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PERIPHERALRESISTANCE, AND INTRATHORACIC
BLOODVOLUME1, 2

By BENJAMIN ETSTENAND T. H. LI 8

(From the Department of Anesthesia, Tufts College Medical School and New England Center
Hospital, Boston, Mass.)

(Submitted for publication August 13, 1954; accepted November 24, 1954)

Thiopental, monosodium 5-ethyl-5- (1-methyl-
butyl) -thiobarbiturate, is extensively used in
clinical anesthesia either as a primary anesthetic
agent for short surgical procedures or as a sup-
plementary drug in conjunction with other anes-
thetics. Fatalities have been attributed to its use
(1, 2) and cardiac arrest has occurred following
its administration to patients under spinal anes-
thesia (3).

Most of the information concerning the cardio-
circulatory effects of thiopental has been derived
from animal experimentation (4, 5). Although
there have been numerous clinical reports de-
scribing changes in blood pressure, pulse rate
and respiration during its administration, quanti-
tative investigations on the effect of this agent on
the cardiocirculatory dynamics in man are meagre
(6, 7). In view of its extensive use and the com-

plications ascribed to its administration, a critical
analysis of the hemodynamic changes which occur
at various levels of thiopental narcosis in patients
prior to surgery will form the basis of this com-
munication.

METHOD

Cardiac output and related hemodynamic determina-
tions were obtained on 14 patients prior to surgery.
These subjects were in good physical condition and had
no discernible cardiovascular or pulmonary disease (aver-
age age-41 years; range 14 to 60 years). The pre-
anesthetic dosage of morphine and scopolamine varied
according to the age, weight, and physical status. Ninety
minutes after a subcutaneous administration of morphine
(5.4 to 8.0 mgm.) and scopolamine (0.26 to 0.43 mgm.),

'Aided by a research grant from the National Insti-
tutes of Health, U. S. Public Health Service, No. H-1711
(C2).

2A preliminary report was presented at the meeting of
the Federation of American Societies for Experimental
Biology, Atlantic City, New Jersey, April 16, 1954.

8 Charlton Fellow-Tufts College Medical School.

the patient was brought to a quiet anesthesia preparation
room for study and was placed in the supine position
with one arm resting on a pillow above the angle of
Louis. A 15-gauge needle was placed in the median
basilic vein of the elevated arm and was connected with
a three-way stopcock for the administration of T-1824
(Evans Blue) and thiopental. A thin-walled 18-gauge
needle with stylet was inserted into the brachial artery of
the other arm for the collection of blood samples. Elec-
trocardiograph electrodes were appropriately placed and
electroencephalograph electrodes were positioned accord-
ing to the method of Kiersey, Bickford, and Faulconer
(8).

Control observations were made after a steady rest-
ing state was maintained for at least 30 minutes. It was
considered that a basal resting state was obtained only
when the pulse rate was below 84 per minute. An in-
travenous drip of 0.2 per cent thiopental was adminis-
tered slowly. The rate of flow was adjusted to produce
specific levels of anesthesia as defined by Kiersey, Bick-
ford, and Faulconer (8) and monitored by continuous
EEG tracings. The observations were correlated ac-
cording to the specific levels of narcosis as shown in the
following classification:

E.E.G. Pattern
0
I

II
III and IV

Level of Anesthesia
Control

Hypnosis
Light
Deep

The average duration of each study was two hours and
the total dosage of thiopental ranged from 0.6 to 1.0 gm.;
100 per cent oxygen was administered throughout the
procedure.

After specific levels of thiopental anesthesia were
maintained for 15 minutes, the following observations
were made: cardiac output, mean arterial pressure, total
peripheral resistance, stroke volume, mean circulation
time, intrathoracic blood volume, arterial oxygen con-
tent and capacity, carbon dioxide content and pH, and
electrocardiographic recording.

