
ANALYSIS OF RESPIRATORY ACIDOSIS DURING ANESTHESIA*
ROBERT G. ELLISON, M.D., Lois T. ELLISON, M.D. AND WM. F. HAMILTON. PH.D.

AUGUSTA, GEORGIA

FROM THE DEPARTMENT OF THORACIC SURGERY AND DEPARTMENT OF PHYSIOLOGY, MEDICAL COLLEGE OF GEORGIA, AUGUSTA, GA

THE OCCURRENCE OF respiratory acidosis
as an accompaniment of thoracic surgical
procedures has been demonstrated by nu-
merous investigators.2 3, 9-12,15,18, 28, 29 It is
generally agreed that impaired alveolar
ventilation is responsible for carbon diox-
ide retention, but there has been consider-
able disagreement in regard to the under-
lying cause or causes of diminished alveolar
ventilation. Beecher2-4 stressed the harmful
effects of the lateral position and gave re-
sults to indicate that acidosis does not occur
in the supine or prone (Overholt) position
with ether anesthesia.3' 4Acidosis occurring
in the prone position, however, is reported
by Etstein.10 Maier'5 not only found a low-
ered pH in his patients before they were
turned, but also noted a marked degree of
acidosis in some cases during abdominal
operations done in the supine position. This
respiratory acidosis is believed to be due to
the depressant action of ether by Taylor
and Roos,29 the open pneumothorax by Gib-
bon and associates,12 and rebreathing of
CO2 in the anesthesia system in the pres-
ence of a low tidal volume by Stormont.28

This study was undertaken in order to
determine if respiratory acidosis occurred
under the conditions of our anesthesia, and
perhaps to clarify factors responsible for it.
The majority of patients chosen were those
undergoing thoracic surgery; position, open-
ing of the pleura, assisting of respiration,
etc. were carefully analyzed. These studies
were also carried out in a smaller group of

general surgical patients to study CO2
elimination with the patient in the supine
position.

METHODS

Anesthesia. All anesthetics were adminis-
tered by physician anesthetists of the De-
partment of Anesthesiology at the Medical
College of Georgia, or by members of the
resident staff under their supervision. The
usual premedication was pentobarbital so-
dium 50 to 100 mg., and scopolamine, 0.3
to 0.4 mg. subcutaneously. Induction was
usually carried out by an intravenous injec-
tion of evipal sodium, 350 to 500 mg., and
syncurine, 2.8 to 4.0 mg. An endotracheal
tube with cuff was inserted and anesthe-
sia continued, using the circle absorption
method with a N20-02 mixture for the first
few minutes, and then anesthesia main-
tained with C3H6-02. During the last 10 to
15 minutes of anesthesia, N20-02 and a
semi-closed system were employed. Manual
assistance to respiration was used when
thought necessary by the anesthetist.

This general procedure was altered in
certain cases. Occasionally N20 was not
used in the initial period. In Case 10, a to
and fro system was employed. In five cases
an intravenous injection of evipal was ad-
ministered, followed by 20 to 40 mg. of
succinylcholine. In three cases a face mask
was used, induction in two of these being
carried out by intravenous administration
of 200 to 250 mg. of 2.5 per cent solution of
pentothal sodium, and in the other by cy-
clopropane alone.
Time of Sampling. To facilitate interpre-

taition of results the procedure was arbi-
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TABLE I. Summary of Mean Arterial pCO2 Values and Statistical Analysis of Results.

Mean
No. Arterial
of pCOs Standard

Values mm. Hg Error Statistical Significance

Normals . .............. 34 41 .3 0.26 Significantly less than all values during anesthiesia
p <0.001

Stage I ........................... (35)
A No N`O....... 14 69.0 4.5
B N20 ............. 21 149.6 7.5 Significantly greater than Stage I A. p<0.00l

Stage II.......... .. ....... (83) 98.3 3.4 Significantly greater than Stage I A. p <0.001
Significantly less than Stage I B. p <0.001

A Chest Cases...... 61 100.1 3.5
B Non-chest Cases. 22 93.5 8.0 Not significantly different p =0.424
C NoN2O.......... 25 92.1 5.3
D N20 ............. 58 101.0 4.0 Not significantly different p =0.194

Stage III . .............. 14 175.9 3.7
Stage IV . .............. 10 79.2 6.7

(Average 1.5 minutes after extuba-
tion or mask removal)

