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Splanchnic circulatory adjustments during gen-
eral anesthesia in man are difficult to assess in
the absence of precise information regarding the
depth of anesthesia and the regulation of gas
exchange. The vasoconstriction responsible for
the fall in hepatic blood flow that has been reported
by several investigators (1, 2) may be attributable
to the anesthetic agents themselves, to changes in
venous return following reduction in activity and
tone of skeletal muscles (3), to hypoxia or to
hypercapnia. Of all of these the last has been par-
ticularly difficult to detect and control (4). Now,
however, the availability of satisfactory muscle
relaxants (5) and the development of mechanical
devices for the maintenance of a suitable respira-
tory pattern (6) have made it possible to achieve
constancy in anesthetic level, oxygenation, and
carbon dioxide elimination. Comparable “steady
state” measurements of splanchnic hemodynamic
parameters can be made before and during hyper-
capnia, because ventilatory excursion and rate can
be fixed by artificial respiration after the adminis-
tration of neuromuscular blocking agents, and the
arterial carbon dioxide content can be altered as
desired by appropriate changes in the breathing
mixture. Under these circumstances, the volume
of blood held within the splanchnic vasculature is
determined only by local venomotor activity and
by the balance between arteriolar resistances. In-
terference by variations in intra-abdominal pres-
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sure that might otherwise arise from excessive
and unpredictable movements of the diaphragm
are eliminated. Data of value in elucidating the
vascular response to hypercapnia and anesthesia
may therefore be obtained from measurements of
splanchnic blood volume as well as blood flow
(7). 1In the study reported in this paper, me-
chanically controlled light anesthesia (thiopental-
nitrous oxide) alone appeared to have no effect
upon the splanchnic bed, suggesting that extrane-
ous factors may have been influential in producing
the changes previously ascribed to anesthesia. In
contrast, hypercapnia was associated with splanch-
nic vasoconstriction and with a reduction in
splanchnic blood volume that was consistent with
preponderant mesenteric and hepatic arteriolar
constriction, splanchnic venoconstriction, or both.

METHODS

The subjects for this study were 19 patients (9 male
and 10 female, between 21 and 60 years of age) from the
Surgical Service of the Presbyterian Hospital. None
presented clinical evidence of cardiovascular, renal, he-
patic or biliary tract disease. Each was examined in the
fasting state immediately prior to a scheduled operative
procedure of relatively short duration such as inguinal
herniorrhaphy, excision of pilonidal cyst or biopsy of
thyroid nodule. The effects of the preanesthetic medi-
cation alone were evaluated in 6. The effects of anes-
thesia and hypercapnia were studied in 13 subjects who
had been given 8 to 15 mg of morphine sulfate and 0.4 to
0.5 mg of scopolamine hydrobromide intravenously, de-
pending upon body weight, approximately 1 hour prior
to hepatic venous catheterization.

Following control determinations, light anesthesia was
induced by 150 to 400 mg of thiopental sodium given in-
travenously in divided doses and maintained by the ad-
ministration of a mixture of 70 per cent nitrous oxide
and 30 per cent oxygen, using an endotracheal tube with-
out rebreathing. A 1.0 per cent solution of succinyl-
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choline chloride in 5 per cent dextrose in water was
infused intravenously at a rate sufficient to maintain
apnea and immobility, permitting mechanical control of
respiration.

Ventilation of the apneic patient was controlled by a
“servorespirator” in which end-expiratory carbon diox-
ide tensions (PAco,) (Liston-Becker infrared analyzer)
automatically regulated the inflating pressure (6). This
device is capable of maintaining the arterial carbon diox-
ide tension (Paco.) within =3 mm Hg for hours under
the conditions employed in this study. After a period
of 10 to 20 minutes for stabilization of PAco, at approxi-
mately 40 mm Hg, all measurements (except total blood
volume) were repeated. The PaAco, was determined with
each breath and the Paco, was determined at 9- to 36-
minute intervals during multiple sampling periods.