The cardiac output was determined by the dye dilution
technique (9). The injection of T-1824 in a 0.5 per
cent solution and collection of samples from the brachial
artery were carried out according to the modified
method of Etsten, Li, and Fisher (10, 11). The stand-
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ard deviation of the difference between the Fick and dye
methods was 12.7 per cent, and the standard deviation
for the difference of duplicate values of cardiac indexes
by the modified dye technique was 2.4 per cent (10, 11).
Brachial arterial pressure was measured by means of a
Statham strain gauge (model P-23A) and continuously
recorded on a multi-channel, direct-writing oscillograph
with a frequency response of 60 C.P.S. The mean ar-
terial pressure was determined by planimetry of the pulse
wave. Samples of arterial blood were drawn immediately
after the cardiac output determination for analysis of
oxygen content and capacity, carbon dioxide content, and
pH (Cambridge Electron Ray pH Meter-Research
Model). Values of the pH were accepted when the du-
plicates checked within a 0.02 unit. The carbon dioxide
tension was calculated from the carbon dioxide serum
content and pH values using the nomogram of Peters
and Van Slyke (12). The hematocrit was determined
by centrifuging the heparinized blood in Wintrobe tubes.
The following values were calculated from the formulae:

1. Cardiac output: The cardiac output was calculated
from the dye dilution curve according to the modified
method of Hamilton, Moore, Kinsman, and Spurling

(10, 13): F = 60X 10
: F represents the car-s X 00 -H~

diac output in liters per minute, I the amount of in-
jected dye in mgm., H the hematocrit (not corrected
for trapped plasma) and S the sum of all the dye concen-
trations in the primary circulation taken at 1-second
intervals.

A semi-log plot is made from the experimental data
and the value of S is obtained in the following manner
(10, 11, 14): S = A+ B. A equals the sum of CQ+ C2+
... CK, i.e., all dye concentrations in mgm. per liter ex-
cept the last term on the descending limb of the primary
curve before recirculation starts. This last term is
designated CK+1, and CK is the one just prior to this
last term. A straight line is extrapolated from CG, and
B equals the sum of the concentrations obtained from the
extrapolated portion of the descending limb of the curve.
The last three or more points of the primary circula-
tion fall on a straight line corresponding to an exponen-
tial fall in dye concentration. From these few points a
straight line is extrapolated to complete the graph of
the primary circulation. The sum of the dye concentra-
tions in this extrapolated portion of the graph is com-
puted by the formula for geometric series. B = IC+1
and is added to the sum of A; r is the ratio of any term
of the series to the preceding term.

2. Mean circulation time: The mean circulation time
is the time taken by the dye particle of average speed to
pass through the veins from the point of injection, the
right heart, the lungs, the left heart, and the arteries to
the point of sampling. It is calculated from the formula:

CITI+C2T2 + - -

. CxT+1 (T+1 + r

The T's represent the lengths of time between injection
and the sample at each second throughout the primary

curve until recirculation appears. The last term
CK+1 (TK+1 + rL) equals the sum of the products

of all extrapolated terms multiplied by time.
The mean circulation time was determined by plotting

on semi-logarithmic graph paper the concentration of
the dye in each sample against the time of collection of
the sample. The mean circulation time is in close agree-
ment to a vertical line that divides the area subtended by
the primary dye curve into two equal parts.

3. Intrathoracic blood volume (15, 16): The volume

calculated from the mean circulation time X C6O. repre-

sents the volume of circulating blood from the point of
injection of the dye in the peripheral arm veins, right
heart, pulmonary vasculature, the left heart and the ar-
teries to the point of sampling.

Intrathoracic blood volume (liters) = C XO.X M.C.T.,60
where C.O. = cardiac output in L. per min. and M.C.T. =
mean circulation time in seconds. Changes of the intra-
thoracic blood volume were not considered as significant
when they were less than 15 per cent of the control val-
ues (7, 17).

4. Total peripheral resistance:

T.P.R( dYnes- sec.)

Mean arterial blood pres. (mm. Hg) X 1,332
C.O. (cc./sec.)

The gradient was represented by the arterial pressure
only, since it has been found that the right auricular
pressure is unchanged during thiopental anesthesia (18).

5. Left ventricular work:
L.V.W (Kg.-meters per min.) = 0.0135 X C.O. (L. per

min.) X mean arterial blood pressure (mm. Hg)
6. Statistical analysis: The per cent change refers to

the mean per cent change of each group. Each patient
served as his own control. Only the control values for
those patients studied under a specific level of anesthesia
were used to calculate the per cent change found during
that specific level. The mean of the control values for
the whole group was not used to calculate the per cent
change found during any specific level of anesthesia since
some patients were not studied throughout all of the
levels.

