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(Received for publication May 19, 1941)

With the growing use of the barbiturates in
anesthesia and in medicine in general, it becomes
increasingly important to understand the hazards
this entails, not only so that accidents of the past
may be explained but, chiefly, so that they can be
prevented in the future. In this study our atten-
tion has been directed to the respiration. While
other systems may also be affected adversely by
the barbiturates, the respiration frequently gives
the first warning of impending difficulties. Re-
spiratory failure often plays an important part in
death under these agents. This study was de-
signed primarily to investigate the mechanisms
leading to respiratory failure under evipal and
pentothal anesthesia. Since the barbiturates are
qualitatively very similar in their actions, it is
probable that the mechanisms described here ap-
ply to many members of the group.

EQUIPMENTAND PROCEDURES

Animals. Mongrel dogs weighing about 10 kilograms
were employed. Blood pressure was recorded by means
of a Ludwig manometer from the femoral artery. The
representative material presented here was chosen from
that obtained in experiments on 43 dogs under the two
anesthetic agents considered.

Aniesthesia. Evipal sodium [1 methyl 5A' cyclohexenyl
5 methyl barbiturate] in 10 per cent aqueous solution was
administered intravenously in an initial dose of 50 mgm.
per kgm. body weight. This was supplemented intra-
venously as needed during the preparation of the animal
and the course of the experiment. Pentothal sodium
[ethyl (1-methyl-butyl) thiobarbiturate] in 5 per cent
aqueous solution was administered intravenously in an
initial dose of 25 mgm. per kgm. body weight. Addi-
tional anesthetic was added intravenously as needed.
The points illustrated hold true for both agents. Some-
times one agent, sometimes the other, is used to demon-
strate a given point.

Depth of anesthesia was controlled as carefully as pos-
sible by observation of the state of a spinal reflex. The
flexion reflex of the left semitendinous muscle was

1 Supported in part by a grant-in-aid from the Ex-
ecutive Committee of E. R. Squibb and Sons.

- Fellow of the National Research Council.

evoked by electrical stimulation of the central end of
the cut left sciatic nerve. The electrodes were chlorided
silver wires flattened and perforated and stitched to the
nerve. Insulation was insured with cotton packing around
the electrodes and nerve. These electrodes were con-
nected with the secondary coil of a Harvard inductorium.
The primary was activated with a 1.5 volt dry cell. A
hand-operated mercury contact key and a signal magnet
were placed in circuit with this. The strength of the
stimulating current was adjusted to give approximately
a maximal response. The ipsilateral nerves to the ham-
string muscles were left intact so that contractions of the
divided semitendinous muscle might be recorded on the
smoked drum. Essentially isometric recording was ob-
tained by employing a tempered steel recording lever.
The information as to depth of anesthesia obtained from
the spinal reflex records was supplemented by frequent
notes as to the state of the corneal and lid reflexes.
Sluggish reflexes were designated as one plus and very
active ones as two plus.

Respiratory apparatus and recordinzg. Three simul-
taneous records were made of the respiration: The tidal
excursions were recorded by means of a Hutchinson
spirometer, specially constructed so as to allow an arti-
ficial increase or decrease in intrapulmonary pressure to
be made during the recording (4); the intercostal and
diaphragmatic respirations were recorded, as described by
Gesell and Moyer (3), by means of paper bands which
encircled the midthorax and the midabdomen of the torso
from which the hair had been clipped; the segmental and
combined respiratory responses were recorded on a
smoked drum where an upstroke corresponds to inspira-
tion. The animal was connected to an airway (where
airflow was directed by two Tissot valves) and from
this to the Hutchinson spirometer and a 60 liter steel
tank, usually two-thirds filled with water. Interconnec-
tions through brass steam pressure valves permitted in-
stantaneous shift to the gas mixtures contained in any
one of three such steel tanks without interruption during
recording. A soda lime cannister was inserted into the
expiratory half-circuit of the system in such a way that
the carbon dioxide would be removed during respiration
except when the tank reserved for the administration of
carbon dioxide was used.

Gas antalysis. Blood gases were determined in dupli-
cate by the method of Van Slyke and Neill. Oxygen
content was determined in 1.0 cc. samples of heparinized
whole blood taken under oil; carbon dioxide in 0.5 cc.
serum.

