and increased venous pressure, results similar
to those of infusion of norepinephrine. The
strong syvmpathetic stimulation observed by
Price et al.** and Ngai et al*® caused periph-

TasLe 3. Cardiovaseular Effects of Actte Re-
duction in Cyclopropane Concentration
2 Min after | 10 Minafter
45 Per Cent | Reduction to] Reditetion to
End-tidal |15 Per Cent, {15 Per Cent,
Cille End-tidal End-tidul
e sHe
Cardiac output,
per cent of
control 97 113* os*
MRAP
(mm Hg) 10.6 6.7 3.7
AP per cent of
control 137 146 123
Heart rate, per
cent of con-
trol 102 93 92
Stroke volume,
per cent of
control a3 115 105*
‘Total peripheral
resistance,
per cent of
control 139 129 120

* P <0.05 compared with the previous value.
** P <0.01 compared with the previous value.
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eral constriction and elevation of plasma cate-
cholamines. The synergism of cyclopropane
with norepinephrine 418 adds to the effective
vasoconstrictor action.

The findings of increases in cutaneous blood
flow and skin temperature confirm Thomson’s
results® with cyclopropane, halothane, and
thiopental. He noted an immediate increase
in cutaneous blood flow following induction
of anesthesia, or prior to induction if the sub-
ject merely fell asleep. He suggested that the
mechanism responsible was the central inhibi-
tion of vasoconstrictor tone. It is surprising
that cyclopropane did not attenuate the in-
crease in cutaneous blood flow, because cu-
tancous vessels have only vasoconstrictor sym-
pathetic innervation,’® and cyclopropane is a
potent sympathetic stimulant.

The 5.6-fold increase in cutaneous blood
flow may have clinical significance in the redis-
tribution of cardiac output during anesthesia.
Assuming that skin is 1.2 mm thick?® with a
surface area of 1.8 m?, the estimated volume
of skin is 2.04 1. Our control cutaneous blood
flow was 7.3 ml/100 m] tissue/min. Total cu-
taneous flow is calculated at 146 ml/min, or
3.1 per cent of the control cardiac output.
The increase in cutaneous blood flow after in-
duction of anesthesia represents 16 per cent
of the cardiac output. Inherent in this calcu-
lation is the assumption that all cutaneous
blood vessels react like those in digital skin,
an assumption which has not yet been proven.

The immediate increases in cardiac output
and blood pressure which occurred as cyclo-
propane concentration was reduced probably
reflected improved ventricular function occur-
ring before mean right atrial pressure had
fallen. When ten minutes had elapsed, car-
diac output decreased to its previous value,
while mean right atrial pressure had fallen
further. The removal of cyclopropane from
the blood in the heart is more rapid than re-
moval from the peripheral venous bed because
bleod flow to heart muscle is far greater.
Hence, depression of the heart is reversed
more rapidly than constriction of the periph-
eral bed. Alternatively, Price et al.1% recently
have shown in the cat that sympathetic dis-
charge continues for several minutes after cy-
clopropane is discontinued, possibly maintain-
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TanLe 4. Finger (Skin) Blood Flow and Tem-
perature of Naive Subjects and of
Anesthesiologists (&1 SE)

Subjects Anesthesiologists
(n=7) (n =10)
Cutaneous blood
Flow, ml/100 ml
tissue/min 733 114 =+ 3.5, NS

Skin temperature
30.8 = 0.32] 32.2 £ 0.36,
P <0.001

ing peripheral vasomotor tone. A high pe-
ripheral venous tone due to this prolonged
sympathetic effect could maintain the filling
pressure of a more active myocardium (since
elimination of cyclopropane has commenced).
By ten minutes, sympathetic tone returns to
a lower level, allowing peripheral venous tone
to fall; the filling pressure falls further, and
cardiac output returns to normal.

The minor recovery of cardiovascular func-
tion with time during cyclopropane anesthesia
contrasts with the recovery seen during halo-
thane anesthesia by McGregor et al.,*® Dzutsch
et al,® and Eger et al.* In the last-men-
tioned study, marked recovery of cardiovascu-
lar depression occurred within five hours. The
minimal recovervy of cardiac output and oxy-
gen consumption we observed was due to an
increase in heart rate and a slight increase in
stroke volume. Slight decreases in mean right
atrial pressure and total peripheral resistance
also occurred.
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Kidney
DRUG NEPHROPATHY Salicylate and phenacetin were administered to 19
hydropenic dogs and the renal accumulation and distribution of the major metabolic
products, salicylate and N-acetyl-p-aminophenol (APAP) were studied. During
peak blood levels of salicylate and/or APAP, the kidneys were rapidly removed,
frozen, sliced from the cortex to the papillary tip, and analyzed for water, urea,

APAP and salicylate.

No renal medullary gradient for salicylate was found during

either dry or hydrated states. In contrast, both free and conjugated APAP concen-
trations increased sharply in the inner medulla during hydropenia, reaching at the
papillary tip a maximal value exceeding ten times the cortical concentration, a dis-
tribution similar to that of urca. Salicvlate had no effect on the APAP gradient,
but hydration markedly reduced both the APAP and urea gradients in the medulla.
The data indicate that APAP probably shares the same renal mechanisms of trans-

1

port and tion as

sive phenacetin may be related to high papillary concentration of APAP.

ide and urea, and that papillary necrosis from exces-

( Bluemlc,

L. W., Jr., and Goldberg, M.: Renal A

lation of Salicylate and P etin

Possible Mechanisms in the Nephropathy of Analgesic Abuse, ]. Clin. Invest. 47:

2507 (Nov.) 1968.)
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