After completion of sampling, the respirator was re-
set to maintain a PAco. of 60 mm Hg. This was ac-
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complished in 4 subjects by reduction of the inspiratory
pressures and in 9 subjects by the administration of a
mixture of 3 per cent carbon dioxide, 70 per cent nitrous
oxide and 27 per cent oxygen at essentially unchanged
inspiratory pressures. Approximately 10 minutes was
required to attain a new stable carbon dioxide tension.
All measurements were repeated after 5 to 15 minutes
at the altered PAco.. In 4 subjects the period prior to
anesthesia was omitted and the comparison made only
between an initial period of eucapnia and a subsequent
period of hypercapnia during anesthesia, while in 3 ad-
ditional subjects the sequence was reversed.

Hepatic blood flow (EHBF) was estimated by the
sulfobromophthalein (BSP) method (8), total blood
volume by radioactive iodinated serum albumin dilution,
circulating splanchnic blood volume (SBV) by the re-
gional dilution method (9), and arterial pressure by
auscultation. Mean arterial blood pressure (MBP) was

TABLE I

Effect of morphine and scopolamine given intravenously on splanchnic
hemodynamics and sulfobromophthalein removal *

Subject

Period Dose BSP EHBF MBP SVR SBV E% Cpsp
mg mg% ml/min mm Hg units ml ml/min
A Control 0.94 1,060 92 0.087 490 55.6 350
Scopol. 0.5 0.92 950 96 0.101 570 62.4 360
Morph. 10.0 1.01 840 94 0.112 480 62.8 320
B Control 1.03 1,120 92 0.082 750 53.9 350
Scopol. 0.5 0.99 1,200 94 0.078 650 52.5 360
Morph. 7.0 1.01 1,220 82 0.067 730 47.6 340
C Control 0.79 1,080 93 0.086 910 59.6 380
Scopol. 0.5 0.97 1,050 92 0.088 1,200 49.9 310
Morph. 10.0 1.08 910 89 0.098 830 52.9 280
D Control 0.68 1,560 89 0.057 1,110 56.8 460
Scopol. 0.5
and morph. 10.0 0.71 1,540 92 0.060 1,040 51.7 420
E Control 0.95 1,030 85 0.083 710 - 61.0 370
Scopol. 0.5
and morph. 10.0 0.97 1,040 86 0.083 750 62.7 370
F Control 0.67 1,620 83 0.051 1,130 53.8 510
Scopol. 0.5
and morph. 10.0 0.71 1,350 84 0.062 950 571.7 460
Mean Control 0.843 1,245 89 0.074 850 56.8 403
+ SD 0.370 269 4.2 0.015 250 2.7 66
Mean Scopol. 0914 1,150 88 0.080 797 55.9 365
=+ SD and morph. 0.399 270 4.6 0.022 196 6.1 66
Mean A +0.072 —95 —1.2 +0.006 —53 —09 —38
£+=SD A 0.277 147 49 0.013 76 5.9 35
t 0.64 1.6 0.6 1.1 1.7 0.37 2.62
P >0.05 >0.05 >0.05 > 0.05 >0.05 >0.05 <0.05

* After control measurements, Subjects A, B, and C received scopolamine and measurements were repeated within

26 minutes.

r Morphine was then administered and measurements completed within 24 minutes.
received morphine and scopolamine together and measurements were completed within 25 minutes.

Subjects D, E, and F
Abbreviations:

BSP, plasma sulfobromophthalein concentration; EHBF, estimated hepatic blood flow; MBP, mean arterial blood pres-
sure; SVR, splanchnic vascular resistance ; SBV, splanchnic blood volume; E%, sulfobromophthalein extraction percent-
age; Casp, sulfobromophthalein plasma clearance; SD, standard deviation.
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estimated to be the sum of diastolic plus one-third of the
pulse pressure. Hepatic BSP clearance (Cssp) was cal-
culated as the BSP removal rate divided by the pre-
vailing plasma concentration and was expressed as mil-
liliters of plasma cleared of BSP per minute. The
splanchnic vascular resistance (SVR) was expressed in
arbitrary units as the mean arterial blood pressure di-
vided by the hepatic blood flow. Possible changes in the
central venous pressure have been neglected in this cal-
culation.