The probability or "P" value was obtained by the
method of the Fisher's T-test.

RESULTS

The pertinent data are summarized in Table I;
the mean, the standard deviation, and the stand-
ard error of the mean of the absolute values are
shown in Table II; and the average percentage
changes during the different levels of thiopental
anesthesia are shown in Table III.

Cardiac index: The mean cardiac index during
the resting state was 3.37 L. per min. per M2 and
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TANLE I

Physical characteristics, hemodynamics, and arterial blood gas data before and during thiopental anesthesia in 14
patients prior to surgery

Pulse Mean Stroke Art.
Patient Sex Age B.S.A. 1.3.0. Rate Art.. C.O. C.I. Voluae T.P.R. L.V.W. H.C.T. I.B.V.1. Hct. 02 Sat. PCM

B.P. 2 PO

Tre. U2 Level Seats m H L/ain. L/sin/s c.c. Dye -mtr sec. LI.2 Mg5 370CC
7ain. sec-cs- smin.

1. R.L. F 59 1.64 Control 60 76 5.92 3.61 98 1030 6.0 23.0 1.38 38
1-2 60 79 6.11 3.73 102 1050 6.6 19.7 1.24 37
1-2 72 77 6.20 3.78 88 990 6.5 20.8 1.33 37

2. Z.N. N 50 1.75 Control 78 93 5.28 3.01 67 1410 6.6 18.1 0.91 42 -- - 7.S8
1-2 78 79 4.52 2.58 58 1400 4.8 19.1 0.82 41 91 65 7.22
3-5 90 78 4.67 2.65 52 1330 4.9 18.0 0.79 39 -- 42 7.42

3. A.S. F 49 1.53 Control 122 111 7.49 4.89 61 1180 11.2 10.2 0.83 41 92 52 5.35
Hypnosia 108 99 5.86 3.83 54 1350 7.8 9.6 0.61 40 96 54 7.34

1-2 88 105 4.43 2.89 50 1890 6.3 12.4 0.60 38 100 86 7.28
3-5 96 102 4.31 2.82 45 1890 5.9 14.9 0.70 37 t00o 6 7.26

4. I.L. 7 36 1.58 Control 65 75 7.35 4.65 113 820 7.4 16.1 1.25 37 96 47 7.34
3-5 63 77 5.50 3.48 87 1120 5.7 15.4 0.94 37 106 31 7.54
3-5 78 76 4.58 2.90 58 1330 4.7 12.3 0.59 36 110 76 7.35
3-5 90 78 5.15 3.26 57 1210 5.4 15.7 0.8" 36 117 57 7.32

5. 3.1. 7 28 1.63 Control 75 69 4.61 2.83 61 1200 4.3 20.7 0.97 37 96 46 7.36
1-2 75 64 3.69 2.26 49 1400 3.2 18.0 0.66 36 97 43 7.39
1-2 75 70 4.41 2.71 59 1270 4.2 21.6 0.78 35 105 37 7.50
3-5 85 50 3.52 2.16 41 1140 2.4 16.9 0.65 34 -- -- --

6. J.S. U 60 1.81 Hypnosis 56 100 6.26 3.45 112 1280 8.5 19.5 1.12 41 95 52 7.32
1-2 70 112 6.22 3.43 89 1440 9.4 .19.7 1.13 40 I00 56 7.25
3-5 90 128 5.04 2.77 56 2040 8.8 19.0 0.88 40 I06 56 7.33

7. N.D. F 60 1.60 Control 78 107 4.36 2.71 56 1960 6.3 14.5 0.69 42 93 -- --
1-2 96 137 4.09 2.56 43 2680 7.6 14.5 0.62 41 92 -- -

TA=L I-Continued

Pulse mesan Stroke Art.
ftatieat 8im Age 3.3.A. Z.1.G. Rate Art. C.O. C.!. Volume T.P.R. L.V.1. U.C.T. I.B.V.1. Sat. 02 sat. PCO2 PM

______ s~.P.__ _ __ _ _-

Tre. a2 Level seats m Ng ain; lain,'. C.C. 07",r-mnter sec. at.2370C_____ 'sn. aec-ca as.-
8s. C..0. a SG 1.86 Control 60 109 6.95 3.69 116 1250 10.2 22.6 1.39 42 94 43 7.40