At times mixtures of inspired gases were made up
549
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FIG. 1. PENTOTHAL(5 PER CENTSOLUTION) ANESTHESIA

In the records anl upstroke corresponds to inispiratioln.
Read from left to right. Time marker at 5-second in-
tervals with minutes indicated. To avoid ilncluding other-
wise uniniteresting portionls of records resulting from
initerferenice with respirationi cause(d by sciatic stimulationl,
the reflex response records have beeni moved from nearby

parts of the record. Doses are totals administered at a
given time in all cases. Except as specified, the animal
breathed room air. Twelve per cenit carbon dioxide was

used. "Lox oxygen " refers to 5 per cent oxygen. The
base line for blood pressure is the signial linie. Weight of
dog 9.8 kgm.
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specially. At other times the following mixtures were
employed: In one tank 12 per cent carboni dioxide was
mixed witlh 30 per cent oxygen and 58 per cent nitrogen.
In another tank 9 per cent oxygen was mixed with 91
per cent nitrogen. The composition of the inspired gases
was determined at initervals in the Henderson modifica-
tion of Haldane's apparatus.

RESULTS

Althouglh the barbiturates have been in wide-
spread clinlical use for miany years. and for a conl-
siderable number of years have been used for geni-
eral anesthesia, it is a curio-us fact that relativelv
little attention has been given to a considerationi of
the conditions wlhich enhance the toxicity of these
agents; yet, the statement is almost axiomatic that
a great hazard of the use of the barbiturates is
their variability of action. Doubtless manv still
unknown factors are involved in this variability.
Several conditions are encountered clinically which
increase the toxicity of these agents: (1) gross
overdosage followed by respiratory failure when
the blood gases are normal, at least at first; (2)
the respiratory response to the barbiturates wvhen
the blood oxygen content is low; (3) the respira-
tory response to the barbiturates when the blood
oxygen content is high; (4) respiratory alteration
and failure following administration of the drugs
when the carbon dioxide content is high; (5) re-
spiratory failure under a combination of (2) and
(4) above; and, finally, (6) respiratory failure as
a result of positive pressure in the airway and the
breathing of 100 per cent oxygen. These condi-
tions will be illustrated by representative examples
taken from the 43 experiments.

(1) It hardly seems necessary to illustrate the
production of respiratory failure by gross over-
dosage with barbiturates when the blood gases are
initially within normial limits, for everyone who
has employed these agenits to any considerable ex-
tent experimentally or cliniically has demiionstrated
this effect.

(2) The respiratory response to low oxygen is
particularly interesting under the barbiturates.
This has been discussed in detail by AMoyer and
Beecher (8, 9). For )resent purposes, this can
be illustrated by Figure 1, B, D, F, and Figure 2.
In Figure 1, Sections B, D, and F represent, re-
spectively, light, moderately deep and deep barbi-
turate anesthesia. (Note the sciatic reflex evoked

FiG. 1, D'. PENTOTHAL(5 PER CENT SOLUTION)
ANESTHESIA

Details are as for Figure 1

by stimulation.) The responses of the pullmonarv
venitilationi to four minutes of breathinig 5 per cent
oxygen, as well as the effects on ventilation of
smiiall doses of pentothal, are tabulated here:

TABLE I

WVeight of dog: 9.8 kgm.; pentothal 5 per cent intravenously

Pulmonary minute volume of
ventilation

Figure Section Depth of anesthesia After Ihninediately
4 min- after

Initial utes additional
on 5%

5% 02 pentothal

l B Light 5930 8650 4640[E.0 cc.]

1 D Moderately deep 4680 8080 4900[0.8 cc.]

1 F Deep 2920 8820 4470[0.4 cc.]

These figures are presented for illustrative pur-
poses only and are not to be construed as repre-
senting precise changes to be encountered on all
occasions. These figures show, however, the gen-
eral fact that, over a wide ranige of anesthesia, low
oxygen in the inspired air effects a great increase
in pulmonary ventilation. It is interestinig to ob-
serve in passing that, although the initial mintute
volumes were progressively smiialler with increas-
ing depth of anesthesia, the low oxygen produced
the same final effect, that is, the ventilation rose to
the same level in each case, regardless of where it
had started from. This will be considered in the
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discussion. Table I contains further information
of general importance: WVith increasinig depth of
anesthesia, smaller and smiialler doses of drug will
be necessary to produce a given reductionl in
ventilation in the presence of low oxygen stimula-
tion. Under deep anesthesia, 40 per cent of the
dose used in light anesthesia effected the same re-
duction in minute volume. (The initial ventila-
tion under the deep anesthesia had not fallen lower
than approximately 3000 cc. per miniute; this
ordinarily can be considered as adequate to keep