Stage V . ........ 16 57.5 2.7 Probably significantly less than Stage IV.
(Average 10 minutes after extuba- p=0.003

tion or mask removal)

trarily divided into five periods. (1) The
first 25 minutes after induction of anesthe-
sia; (2) the "middle" period of anesthesia
when the patient was maintained on cyclo-
propane; (3) the latter portion, after the
switch to N20-02 and a semi-closed system
and before extubation or mask removal; (4)
within five minutes after extubation or mask
removal, and (5) five to 28 minutes after
extubation or mask removal. Blood samples
were not obtained during every period in
all cases. In most instances an additional
sample was obtained either before or sev-
eral days after the operation, these results
being referred to as "normals."*

Chemical Analysis. Blood samples were
withdrawn anaerobically from an indwell-
ing arterial needle placed in the brachial
artery immediately after induction of anes-
thesia. The syringe was lightly oiled and the
sides wet with a 50-50 solution of heparin
sodium and 4 per cent sodium fluoride in
physiological saline. A few drops of this so-
lution plus a small amount of mercury for
mixing were left in the syringe. The blood

was immediately placed on ice until analy-
ses could be completed.

Duplicate analyses for total CO2 and 02
content were performed, using the method
of Van Slyke and Neill,30 checks of 0.3 vol-
umes per cent being required. CO2 content
of whole blood was converted to plasma
CO2 content.31 No correction for the pres-
ence of the anesthetic gases (N20 and
C3H6) was required.19 The oxygen capac-
ity was determined by oxygen analysis after
equilibration of the blood with room air for
20 minutes, or in some instances calculation
from the hematocrit.20
The CO2 tension was determined in du-

plicate by the method of Riley et al.22 The
maximal variation of duplicate samples was
+ 6 mm. Hg in the range below 100 mm.
Hg, and although above this occasionally
checks to only 10 mm. Hg were obtained,
much closer checks in both ranges were the
rule. On the unanesthetized patient the
analyst's alveolar air was used, but during
the anesthesia under conditions of high oxy-
genation a sample of the patient's expired
air was obtained from the expiratory tube
of the anesthetic apparatus to make the
bubble for equilibration. The pCO2 was
converted to volumes per cent by multiply-
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ing by 0.06967 and the bicarbonate was ob-
tained by subtracting this value from the
total CO2 content.
The pH of plasma was then calculated by

the Henderson-Hesselbach equation:21

(BHCO3)-
pH 6.11 + log

H2C03

The whole blood buffer base was calcu-
lated from the plasma bicarbonate and the
pH, using the nomogram of Singer and Has-
tings.24

Ventilatory Studies. On 15 cases the re-

spiratory minute volume was obtained using
an apparatus described by Maloney et al.16
In one case29 a Kreiselman bellows14
equipped to write on a drum was used to
record total ventilation. The effective alve-
olar ventilation was calculated by the for-
mula: effective alveolar ventilation = (tidal
air - dead space) X respiratory rate; 150
cc. was arbitrarily used as the dead space

in all patients.

RESULTS

Forty-four patients, 31 chest and 13 non-

chest cases, were studied during operation.
The thoracic cases included two pneumo-

nectomies, seven lobectomies, seven thora-
coplastics, one division of a patent ductus
arteriosus, one Blalock operation for Tetral-
ogy of Fallot, four thoracotomies, four eso-

phageal resections, two cardioplasties, two
diaphragmatic hernia repairs, and one medi-
astinal tumor. The non-thoracic cases were

two thyroidectomies, three gastric resec-

tions, one colon resection, three resections
of mandible, maxillae, or nose; one total ab-
dominal hysterectomy, one vaginal hyster-
ectomy and right salpingo-oophorectomy,
and two operations on the lower extremity.
Chest operations were done in the lateral
position, general surgery in the supine posi-
tion, one gynecological procedure in the
Trendelenburg position, and the other in
Trendelenburg and lithotomy positions. In
one orthopedic case the patient was supine

while in the other the prone position was

used.
Table I is a summary of the mean pCO2

values during different periods of anesthe-
sia with a statistical analysis. The pCO2,
rather than the pH, was used to indicate
the degree of acidosis. We feel justified in
doing this because (1) the pCO2 was deter-
mined directly, (2) in no case did the bicar-
bonate level significantly alter the pH and
(3) the arterial pCO2 level is a reflection
of the efficiency of alveolar ventilation be-
cause it equals the mean of the entire range