Hypsoel 72 118 7.06 3.76 96 1340 11.3 22.1 1.38 41 94 -- --
1-2 70 102 6.05 3.22 86 1350 8.3 24.8 1.33 41 95 41 7.42
1-2 87 126 5.33 2.84 61 1690 9.1 19.4 0.92 40 103 143 7.41

9. T.C. U 34 1.77 Control 60 106 5.25 2.96 87 1610 7.5 18.6 0.92 51 93 44 7.40
Hypnosis 61 102 5.97 3.37 98 1370 8.2 20.4 1.14 51 -- - 7.37

10. IPF. a 39 1.95 Control 60 103 5.13 2.63 85 1620 7.1 21.8 0.95 48 - - -
Hypnosis .72 '103 5.72 2.92 79 1440 7.9 19.4 0.95 .47 - - -

1I. J.8. H 30 1.92 Control 72 96 6.60 3.44 92 1160 8.6 15.6 0.89 40
Hypnosis 62 100 6.79 3.53 109 1160 9.2 18.6 1.09 40 - -- -

1-2 78 90 5.18 2.70 66 1390 6.3 19.4 0.86 38
3-5 75 72 5.61 1 2.93 75 1030 5.5 21.4 0.99 37

12. T.D. U 14 2.00 Control 42 74 5.48 2.74 130 1080 5.5 27.9 1.27 46 - -- -
______ ~~~~Hypnosis 53 85 5.50 2.75 104 1230 6.3 24.5 1.13 46 - - -

13. A.F. F 20 1.42 Control 76 107 5.06 3.57 67 1690 7.3 12.8 0.76 37
1-2 101 -- 4.87 3.43 48 -- -- 12.9 0.74 36 101 47 7.34

14. A.M. H 47 1.77 Control 70 120 5.42 3.08 77 1770 5.8 24.9 1.27 45 - -- -Hypnosis 75 117 5.19 2.95 69 1800 8.2 20.9 1.02 43 95 42 7.41
3-5 100 130 4.17 2.36 42 12490 7.3 19.6 0.77 43 99 59 17.31

B.S.A. - Body Surface Area

3.1.G. - Electro-encephalograph

T.P.R. - Total Peripberal Resistance

L.V.W. - Left Ventricular Work

H.C.T.

1.S. V.I1.

set.

- Mean Circulation Time

- Intratboracic Blood Volum lade:
- lMemtocrlt

the standard deviation of the sample was ±+ 0.72 was characterized by the typical EEGbarbiturate
L. per min. per M2. This value compares favor- sleep pattern. The patient was somnolent but
ably with those reported by other investigators would respond by awakening to a strong extra-
(Table IV). The cardiac index did not change neous stimulus.
significantly during the state of thiopental hyp- The mean cardiac index during light surgical
nosis (P > 0.9) (10). The state of hypnosis anesthesia was 3.01 L. p~er min. per M2 (S.D. ±+
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TABLE II

Average absolute values during thiopental anesthesia

1 Resting State Hypnosis | urgicAl Anestbesia
(Post Sedation) Llght Deep

C.I. 3.37 + 0.20* 3.32 +1 0.14 3.01 + 0.14 2.81 + 0.13
L/sin/M2) ± 0.72** + 0.40 + 0s50 0.41

T.P.R. 1340 + 100 1370 + 60 1520 + 140 1510 + 170
(Dynes-sec.csm5) ; 350 180 470 500

lntrath2r. Bl. Vol. Index 1.04 + 0.07 1.06 + 0.08 0.92 + 0.07 0.81 + 0.04
(L/M) I 0.:24 T 0.22 ± 0.24 _ 0.12

Stroke Vol. 86 + 6 91 + 10 67 + 6 57 + 5
(c.c.) ±24 - 25 ± 19 15

Mean B.P. 96 + 5 103 + 4 95 + 7 88 + 9
(sm /g._ 17 ±24 ± 27

L.V.W. 7.46 + 0.56 8.43 + 0.50 6.57 + Q.59 5.62 + 0.58
(Kgs-ieters/ain.) ± 1.97 T 1.42 ± 1.97 + 1.73

Pulse Rate 71 + 5 70 + 6 79 + 3 85 + 3
(per0mn.) + 19 + 16 ±12 ±11

M.C.T. 19.0 + 1.4 19.4 + 1.6 18.3 + 1.0 17.6 + 1.2
(sec.) ± 5.1 4.4 ± 3.5 3.