Q the bloodl carbon dioxide level within normiial limits,
so it seenmis unlikely that anyl abnormal accumiiula-
tion of carbon dioxide was present in the blood.)
Notwithstanding the important stimulationi of low

> oxy)gen, increasingl-y greater effects will be )ro-
Q duced by given doses of bartiturate as the anes-
^ thesia deepens.

a Inasmiiuch as a severe degree of oxy-gen shortage
Z will of itself produce manyv of the signls of anies-

¢ thesia, it is not surprisinig that a point will ulti-
; mately be reached where a dose of barbiturate that

would not ordinarily have serious effect will, dcur-
,, ing low oxygen adminiistrationi, produce a fatal re-

z sult. This effect of low oxygen is illustrated in the
u lightly anesthetized animilal whose recordl is shown
r in Figure 2, B. Evipal was the agent employed.

Here, vigorous artificial respiration promiiptly in-
stituted with high oxygen in the airway could not
reverse the process, even thouglh the heart conl-

> tinued to function for a conisiderable timiie after
- artificial respiration was instituted, as showln in

* the tracing. The earlier admiinistrationi of the
same dose, even in conijtunction with a toxic con-

: centrationi of carbon dioxide, hadl no serious effect
(Figure 2, A). Sufficieint timiie was allowed to
elapse before the final barbiturate injection was

C made so that the animiials were at essentially the
C same levels of anesthesia in Sections A and B.
Q This, of course, must not be construed as indicat-

ing that, under all circumiistances, the percentage
of low oxygein employed here is miiore toxic than
the carbon dioxide conceintrationi used. In fact,
Figure 1 nicely demonstrates that, unider the cir-
cumstances of that experiment, the concentration
of carbon dioxide used was more depressant than
the 5 per cent oxygen with which it was compared.
Figure 2 is of use in illustrating that a severe de-
gree of oxygen shortage in conjunction with a nlot
ordinarily dangerous dose of the barbiturate can

552



BARBITURATE ANESTHESIA AND RESPIRATORYFAILURE 553

0

4O

z
Qo

Z. 0

CUo

la



HENRY K. BEECHERAND CARL A. MIOYER

produce a fatal result even in a lightly aniesthetized
subtject.

It is apl)arent fromii the data already presenited
that low oxVgen has a stimiiulatilng actioni onl the
respiration over a wide ranige of anestlhesia depth.
It is also evident that, even wheni the subject is in

-Ood coniditioni and onily lightly anesthetized, the
comiibinationi of low oxygen and miiodest dosage of
barbiturate can produce a particularly miialiglnaint
formii of respiratory failure, onie that is irreversible
even wheni artificial respiration is promiiptly insti-
tuted andl oxygen admiinistered. It is important to
emlphasize, therefore, that low oxygen can first
mask barbiturate depression anid later adld to the
total depression. The maskinig effect is brought
out in Figure 1, at the endls of Sectionis B, D, F,
wlhere sharl) falls in ventilation are slhownAwhen
the low oxygen is disconitinued and roomii air is re-
sumeed. Figure 3 also illustrates the masking effect.
Here, the dog weiglhed 8.5 kgmi. Five per cenlt
pentotlhal was adminiistered initravenously. In Sec-
tionl A, 0.5 cc. (total close, at that injectioni) in the
lightly anesthetized animilal altered the miniute vol-
ume of respiration fromii 4700 cc. to 3320 cc. on
room air. The rate was slowed fromii 29 to 24 per
miniute. A little later, wheni the animilal hadl re-
turned to about the samiie light levTel of aniesthesia.
it was shifted from roomii air to 8 per cenit oxygen
in the inspired air. The iniitial ventilation was
3940 cc., the rate 27. After four miinutes on low
oxygeni this had chaniged to 4480 cc., with a rate
of 32. At this poinit the samiie close of lpentotlhal
used iniitially, 0.5 cc., was injected. Although the
rate increased appreciably, fromii 32 to 38, the
minute venitilationi now was unclhanged at 4560 cc.