Assiduous attempts were made to maintain a steady
state of anesthesia and arterial CO, tension. Measure-
ments of hemodynamic variables were discarded when
the simultaneous analysis of end-expiratory gas revealed
fluctuation of the PAco,. In addition, changes in the ar-
terial BSP concentration greater than 0.020 mg per 100
ml per minute were regarded as invalidating a measure-
ment of flow. All values presented in the tables are av-
erages of two or more determinations except in Subjects
1 and 3, in whom only one valid determination of EHBF
could be obtained during hypercapnia.

The arterial blood pH was determined anaerobically
at 37° C in a modified Cambridge glass electrode pH me-
ter (10) within 1 minute of sampling. Arterial plasma
CO, content, or in some cases the whole blood CO, con-
tent, was determined in the Kopp-Natelson microgasom-
eter (11). The Paco, was calculated from the nomogram

of Singer and Hastings (12). Arterial oxygen satura-
tions were determined in the microgasometer or by the
spectrophotometric method of Nahas (13). The effect
of BSP on the Nahas method was investigated and found
to be negligible in the concentrations employed (1 to 2
mg per 100 ml).

RESULTS
Effects of scopolamine and morphine (Table I)

Scopolamine alone (Subjects A, B, C) produced
no consistent changes. Morphine given after
(Subjects A, B, C) or simultaneously with sco-
polamine (Subjects D, E, F) produced reductions
of less than 10 per cent in EHBF and Cgsp.
Smythe and Gilmore (14), using the same meth-
ods, have also reported the absence of an effect of
morphine upon the splanchnic circulation in dogs.
The mean values for the various splanchnic cir-
culatory parameters (Table I) did not change
significantly after administration of scopolamine,
with or without morphine. It was concluded,
therefore, that the use of premedication would
not significantly alter the effects of anesthesia

Effect of nitrous oxide-succinylcholine anesthesia without hypercapnia on

TABLE It

splanchnic hemodynamics and sulfobromophthalein removal *

Subject Period Paco, BSP EHBF MBP SVR SBV E% Cpep
mm Hg mg% ml/min mm Hg units ml ml/min
1 Control 42 1.11 1,070 93 0.087 770 61.7 310
Anesth. 33 1.39 1,340 91 0.068 1,210 37.1 230
2 Control 0.65 1,640 95 0.058 71.8 660
Anesth. 0.72 1,640 120 0.073 67.9 600
3 Control 29 1.59 1,000 93 0.093 940 43.1 240
Anesth. 44 2.28 780 93 0.119 590 36.4 160
4 Control 36 0.91 1,440 93 0.065 1,320 59.5 410
Anesth. 38 0.63 2,110 103 0.049 1,260 51.5 590
5 Control 39 0.86 1,280 85 0.067 1,150 72.3 480
Anesth. 41 1.03 1,070 91 0.085 930 70.7 390
6 Control 1.30 820 85 0.104 700 62.1 290
Anesth. 1.53 1,170 122 0.104 950 44.5 260
Mean Control 37 1.07 1,208 90.7 0.079 976 61.8 398
=+ SD 5.6 0.34 303 4.4 0.018 248 10.5 155
Mean Anesth. 39 1.26 1,351 103.3 0.083 . 988 52.4 372
=+ SD 4.6 0.61 469 144 0.025 268 15.2 188
Mean A 2.5 0.193 143 12.7 0.004 12 —94 —26.7
+SD A 9.8 0.316 350 15.4 0.019 328 9.6 103.4
¢ 0.51 1.5 1.0 2.0 0.53 0.08 2.4 0.63
p < 0.7 0.2 0.4 0.1 0.7 0.9 0.1 0.6

* Abbreviations: Paco,, arterial carbon dixoide tension; otherwise as in Table 1.
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TABLE III

Effect of hypercapnia on splanchnic hemodynamics and sulfobromophthalein removal
during nitrous oxide-succinylcholine anesthesia *