Hematocrit 42.0 + 1.6 43.6 + 1.4 38.3 + 0.6 37.7 + 0.9
(%) ±5.1 ± 4.0 ± 2.2 ± 2.6

46.0 + 1.2 49.0 + 3.9 52.0 + 4.1 53.0 + 5.6p s.Hlg.) ±; 2.7 ± 6.7 ± 10.9 ± 15.7
pH 370 C. 7.41 + 0.04 7.36 + 0.02 7.33 + 0.03 7.36 + 0.04

_ 0.09 T 0.04 ± 0.08 T 0.13
02 Saturation 94.0 + 0.7 95.0 + 0.4 97.8 + 1.8 108.2 + 2.74 (%0 ± 1.7 T 0.8 ± 5.0 ± 7.8

*Standard Irror of the Mas
"Standard Deviatlon

0.50), and during deep surgical anesthesia was
2.81 L. per min. per M2 with a standard deviation
of + 0.41 L. per min. per M2, as compared to the
mean value during the resting state of 3.37 L. per
min. per M2 with a standard deviation of ± 0.72
L. per min. per M2 (Table II). The average de-
crease of the cardiac index during the light level
of anesthesia was 12 per cent (P > 0.3) and dur-
ing the deep level of surgical anesthesia was 25.4
per cent (P < 0.001) (Figure 1). Six of the 12
cardiac output values during light surgical anes-
thesia were reduced 12 per cent below the resting
state, and all of the 9 determinations during the
deep surgical anesthesia fell below the 12 per cent
level (range: 12 to 42 per cent).

Intrathoracic blood volume: The mean intra-
thoracic blood volume index during the resting
state was 1.038 L. per min. per M2 with a stand-
ard deviation of + 0.238 L. per min. per M2. It
was not significantly changed during the state of
hypnosis. Nine of the 12 determinations of the
values of the intrathoracic blood volume during
the light surgical anesthesia were not significantly

changed. The mean value was 12.5 per cent
(P < 0.05) below the resting value. Eight of the
nine determinations during the deep level fell be-
low 13 per cent. The mean value was reduced 23
per cent (P < 0.001) below the control value and
the range of reduction was 13 to 52 per cent.

Stroke volume: The mean value dropped from
86 cc. (resting state) to 66.5 cc. ± 19.4 (S.D.)
at the light level and 57.1 cc. ± 15.4 (S.D.) at
the deep level of anesthesia. Analysis of the
percentage changes during the anesthesia levels
compared with the resting state showed that the
stroke volume was reduced 20 per cent during
light anesthesia (P < 0.01) and 35 per cent dur-
ing deep anesthesia (P < 0.001). Nine of the 11
determinations of the values of the stroke volume
during light surgical anesthesia were reduced 13
to 47 per cent and the values during the deep
level ranged from 19 to 50 per cent below the
resting state.

Total peripheral resistance: The calculated mean
total peripheral resistance during the resting state
was 1,340 dynes-sec.-cm.-5 with a standard devia-
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TABLE III

Hemodynmic changes: thiopental *

% Change

Hypnosis Surgical Anesthesia

Light Deep

C.I. + 0.5% - 11.6% - 25.4%
L/min/112

T.P.R. + 1.8% + 18.7% + 31.7%
Dynes-sec.-cm-5

Intrathor. Bl. Vol. - 1.8% - 12.5% - 23.0%
Index L/M2 _______

Stroke Volume - 4.8% - 19.8% - 35.2%

Mean B.P. + 1.5% + 2.1% - 3.6%
mm. Hg

L.V.W. + 2.3% - 9.6% - 28.1%
Kgm.-meters/min.

Pulse Rate + 7.1% + 11.9% + 18.8%
per min.

M.C.T. - 2.7% + 0.3 % + 3.7%
sec.

* The mean percentage change of each group includes only those patients
who were studied during a specific level of anesthesia. The individual per
cent change calculated for a specific level of anesthesia refers to the resting
values of the same individual and not to the mean of the control values for
the entire group.