per miniute; this contrasts sharply with the initial
result. Clinically, one couldI not have detected any
depressant effect of this second dose of pentothal.
The respiration, unchaniged in miinute volumiie, in-
creased a little in rate but would not have suig-
gested a depressant effect of the pentothal; the
blood pressure was not significantly altered by the
agent. Yet it is clear fromii the earlier Section A
and the later Section D that this dose of pentothal
wotuld, witlh a normal concentration of oxygen in
the inlspire(l air, have producecl respiratory depres-
sionl. In sectioni B this effect was miiasked by the
low oxygen. This maskinig effect becomes evident
only xvheni the hypoxia is relieved by substituting
roomii air for the low oxygen. The truly depres-

sanit effect theni becomes obvious. In the examiiple
at haind the miiniute volume of 4560 cc. fell at olnce
to 1710 cc. ; the bloo10 pressure dleclilned rapidly,
iihdicatiuig that it hadl leen miiainitailnecI at its level
by anioxia. The great sensitivity of these re-
sponises is indicateli by the considerable effects
produced under circumilstainces of normiial oxygen
initake b1 a very smiiall dose of barbiturate oIn the
onie hanid, and by the great depression of respira-
tory exchange effected by the shift fromii 8 per cenit
oxygen to room air oni the other hanid.

(3) The depressanit effect of low oxygen was
mllenltionled in the precedling sectioin, anid data were
presenited to indlicate how serious the miiasking of
barbiturate depression by low oxygen mighlt be.
It will lnow be showni that high oxygen during
barbiturate aniesthesia cani also have serious conise-
quenices. The fact that a higlh arterial oxygen
tenisioni could effect a depressant action under
barbiturates and certain other agenits has longa
beeni kniown-. MIosso (7), Henidersoni (5), M\ar-
shall anid Rosenfeld (6), and others have observedl
it. FigTure 4 demiionistrates that this effect cani be
letlhal when evipal is the anestlhetic agent.

TABLE II

Weight of dog 11.3 kgm.

Color of Arterial Arterial Minute
Time Inspired mucous oxygen C02 Rate venti-

membranes content content lation

volume volume
percent per cent

1:17 p.m. Roomair Good 15.5 49.8 37 4880

1:22 p.m.

1:23 p.m. 100% 02 28 3220

1:2.5 p.m. 31 3600

1:29 p.m. 17.3 51.2

2:27 p.m. Roomair Very cyanotic 7.0 69.5 12 1290

2:28 p.m. 100IO 02

2:29 p.m. Cyanosis much less 3 320

2:30 p.m. Infrequent gasps 4.8 78.3 0

2:38 p.m. Death

In Figure 4, A, the immiiiiediate effect of 100 per
cent oxygen, even though the color of the Imlucous
miiemiibranes was good, was to lower the rate fromll
37 to 28 and the ventilationi fromii 4880 cc. to 3220
cc., with smiiall blood chaniges in oxygen and(I car-
bonl dlioxide content. Later, wlheni the aniimal was
deeply anesthetizedl (sciatic stimiiulationi produced
a visible but ncot recordled resl)onse), the blood
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oxygen seriously low, and the carbon dioxide con-
tent abnormally high, 100 per cent oxygen pro-
duced a distinct improvemient in the animial's color;
yet the respiratory rate, concomitant with the
obvious improvement in oxygenation of the blood,
dropped at once fromii 12 to 3 and quickly failed
completely, although the heart continiued to beat
for at least a minute and a half following the last
gasp.

(4) Respiratory alteration and failure follow-
ing administrationi of barbiturates when the blood
carboni dioxide contenit is high is shown in Figure
1, A, C,3 E. These three sections represent liglht,
moderately deep and deep anesthesia. (Note the
sciatic reflex responses.) The dog used in this
experiment weighed 9.8 kgmi. Pentothal in 5 per
cent solution was the anestlhetic ageint.

TABLE III

Pulmonary minute volume
of ventilation

Depth
Figure Timne of After Imme-

anesthesia 4 min- diately
Initial utes on after

12% additional
C02 pentothal

1, A 11:13 a.m. Light 5,640 26,900 2,240 11.0 cc.]
1, C 12:10 p.m. Moderately deep 3,490 8,850 0 [0.8 cc.l
1, E 1:32 p.m. Deep 2,030 4,160 0 [0.4 cc. I
1, D' 12:36 p.m. Moderately deep [0.8 cc. ]