Subject Period Paco, BSP EHBF MBP SVR SBV E% Cpsp
mm Hg mg% mg/min mm Hg unils ml ml/min
1 E 33 1.39 1,340 91 0.068 1,210 371 230
H 61 1.74 1,200 105 0.088 920 31.2 180
2 E 0.72 1,640 120 0.073 67.9 600
H 1.17 1,290 107 0.083 53.8 370
3 E 44 2.28 780 93 0.119 590 36.4 160
H 56 3.31 630 130 0.206 750 30.2 100
4 E 38 0.63 2,110 103 0.049 1,260 57.5 590
H 50 0.73 1,540 106 0.069 890 43.7 320
5 E 41 1.03 1,070 91 0.085 ) 70.7 390
H 59 0.96 1,140 120 0.105 56.0 330
6 E 32 1.53 1,170 122 0.104 38.3 250
H 57 1.54 800 112 0.140 39.6 170
7 E 36 3.13 520 84 0.162 910 40.0 120
H 61 2.85 550 97 0.176 470 29.1 90
8 E 38 1.43 1,430 98 0.069 560 24.2 220
H 54 1.36 1,350 96 0.071 600 19.5 170
9 E 36 1.75 470 80 0.170 1,100 65.2 170
H 51 2.11 490 83 0.167 920 43.1 110
10 E 39 1.14 1,710 77 0.045 1,530 29.6 270
H 54 0.87 1.030 92 0.089 1,130 50.3 270
11} E 40 0.83 980 101 0.103 12,90 80.7 450
H 54 0.70 890 97 0.109 760 78.7 400
12¢ E 44 1.09 1,120 80 0.071 660 55.4 350
H 56 0.87 1,330 102 0.077 740 50.6 370
13t E 39 2.38 590 89 0.151 570 43.1 150
H 63 2.24 450 81 0.180 540 63.7 160
Mean E 38.3 1.486 1,148 94.5 0.098 968 49.7 304
- £=S8D 3.8 0.404 515 14.8 0.043 357 184 168
Mean H 56.3 1.572 976 102.2 0.120 772 45.3 234
+SD 4.2 0.872 382 14.1 0.050 201 16.6 118
Mean A 18.0 0.086 —172 —17.6 0.0231 —196 —4.4 —70
+SD 5.9 0.389 256 16.2 0.024 244 13.3 89
t 10.7 0.80 2.42 1.7 3.36 2.54 1.2 2.83
p< 0.001 0.5 0.05 0.2 - 0.01 0.05 0.3 0.02

* Abbreviations: E, eucapnia; H, hypercapnia. Other abbreviations as in Tables I and I1.
t The period of hypercapnia preceded the period of eucapnia in these subjects.

and hypercapnia under the conditions of these
studies.

Effect of anesthesia and hypercapnia (Tables II
and III)

The arterial carbon dioxide temsion was not
changed by anesthesia alone in four subjects
(Table IT). The mean Paco, in 12 subjects dur-

ing eucapnia (E, Table IIT) was 38 mm Hg,
whereas that during hypercapnia was 56 mm Hg,
a change (p < 0.001) of 4 47 per cent. The rel-
atively constant deviations from the expected val-
ues of 40 and 60 mm Hg were largely explicable
on the basis of systematic errors in infrared CO,
monitoring attributable to nitrous oxide (15).
Arterial oxygen saturation during anesthesia
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was maintained at or above control values in all
cases, with the exception of Subject 5 in whom
values of 91 and 89 per cent were obtained by the
Nahas method. Subsequently this patient was
found to have an arterial oxygen saturation of 93
per cent at rest, as determined by Van Slyke anal-
ysis. The data obtained were consistent with
those of the 12 other subjects and were included
in the final summation.