TABLE IV

Cardiac xidex: restng state

c.I. I/min/M2
Method Author Nwnber

Mean i S.E. S.D.

Stead et al, 19L4 (19) 18 3.37 j 0.57

Cournad et al, 194e5 (20) 30 3.31 4 o.54

Sancetta et al, 1952 (21) 10 3.37

Doyle et al, 1953 (22) 53 3.50 * 0.30

53 3.20 0.20
Doyle et a1, 1953 (22)

{ 10 3.20 4 0.23 4 0.70

Dyh7 3.29 i 0.07 i, 0*49
Etsten and Iii, 1954 (10o,1)

I
| 3.37 4 0.18 4 o.58

* Thiopental hypnosis
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CARDIAC INDEX: THIOPENTAL

+10 P> 0.9

(7)

o- - s P>0.3
'1.

. \\ (12)

\\ P<O.OOI
-20- \\4 (9)

-30 { S.E.x2

-40-
RESTING HYPNOSIS LIGHT DEEP
STATE

SURGICAL
ANESTHESIA

FIGURE 1

Mean arterial blood pressure: The mean ar-
terial blood pressure was 96 mm. Hg with a stand-
ard deviation of + 16.9 mm. Hg during the rest-
ing state; it did not change significantly during
any level of surgical anesthesia (P > 0.9) (Tables
II and III).

Pulse rate: The pulse rate during the resting
state ranged from 60 to 84 with a mean value of
71 per minute (S.D. + 19). The mean pulse
rate was 70 per minute with a standard deviation
of ± 16 (P > 0.6) during hypnosis, 79 per min-
ute (S.D. ± 12) (P > 0.05) during light anes-
thesia, and 85 per minute (S.D. ± 11) (P <
0.01) during deep anesthesia (Table II). The
average increase of pulse rate during hypnosis
was 7.1 per cent (seven determinations) (P >
0.5) ; during light anesthesia the increase was 11.9
per cent (twelve determinations) (P > 0.05).
Both changes were not statistically significant.
During deep surgical anesthesia, however, the

tion of ± 350. During the state of hypnosis the
mean value was 1,370 dynes-sec.-cm.-5 with a
standard deviation of ± 180 (P > 0.6). During
light surgical anesthesia the total peripheral re-
sistance increased 19 per cent (P < 0.01) and
during deep anesthesia 32 per cent (P < 0.01)
(Tables II and III).

THIOPENTAL HEMODYNAMICCHANGES
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average increase (nine determinations) was 18.8
per cent (P < 0.02).

Left ventriular zvork: The left ventricular work
ranged from 4.3 to 11.2 Kg.-meters per minute
with a mean value of 7.46 Kg.-meters per minute.
During hypnosis the average change was an in-
crease of 2.3 per cent (P > 0.5). During light
surgical anesthesia, the left ventricular work de-
creased 9.6 per cent (P > 0.1) and during deep
anesthesia the left ventricular work was reduced
28 per cent (S.D. + 15 per cent) (P < 0.001)
(Tables II and III).

Mean circulation time: The mean circulation
time was 19 seconds with a standard deviation of
± 5 seconds during the resting state. There was

THIOPENTAL
1.6 LI

DE

i.4

1.2

0*

o.8o

()!

no significant change in the mean circulation time
during the three levels of thiopental anesthesia
(Table II), the average changes ranging from
-2.7 to + 3.7 per cent.

Oxygen saturation: The oxygen saturation
ranged from 92 to 96 per cent during the resting
state and ranged from 95 to 108 per cent through-
out all the levels of surgical anesthesia (Tables I
and II).

Carbon dioxide tension: The mean pCO2 dur-
ing the resting state was 46 mm. Hg with a stand-
ard deviation of + 2.74 mm. Hg. During hyp-
nosis the average pCO2 value was 49 mm. Hg;
during light anesthesia was 52 mm. Hg; and dur-
ing deep surgical anesthesia was 53 mm. Hg