In passing, it will be observed that Figure 1. A,
C, E and Table III demonstrate the gradual (le-
crease of sensitivity of the respiratory center to a

given carbon dioxide concentration in the inspire(d
air. In Figure 1, A, four minutes of breathing
12 per cent CO., resulted in nearly a fivre-fold in-
crease in ventilation; in Figure 1, C the effect was

half (two and one-half-fold) what it had been in
Figure 1, A; in Figure 1, E, four nminutes of
breathing 12 per cent CO. merely resulted in
doubling the ventilation. This characteristic of
the barbiturates has been discussed elsewhere by
Moyer and Beecher. The point of immediate im-
portance is that the respiratory center is less sensi-
tive than normiial to its natural stimulus, carbon

dioxide. The carbon dioxide finally becomiies, in

3 In Figure 1, C, an example of sudden alteration of
cardiac activity, probably due to heart block, can be seen.

This was frequently encountered under pentothal under
the circumstances of these experiments. It is being in-
vestigated further.
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fact, a depressant. Therefore, it miight be ex-
pected that additional doses of the barbiturate
would have a tendenicy to produce respiratory fail-
ure wheni the carbon dioxide level of the blood
was high, when otherwise this would not be so.
Figures 1 and 1', D' show this to be the case. Re-
spiratory failure is not produced in Figure 1, A
by 1.0 cc. 5 per cent pentothal. At a deeper level
of anesthesia a smaller dose (0.8 cc.) did cause
the respiration to fail. Chronologically, the doses
were given as follows: 9:00 am., 5.0 cc. of 5 per
cent pentothal; 9:15, 1.0 cc.; 9:30. 1.0 cc.; 10:10,
1.0 cc.; 10:27, 1.0 cc.; 11 :18, 1.0 cc.; 11:45, 1.0
cc.; 12 :00, 1.0 cc.; 12 :15, 0.8 cc.; 12 :37, 0.8 cc.

It miight be argued that the respiratory failure
in Figure 1, C was due to the cumulative effects of
the repeated doses. That this is not so is indi-
cated by the fact that the respiration did not fail
when the same size dose was administered later
while the animal was at least as deeply anesthetized
as in Figure 1, C, but was not on a high carbon
dioxide intake, Figure 1', D' (preceding D' two
doses of agent in addition to those listed had been
admiinistered at fairly close intervals).

Figure 8 illustrates in an animal breathing room
air the enormous increase in ventilation effected
by carbon dioxide stimulationi in a subject lightly
anesthetized with evipal (similar to Figure 1, A).
Later, at a deeper level of anesthesia, the swift
production of respiratory failure by a brief ex-
posure to the same concenitration of carbon dioxide
is shown. Anoxia caused the blood pressure to
rise. A moderate degree of negative pressure in
the airway reestablished respiration. After a
minute on negative pressure, enough carbon di-
oxide had been washed out and the carbon dioxide
depression overcome to such an extent that the
respiration could continue spontaneously when the
negative pressure was relieved (10).

In Figure 9, A, the animal was deeply anes-
thetized and breathing 100 per cent oxygen. The
initial respiratory rate was 6 with a minute venti-
lation of 1460 cc. The sciatic reflex response is
initeresting, in that it was more greatly depressed
than could be accomplished with evipal alone with-
out respiratory failure. It would appear safe to
conclude that the animal was already suffering
from carbon dioxide depression. I f this were
true, admlinistration of synthetic carbon dioxide
should result in further depression of respiration

and the sciatic reflex, not stimulation. This was
the case. After three minutes of breathing 12 per
cent carbon dioxide, the respiratory rate had
slowed to 2 per miniute, and the minute volume
was reduced to 570 cc. At the timle the carbon
dioxide administration was discontinued, the rate
of respiration was slowing rapidly, and almost at
once failed completely. Following the respiratory
failure, electrical stimulation of the sciatic nerve
reestablished respiration. With the first stimuli
no muscle response was recorded. The respiration
resulting from the sciatic stimulation undoubtedly
washed out a considerable part of the carbon di-
oxide which had been depressing the subject. The
reappearance and the subsequent small but definite
increase in the record of the reflex response sup-
port this.

The animlal was still deeply anesthetized, how-
ever, and the respirations were only 4 per minute
with a minute ventilation of 1060 cc. when the
vagi were blocked with cold. While the rate re-
mained the samle, the amplitude of respiratory ex-
cursion increased to result in a minute volume of
1480 cc. Carbon dioxide was administered again,
and again respiration failed, this time with the
vagi blocked.