of alveolar CO2 pressure existing in differ-
ent parts of the lung and at different mo-

ments in the ventilatory cycle.23
The mean pCO2 for the "normals" was

41.3 mm. Hg with a range of 28.6 to 54.9.
The mean pH was 7.39 with a range of 7.36
to 7.51.
CO2 retention occurred in all cases. In

the majority the maximal pCO2 was 100
mm. Hg, and in many cases a peak of 175
to 200 mm. Hg was reached. All initial
PCO2 values were elevated well above nor-

mal. The earliest sample, taken five minutes
after beginning of the injection of evipal
sodium (Case 35), was 167 mm. Hg. Many
cases reached a high level within a few
minutes after induction, with values de-
creasing gradually during the procedure,
while in other cases there was a tendency
for CO2 retention to increase during the
procedure. The sudden initial increase in
arterial pCO2 evidently was related to de-
creased ventilation associated with respira-
tory depression as the result of evipal and
syncurine or succinylcholine. Approximately
the same elevation in pCO2 occurred with
syncurine as with succinylcholine. How-
ever, in Stage I a significant rise in the
pCO2 occurred when N20 was given. The
mean pCO2 without the gas was 69.0 mm.
Hg, with the gas 149.6 mm. Hg, the differ-
ence being 80.6 mm. Hg. This difference is

statistically significant (p < 0.001).
The mean arterial pCO2 for Stage II was

98.3 mm. Hg. There was no significant dif-
377
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EFFECTIVE ALVEOLAR VENTILATION
AND ARTERIAL pCO2 WHEN PATIENT IS BEING MAINTAINED

ON CYCLOPROPANE

60 80 too 120 140 160 180 200 220

CO2 mm. Hg

FIG. 1. Effective alveolar ventilation and arterial pCO2 when patient is being maintained
on cyclopropane.

ference (p- 0.424) in the degree of acido-
sis in the non-chest cases and the chest cases

and in those inducted with or without N20
(p = 0.194). It is noted that a significant
decrease (p <0.001) in the mean pCO2
value occurred in Stage II when compared
with the value in N20 inducted cases of
Stage I, whereas a significant increase
(p < 0.001) occurred in those not inducted
with this gas.

In Stage III the mean pCO2 reached
175.9 mm. Hg, the highest at any time dur-
ing the anesthesia. It was observed that 14
of the patients studied had greatly elevated
PCO2 soon after changing to N20 and a

semi-closed system. On more careful analy-
sis it was seen that in eight of these cases

there was a mean increase of 112 mm. Hg
from a mean of 12 minutes prior to the
change to a mean of 14 minutes after the
change. The explanation for this sudden in-
crease in acidosis is not clear, but may pos-

sibly be related to the effect of N20. At the
time of the study this sudden change was

not anticipated, and samples were not taken
with that in mind.
A dramatic and significant decrease

(p < 0.001) to a mean pCO2 of 79.2 mm.

Hg occurred immediately after extubation
or mask removal (Stage IV). This is shown
in detail for ten cases in Table II. A further
decrease to a mean of 57.5 mm. Hg took
place in Stage V. This latter drop is prob-
ably significant (pp 0.003). Values for
both Stage IV and Stage V remain well
above the "normal" level (p < 0.001).

It is interesting to note that there is no

significant difference in the mean pCO2 in
Stage I in the patients inducted without
N20 and the mean pCO2 in Stage IV and
Stage V (p 0.194 and 0.028 respectively).
The Trendelenburg, lithotomy and lateral

positions, particularly when rests are used,
are the operating positions which tend to
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interfere most with ventilation.5 27 Slocum25
et al. agreed with Beecher2-4 that the lat-
eral position is responsible for the increased
CO2 tension during operation. Undoubtedly
ventilation is impaired in this position but
we were unable to corroborate his findings,
and our study is in accord with that of
Maier,15 and indicates that the pCO2 rises
early before the patient is turned, and often
decreases during the operation. Also with
patients in the supine position the increase
in pCO2 was of the same order. There was

no greater CO2 accumulation in our pa-

tients operated on in the Trendelenburg
(Case 41), or Trendelenburg and lithotomy
positions (Case 46).