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
HEART RATE

FIG. 4. THE EFFECT OF THIOPENTAL ANESTHESIA ON THE STROKEVOLUME
AND HEARTRATE

Each point represents a departure from the resting state, indicating the
value of the stroke volume and the heart rate at different levels of thio-
pental anesthesia. Heart rate and stroke volume are expressed each as a
fraction of the resting value, which is indicated by the cross (+) at the
point 1.0, 1.0. All the other points are the experimental values in reference
to the resting value. The solid line is a rectangular hyperbola passing
through the cross. This solid line consists of points where the product of
heart rate and stroke volume, or the cardiac output, is constant and normal.
The broken line represents a reduction of the cardiac output, 20 per cent
below the resting value. Open circles: light and closed circles: deep thio-
pental anesthesia. During the light and deep thiopental anesthesia the stroke
volume was decreased and heart rate increased with the resultant cardiac
output values scattering more or less uniformly around the broken line,
i.e., 20 per cent below the resting value.
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(Tables I and II). These values ranged from
31 to 66 (seven determinations during light and
eight determinations during deep surgical anes-
thesia). In three experiments there was a slight
increase in pCO2. In all the other experiments
there was either no change or even a slight de-
crease. All the variations of the pCO2 during
thiopental anesthesia were statistically insignifi-
cant (P > 0.1).

Correlation of cardiac index, intrathoracic blood
volume, and stroke volume: Since the cardiac in-
dex, intrathoracic blood volume index, and stroke
volume were all reduced (Figure 2) during surgi-
cal anesthesia, it was deemed worthwhile to de-
termine the correlation coefficient among these
three variables. The correlation coefficient be-
tween the cardiac index and intrathoracic blood
volume index was + 0.703 and between cardiac
output and stroke volume was ± 0.858 (Figure 3,
a and b). There was also a positive correlation
between the intrathoracic blood volume and stroke
volume (r = + 0.765).

Relationship of the stroke volume and pulse rate
to the cardiac output during thiopental anesthesia:
The usual inverse relationship between pulse rate
and stroke volume was not well maintained during
thiopental anesthesia. Although the mean in-
crease of the pulse rate was 18 per cent, the change
was not sufficient to compensate for the lowered
stroke volume. This is shown in Figure 4.

DISCUSSION

The hemodynamic changes observed in patients
during thiopental anesthesia varied with the levels
of narcosis. The cardiac output, stroke volume,
and intrathoracic blood volume were progressively
reduced as the level of anesthesia deepened (23).
Since thiopental was given slowly in low concen-
tration (0.2 per cent), respiratory depression and
obstruction were avoided. Marked variations of
respiratory exchange (24), therefore, can be ex-
cluded as a factor in causing lowered cardiac out-
put and lowered intrathoracic blood volume or in
concealing changes in the effective auricular filling
pressure. Since the central venous and left au-
ricular pressures (18, 25) are not elevated during
thiopental anesthesia, it is reasonable to state that
the decrease in cardiac output is not the result of
depression of the heart as a pump.

The effect of thiopental on metabolism may be a
possible cause for the decrease in cardiac output.
Total body oxygen consumption is lowered by 15
per cent (26), and cerebral metabolism is de-
creased during thiopental anesthesia (27, 28).
The lowered requirements of oxygen for tissue
metabolism may be partly responsible for the
reduction of the cardiac output.

A more likely cause for the lowering of the
cardiac output during thiopental anesthesia is a
redistribution of the circulatory blood volume.
This concept is based on the finding of a positive
correlation between the cardiac output, stroke vol-
ume, and intrathoracic blood volume (Figure 2).

The intrathoracic blood volume refers to the
volume of blood in the basilic vein at the point of
insertion of the dye in the heart, lungs and intra-
thoracic vessels and artery to the point of sampling,
frequently designated as the "central blood vol-
ume."9 Since the amount of blood in the major
arteries is presumably quite constant (7, 29, 30)
and the source of error related to the variation in
volume in the venous system from the point of in-
jection of the dye to the heart is negligible in re-
lation to the volume measured (13), we believe
that our measurements of the intrathoracic blood
volume mirror changes in the "central pool" of
blood which occur during the phases of this study.

It is realized that there are limitations to the
method of calculating the intrathoracic blood vol-
ume (17). However, Nylin found a close corre-
lation between the heart volume and the type of
dilution curves obtained in normal persons. He
also found a close correlation between the results
obtained by biplane radiography and the dilution
technique (31). The accuracy of the principle
employed for the calculation of the "central blood
volume" is obviously limited by the accuracy with
which the blood flow and the mean circulation
time can be measured. Since the mean circulation
time remains constant in each subject during all
the levels of narcosis, the comparative values of
these physiologic volumes are considered as
significant.