In Section B of Figure 9, recorded an hour and
a half following Section A, the animal had become
considerably lighter. (Observe the sciatic and the
eye reflexes.) The carbon dioxide stimulus lnow
increased the ventilation from 2140 cc. per minute
to 3040 cc., rather than depressed it as it had in
Section A. This was also true when the vagi
were blocked. In A, with anesthesia deep, carbon
dioxide depressed respiration; in B, with anes-
thesia lighter, respiration was stimulated. These
changes occurred notwithstanding vagal blocks.
These results were confirmed in other cases. It
must be concluded from Figures 1, A, C, E, 8, and
9 that a high concentration of carbon dioxide in
the inspired air enhances the depressant action of
a given dose of barbiturate; this effect is increas-
ingly great with deepening anesthesia.

(5) The early effect of low oxygen in masking
the barbiturate depression, and the acutely fatal
effects of severe anoxia during barbiturate anes-

thesia, have been demonstrated. The increased de-
pression caused by given small doses of barbitur-
ates when the blood carbon dioxide level is high
has also been shown. It is reasonable to suppose
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that the combined effects of low oxygen and high
carbon dioxicle in the arterial bloo10 mlight b)e
peculiarly serious. Such is the case. Figure 5
dlemiionstrates a result of this coml)ination. Durinig
the course of this experimiient on a healthv, ap-
proximately onie-year-old, 10 kgm. dog it Xwas ob-
served that the Tissot valve in the expiratory half
circuit had become stuck in the ol)en position1, witlh
the effect that the dead space was greatly ilncreased
and no proper circulation of air took place throuigl
the soda limlle. The animal was thus subjected to
gradually inicreasing oxygen shortage anid a
gradual piling up of carboni dioxidle. These effects
were Inot cliniically evident. An active sciatic reflex
responise was present and indicated that the anii-
mal was only miioderately deeply aniesthetized. The
pulmonary v-elntilation was good with a respira-
tory rate of 27 and a miinute volume of 5420 cc.
The miiean1 blood pressure was normiial at 117 mmiiii.
Hg. Sinice the aniimal was niot as deeply anesthet-
ized as desired, it was decided to give more of the
10 per cent evipal solution; 0.5 cc. (total dose, not
per kgmn.) was administered. The chaniges pro-
duced in the respiration were so slight andl so
fleeting that they probably would not have been
detected clinically. One minute following the ad-
ministration of the evipal the respiratory rate was
25, the miinute volume 4900 cc., and the blood pres-
sure 130 mm. Hg, certainly reassuring. Since the
animiial was still quite obviously not yet deeply
anesthetized, 0.5 cc. of the anesthetic solution was
adminiistered as shown, andl again only a fleeting
dlepression of the respiration andl blood pressure
was apparent. From the records obtained of these
effects it is evident that the blood pressure suffered
more severely than in the first instance. Yet it re-
imiained at a fairly low level for only abotut 20
seconids. It is hardly likely that this b)rief (lip
would have been detected clinically. I f it had
been, by the timiie the anesthetist checked it re-
covery would have taken place, and the first low
reading would have been )ut downi as error. The
animal was still niot deeply anesthetized, as shown
by the record of the sciatic reflex just before the
thirdclose was adminiistered. At this time the re-
spiratory rate was 24, the miniute volumiie of
respirationi 5040 cc. anid the blood pressure 125
mmll. Hg. Certainly nothinig was present that
could lhave beeni detected clinically and(l that miiight
have warned of impending disaster. Since the

animiial was not vet as deeply alnesthetized as cle-
sired, it was decided to admiiniister a further small
dose of evipal, 0.2 cc. The response to thils was
swift and completely unexpected. The reslpiratioi]
slowed at olnce ancd entirely failed withlinl a miniute.
The blood pressure fell abruptly. Artificial respi-
ration was promptly started anid ventilation at the
rate of 5600 cc. per minute was carried out. The
heart conitiniued to beat for two miiinutes followinig
the respiratory failure anid then stopped despite
the vigorous artificial respirationi. The meclhanism
of the dleath here and its cliinical significance will
be conisidered in the discussioni.

Figure 4, B, also presents anl examlple of death
under conditions of high blood carboni dioxide andl
low blood oxygen. This will be discussed in conl-
junctioni witlh the examlple shon in Figure 5. al-
ready described.