Mean arterial blood pressure increased 13 mm
Hg on the average in 6 subjects (Table II) fol-
lowing the induction of anesthesia, and increased
8 mm Hg on the average in.13 anesthetized sub-
jects (Table IIT) folowing the elevation of Paco,.
Striking rises occurred in isolated instances.
However, neither average change was statistically
significant,

Estimated hepatic blood flow and the splanch-
nic vascular resistance did not change significantly
with the induction of anesthesia. The estimated
hepatic blood flow fell in 9 of the 13 subjects when
the arterial Pgo, rose. The mean fall in all 13
was 178 ml per mniute, or 15.4 per cent, a prob-
ably significant reduction (p < 0.05). The MBP
increased in each subject in whom EHBF rose
during hypercapnia. For the entire group, SVR
in arbitrary units rose 22.4 per cent (p < 0.01).
This value increased in 8 subjects and was un-
changed (less than 10 per cent variation) in 5.
It fell in none.

Splanchnic blood volume did not change sig-
nificantly on the average with anesthesia prior to
hypercapnia. Individual changes were erratic in
direction and extent. With elevation of Paco,
the mean SBYV fell from 983 to 772 ml, a change
of 211 ml or 21.4 per cent (p < 0.05). The SBV
fell in 6 patients, rose in 1, and was unchanged
(less than 10 per cent variation) in 3.

Sulfobromophthalein clearance was not signifi-
cantly altered by anesthesia. During hypercap-
nia, however, the mean Cpgp fell from 302 to 234
ml per minute, a reduction of 22 per cent (p <
0.02). The data in Table III for Subjects 11, 12
and 13 suggest that the impairment of BSP re-
moval by high carbon dioxide levels is not rap-
idly reversible.

DISCUSSION

No statistically significant alteration in splanch-
nic hemodynamics was observed in these sub-
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jects during anesthesia with thiopental and ni-
trous oxide maintained by controlled respiration
after intravenous administration of succinylcholine.
This finding appears to be at variance with the
results of previous studies in which hepatic blood
flow was observed to decrease during anesthesia
with cyclopropane (1), thiopental-nitrous oxide
(1) or thiopental-cyclopropane with d-tubocura-
rine paralysis (2). Superimposition of hypercap-
nia upon the anesthetic state resulted, however,
in a statistically significant increase in splanchnic
vascular resistance in association with a reduc-
tion in estimated hepatic blood flow except in those
instances in which the blood pressure rose. Since
hypercapnia is difficult to detect clinically without
direct measurement, and since it may have oc-
curred in the previous work owing to the use of
larger doses of thiopental or to the combination of
curare and cyclopropane, the earlier findings may
be attributable—at least in part—to undetected
hypercapnia. Hypoxia may have also been pres-
ent, especially when nitrous oxide was used. This
uncertainty points up the need for precise monitor-
ing and control of respiratory homeostasis during
physiological investigation in anesthetized animals
or man.

In the present study repeated determinations of
carbon dioxide and oxygen concentrations in the
blood provided a reliable basis for the appraisal
of the response to anesthesia and hypercapnia
separately, without need to allow for the possibility
of hypoxia. Nevertheless, the findings must be
interpreted with caution. Narcosis or light anes-
thesia may interfere with circulatory reactivity
without changing the pattern of adjustment at
rest. Thus, a striking susceptibility to orthostatic
hypotension develops following the intravenous
administration of morphine or thiopental in doses
too small to affect the arterial pressure in the re-
cumbent position (16, 17). The interference
with autonomic regulation implicit in this phe-
nomenon might be expected, on the one hand, to
minimize reactions that depend primarily upon
normal autonomic mediation, and on the other
hand, to predispose to excessive nonspecific re-
sponses that may dominate the results. Every
precaution was taken throughout the course of
this study to avoid shifts in position, vascular
compression or environmental factors that might
have had a disturbing influence. The character
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of the changes in the systemic circulation observed
during hypercapnia strongly suggests that the
anesthetic state did not, in fact, interfere, and
that the data may be assessed in terms of the ac-
tion of carbon dioxide alone.