In three cases arterial pCO2 was studied
immediately prior to opening the pleura
and a few minutes afterwards. There was

a mean increase of 15 mm. Hg. In a fourth
case ventilation was assisted during this
period of opening the pleura and immedi-
ately thereafter, and arterial pCO2 de-
creased from 113 mm. Hg to 83 mm. Hg.
The fact that it was necessary to keep the
lungs partly deflated in order that the oper-

ation could proceed was no doubt of greater
respirtory significance than merely opening
the pleura.
The effects of assisting respiration re-

ported in the literature have been variable.
Gabbard and associates"1 found that acido-
sis could be prevented by manual assistance
from the beginning of anesthesia. Maier'5
agreed that vigorous assistance may offset
any further increase in CO2 tension.
Beecher2 was able to lower the tension in
one patient but not in another. Using a

mechanical respirator, Gibbon12 was un-

able to prevent an acidosis. In our series
four patients were studied from this stand-
point. Respiration was assisted vigorously
in all cases and pCO2 was decreased in all.
In one patient (Case 22) after 15 min-
utes assistance, the arterial pCO2 decreased
from 125 mm. Hg to 88 mm. Hg. In a sec-

ond case (26) after 60 minutes assistance
arterial pCO2 decreased from 98 to 65 mm.

Hg, with the calculated effective alveolar
ventilation increasing from 0 to 3.7 liters
per minute. In a third instance (Case 29)
18 minutes of assistance produced an effec-
tive alveolar ventilation increase from 1.5
to 11.6 liters per minute with a decrease in
PCO2 from 113 to 83 mm. Hg. A decrease
in pCO2 from 66 to 54 mm. Hg with an in-
crease in effective alveolar ventilation from
3.7 to 7.0 liters per minute produced by 70
minutes of assisted respiration occurred in
Case 32. In no case, however, was arterial
PCO2 reduced to normal levels by manual
assistance. More vigorous assistance over

longer periods of time might have resulted
in lowered pCO2 values, but such assis-
tance might have resulted in a decreased
cardiac output,8 or might have inflated the
lung to the point of interfering with the
surgical procedure.

In many cases the buffer base was de-
creased slightly, presumably due to an in-
crease in fixed acids. This evidence of a

slight degree of metabolic acidosis has been
noted by others.4 10,29 Our study agrees
with that of Etstein10 that the height of the
PCO2 does not correlate with the increased
fixed acids.

In these patients end-expiratory CO2 val-
ues'3 were within normal limits, indicating
that the soda lime cannister was efficient in
removing C02, and was not responsible for
retention of CO2. Under conditions of
the anesthesia the reduced minute volume
probably did not efficiently wash out the
dead space, so that the sample could not be
regarded as valid alveolar air samples. Nev-
ertheless, the fact that there was no accu-

mulation of CO2 in the ventilating gas in-
dicated that the high blood CO2 was not
due to failure of CO2 absorption from the
air.

Arterial oxygen saturation was within
normal limits during all stages in the ma-

jority of patients. This obviously was the
result of high oxygen tension of the anes-

thetic mixture of gases.
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It has been demonstrated previously that
poor alveolar ventilation is responsible for
respiratory acidosis during anesthesia.26i It
has also been shown that breathing pure
oxygen has no appreciable effect on ven-

tilation of normal individual.6 1 It is known
also that in certain types of pulmonary in-
sufficiency, notably pulmonary emphysema,
oxygen administration causes retention of
C02, often with deleterious results.1 Four
patients were studied to evaluate the ef-
fects of sedation, position and oxygen in-
halation on the acid-base state. Two pa-
tients (#12 and #17) had recently healed
lung abscesses, and a third patient (#18)
had moderately advanced pulmonary tuber-
culosis. The functional status was within
normal limits in all three patients. Sedation,
lateral position and oxygen administration
produced no significant change in pH, bi-
carbonate and pCO2. A fourth patient
(#15) had had a total thoracoplasty for
tuberculous empyema. He had a small re-