There are other reports that can be considered
in support of this viewpoint. Johnson (7) by
means of the dye dilution method found a positive
correlation between the lowered cardiac output
and central blood volume during spinal and "nar-
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kotal" anesthesia. He also determined the pul-
monary blood volume in patients before and dur-
ing barbiturate anesthesia by injecting dye into
the pulmonary artery and collecting blood samples
from the brachial artery. Our values for the.in-
trathoracic blood volume obtained by injecting
dye into an antecubital vein showed a similar per
cent change during deep thiopental anesthesia.
Kopelman and Lee (32) compared the values for
the "central pool" obtained by injecting dye into
the pulmonary artery in one group of patients and
by injecting dye into an antecubital vein in another
similar group. They found the same per cent
change with each method. Sjostrand demon-
strated a direct relationship of the central blood
volume to stroke volume and the cardiac output
(29).

It is, therefore, reasonable to postulate that
the decrease in intrathoracic blood volume, stroke
volume, and cardiac output is caused by a re-
distribution and pooling of blood in the peripheral
circulation that results in a diminished venous re-
turn to the heart, hence the reduced cardiac out-
put. Such pooling could be caused by an increase
in total vascular capacity. The progressive de-
crease in hematocrit characteristic of barbiturate
anesthesia is highly suggestive of hemodilution
and an increase of total vascular capacity (33-36)
(Table II). The blockade of vasoconstrictor re-
flexes during thiopental anesthesia (25) may also
be a contributing factor to the pooling.

Further evidence supporting the concept that
the circulating blood volume is redistributed dur-
ing thiopental or other barbiturate anesthesia ap-
pears in the literature. It was reported that blood
flow through the mesenteric and femoral vessels
was diminished (37); that the spleen was en-
larged (33); that cerebral utilization of oxygen
was depressed in spite of the maintenance of an
adequate blood flow (27, 28, 38); that vasocon-
striction occurred in the liver and kidney associ-
ated with a decrease in hepatic and renal blood
flow (39, 40); that depression of vasomotion and
capillary venous output in dogs' omentum was as-
sociated with a sluggish venous return of blood
as anesthesia deepened (34, 35); and that a pro-
found vasodilation occurred in the skin and muscle
as found by means of water plethysmography, al-
though the blood pressure was unchanged (36).

On the other hand, Greisheimer and his co-

workers (5) reported an increase in cardiac out-
put by means of the cuvette oximeter during thio-
pental anesthesia in dogs. It is known that the
rapid intravenous administration of a 2 to 5 per
cent concentration of this drug depresses alveolar
ventilation (24, 41), resulting in an elevated ar-
terial pCO2. The discrepancy, therefore, between
our findings and those of Greisheimer can most
likely be explained by the influence of increased
arterial pCO2 (41), species difference, and pos-
sibly the difference in technique.

In contrast to the findings of a reduction in
cardiac output, intrathoracic blood volume, and
stroke volume during deep surgical anesthesia,
there were no significant changes during thiopental
hypnosis. It was found that by means of a slow
infusion of a dilute concentration of thiopental
(0.2 per cent), a steady basal state (hypnosis)
could be produced in human subjects for the pur-
pose of investigation. Throughout all the stages
of narcosis, the mean arterial pressure was main-
tained at normal levels (Figure 2, Table III),
presumably by the compensatory increase in total
peripheral resistance.

SUMMARYAND CONCLUSION

The changes of the cardiac output and related
hemodynamics were evaluated in 14 patients an-
esthetized with thiopental. The cardiac output
was unchanged during the state of hypnosis and
reduced 25 per cent (S.D. + 10 per cent) dur-
ing deep surgical anesthesia. The changes in the
"intrathoracic blood volume" and stroke volume
paralleled the changes of the cardiac output. The
reduction in "intrathoracic blood volume" found
during surgical anesthesia most likely represents
the reduction in the central blood pool. It is be-
lieved that the reduction in "intrathoracic blood
volume" and stroke volume may be the result of
the redistribution and pooling of blood, causing a

diminished venous return to the heart.
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