Coincident with the rise in average arterial
Pco, from a control level of 38 to 56 mm Hg,
the arterial pressure tended to rise, the pulse rate
to quicken, and the skin of the face and torso to
flush. Anesthesia may have diminished the re-
sponse, and it is also possible that absence of hyper-
ventilation had a moderating effect. In any case,
both vasoconstriction and vasodilation were ob-
viously demonstrable, presumably indicating con-
tinued operation of the alleged cerebral and local
reactions to carbon dioxide. Within the splanch-
nic vasculature vasoconstriction predominated.
Calculated splanchnic vascular resistance increased
in almost every subject even when arterial pres-
sure rose sufficiently to maintain or increase
splanchnic blood flow. Under these circum-
stances, the change in resistance may be construed
with some confidence as evidence of active arteri-
olar constriction. The reduction in circulating
splanchnic blood volume could also be attributed
to this response.

The pressure responsible for the filling of the
splanchnic venous reservoir depends in the first
approximation upon the splenic, mesenteric, and
hepatic arteriolar resistances. Constriction of
mesenteric and splenic arterioles would lower the
portal venous pressure with a resultant automatic
shift of blood into the systemic circuit. Hyper-
capnia has been reported, however, to raise portal
venous pressure and to increase the intestinal ve-
nous tone in the experimental animal (18). It
may be inferred, therefore, that a similar change
occurs in man and that splanchnic venoconstric-
tion is largely responsible for the decrement in
volume.

The vasoconstrictive response to hypercapnia
appears to be mediated through the central nerv-
ous system. Several investigators (19-21) have
shown that an increased tension of carbon dioxide
in the blood perfusing splanchnic blood vessels
elicits a constrictive response only if the splanch-
nic nerve supply is intact. Following denerva-
tion, an elevated Paco, regularly induces dilata-
tion. Evidently this reflex pathway, unlike those
concerned in adjustment to posture and pain, is
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relatively unaffected by neuromuscular blockade
and general anesthesia—at least at the levels that
were employed in this study. Whether high con-
centrations of carbon dioxide could overcome the
opposing reflex impulses and dilate the vessels by
direct action remains unsettled, although Brickner,
Dowds, Willitts and Selkurt (22) have shown
that mesenteric vasodilation may occur in the in-
tact animal breathing gas mixtures that contain
more than 8 per cent carbon dioxide.

The fall in sulfobromophthalein clearance (of-
ten in association with diminished extraction)
may have been due to direct action of carbon diox-
ide upon the hepatic parenchymal cells. More
work is required to define this phenomenon in
terms of the mechanisms of BSP transfer (23)
and to evaluate the role of additional side effects
of carbon dioxide. Among these, the release of
catecholamines may be particularly important,
since epinephrine and norepinephrine may be ac-
tive both in complicating the hemodynamic
changes and in affecting hepatocellular activity.
Although thiopental anesthesia alone does not in-
crease the plasma concentration of catecholamines,
other agents, such as cyclopropane, do (24). It
is possible, therefore, that hypercapnia may elicit
a more profound or a totally different reaction
during anesthesia by drugs other than thiopental-
nitrous oxide. Just as hypercapnia may make it
difficult to unravel the changes produced by anes-
thesia, so anesthesia may complicate the under-
standing of hypercapnia.

SUMMARY

Estimated hepatic blood flow (sulfobromoph-
thalein method), splanchnic blood volume (re-
gional dilution method), calculated splanchnic vas-
cular resistance, and mean arterial pressure did
not change significantly or consistently during
light general anesthesia with thiopental and ni-
trous oxide, maintained by mechanically controlled
artificial respiration following neuromuscular
blockade with succinylcholine.  Hypercapnia
(Paco,, 56 mm Hg on the average) under these
circumstances resulted in a statistically significant
increment in mean calculated splanchnic vascu-
lar resistance. Estimated hepatic blood flow de-
creased, remained unchanged or rose depending
upon the behavior of the arterial pressure. The
average value for the circulating splanchnic blood
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volume also decreased significantly. These changes
were ascribed to a combination of arteriolar and
venous constriction. Sulfobromophthalein clear-
ance and extraction by the liver, although unaf-
fected by anesthesia, decreased significantly dur-
ing hypercapnia.
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