sidual empyema space and the contralateral
lung was markedly emphysematous. His
resting arterial pCO2 was 48 mm. Hg. After
breathing pure oxygen for 22 minutes the
PCO2 had increased to 66 mm. Hg and at
the end of 34 minutes had reached 76 mm.
Hg, the pH being 7.22, and the buffer base
unaltered. Subsequently, Cases 15 and 18
were studied during operation, and the
PCO2 in the former case reached much
higher levels than in the latter, the maxi-
mum value being 209 mm. Hg 99 minutes
from induction of anesthesia. During the
procedure the anesthesiologist had difficulty
maintaining adequate ventilation, and dur-
ing the immediate postoperative period the
blood pressure fell to 70-80 systolic. The
fall in blood pressure was possibly related
to the sudden drop in arterial pCO2,9
which decreased 133 mm. Hg from a sam-

ple taken 14 minutes prior to extubation to
one taken 10 minutes after extubation. In
such a patient with poor alveolar ventila-
tion as a result of emphysema one expects

CO2 to be eliminated ineffectively, be-

TABLE II. Ten Cases to show Dramatic Decrease in
Arterial pCO2 after Tube or Mask is Removed.

Time in minutes Time in minutes
prior to extuba- after extuba-
tion or mask C02 or mask CO2

Case # removal nim Hg. removal nmm Hg.

32 7 145.5 2 86.3
33 10 129.1 1 84.0
35 5 135.6 1 59.0
36 9 241.4 1 96.5
37 7 187.0 1 117.3
38 12 236.1 1 104.8
39 10 183.7 1 59.6
41* 9 157.2 2 69.8
42 8 178.7 2 62.2
43* 1 144.7 3 52.7

Average 7.8 173.9 1.5 79.2

*Mask.

cause of impairment of intrapulmonary
mixing of inspired air with alveolar air. Ap-
parently, alveolar ventilation was further
impaired by the depressant effects of the
anesthetic agent. Also the high oxygen con-
centration within the anesthetic system sat-
isfies 02 requirement, decreases the stimu-
lus for respiration in the carotid sinus and
aortic body, and produces further hypo-
ventilation. Under the conditions of anes-
thesia pulmonary insufficiency is produced
in the normal lung. This is a selective pul-
monary insufficiency resulting from hypo-
ventilation as a result of the depressing ef-
fects of the anesthetic agent and high 02

concentrations of the system. The depth of
respiration is reduced and a compensatory
increase in rate usually occurs so that total
ventilation may be within normal limits.
However, with the decrease in tidal volume
the physiological dead space represents a

greater proportion of the total ventilation
at the expense of the effective alveolar ven-

tilation. The ratio of physiological dead
space to tidal volume is inversely propor-

tional to the efficiency of alveolar ventila-
tion in elimination of carbon dioxide. The
transport of gases across the pulmonary
membrane is unaltered. If alveolar ventila-
tion is already impaired, as in emphysema,
this disturbance is accentuated in the anes-

thetized state.
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In 15 patients simultaneous alveolar ven-
tilation and arterial pCO2 were determined
at different periods of anesthesia. As antici-
pated and as has been previously demon-
strated8 an inverse relationship existed, the
poorer the alveolar ventilation, the greater
the arterial pCO2. Figure 1 illustrates this
relationship in Stage II.

SUMMARY

1. A study of 44 patients undergoing
major surgical procedures revealed evi-
dence of respiratory acidosis in all cases.

2. The lateral position played no role in
the production of acidosis, there being no
significant difference in the degree of acido-
sis between the patients studied in the su-
pine and those studied in the lateral posi-
tion.

3. Inefficiency of CO2 absorbing system
was eliminated as a causative factor by find-
ing normal values in end-expiratory (not
alveolar) CO2.

4. Acidosis increased on opening the
pleura. This increase could be avoided by
manual assistance at this time. Vigorous
manual assistance would reduce the arte-
rial pCO2 but these values were not re-
duced to normal.

5. In the early period of anesthesia arte-
rial pCO2 was higher when N20 was used.
All cases were shifted to a semiclosed sys-
tem with N20 near the end of anesthesia,
and at this time pCO2 increased greatly.
No explanation is offered for this relation-
ship, and further study is needed before
N20 can be definitely implicated as a caus-
ative factor.

6. After the end of anesthesia a precipi-
tous decrease in arterial pCO2 occurred
within 1.5 minutes but after ten minutes
values still were elevated to 16 mm. Hg
above normal values.

7. An inverse relationship was estab-
lished between alveolar ventilation and ar-
terial pCO9.
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