(6) Figure 6 shows, durinig the breathin1g of
100 per cenit oxygeni, the increasinig effect of a
miioderate elevationi of pressure in the airway (5.0
cim. H..O) with deepening aniesthesia, indclicate(d by
the diminutioni in the sciatic reflex response. In
D, the increase in pressure by 5.0 cmii. H.,O l)ro-
duced respiratory failure. The stiimiulating effect
of negative pressure (5.0 cmll. H.1O) is also shown.
In E, the respiratory depression was so great that
respiration failed even under atmospheric pres-
sure; sciatic stimulation produced two breaths.
Negative pressure caused the respiratory activity
to be resumed. Figure 7 demiionstrates that the
apnea p)roduced by positive pressure is occasioned
by a reflex mediated througlh the vagus; vagal
cold blocks permitted the respirationi to be re-
sumed. Figure 8, B, illustrates the power of nega-
tive pressure to reestablish respirationi which has
failed as a result of carboni dioxide depression.

DISCUSSION

The factors responsible for the variability of
response to a given dose of barbiturate, from one
patient to another or in the same patient onl dif-
ferent occasions, lhave in the main beeni obscure.
It will be apparent from the data presented and
the discussion to follow, that variations in oxygen
supply and carbon (lioxicle contenit of tissues andl
blood can exert a powerful influence on the re-
sponses resulting fromii given doses of barbiturates.
However, before these matters are dealt Nith., it
slhould be observed in passilng that a reciprocal
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FIG. 7. EVIPAL (10 PER CENT SOLUTION) ANESTHESIA
Details are as for Figure 1, except on 100 per cent oxygen. Weight of dog, 11 kgm.

relationship between dosage and pulmoniary venti-
lation is apparent. It is plain that increasing dos-
age will lead to rather early respiratory failure.
This holds both for evipal alnd pentothal. The
tendency is demiionistrated for the latter in Figures
1, B, D, F, where in round numbers the initial
ventilation under light anesthesia was 6 liters per

minute, under moderately deep anesthesia 4.5, and
under deep anesthesia 3. In these 3 cases the ef-
fective respiratory impulses from the center have
been reduced from 38 to 27 to 17 per minute.

The center loses mlluch of its senisitivity to its
major normal stimulus, carbon dioxide. This is
demonstrated in Figure 1, A, C, E. In round
numbers this is reflected in a decrease in total
responise above " lnormlal " to the " standlard "

carbon dioxide stimiiulus, fromii 21 liters per min-
ute to 5 to 2. Figure 8, A, B, illustrates the
change fromii a tremendous stimiiulation to a frank
depression with respiratory failure in response to
a given concentration of carbon dioxide. Evipal
was the anesthetic in this case.
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While the barbiturates rapidly diminish and
finally eliminate the sensitivity of the respiratory
center to carbon dioxide, the response to low
oxygen is reduced very little as shown in Figure
1 and Table I. The same final minute volume
response to low oxygen at the three widely dif-
fering levels of anesthesia suggests that, under
moderate to deep barbiturate anesthesia, the res-
piration is chiefly maintained by mechanisms
which are activated by low oxygen stimulation,
which is in agreement with Schmidt ( 11 ), Cordier
and Heymans (2), and Marshall and Rosenfeld
(6). As demonstrated by Moyer and Beecher
(8), central stimulation of low oxygen is impor-
tant, although only under very light anesthesia, as
well as peripheral stimulation, arising chiefly in

¢... the carotid and aortic bodies as shown by Hey-
b$ mans and others. It is interesting to observe that

r even at the deep level of. anesthesia no loss of
Z ° sensitivity to the low oxygen concentration em-

0 ployed is apparent, although the initial ventila-
0 -44 tions were in each case progressively smaller, pre-

sumably due to central depression by the bar-
n biturate, resulting in the loss of sensitivity to the
zI-' normal central stimulus, carbon dioxide.
u v- The increasing effectiveness of small doses of

; the barbiturates is illustrated in Figure 1 and
PL4 Table I. It will be recalled in the case of the vola-

- tile anesthetic agents, ether for example, that the
concentration of this agent in the blood required

; to produce loss of consciousness is only one-third
C

of that necessary to produce light surgical anes-
X thesia, yet a small increase in ether concentration
, in the blood after the surgical level has been

reached will carry the subject from light to dan-
gerously deep anesthesia. In the case of the vola-
tile agents, this clinical effect depends upon the
approach of saturation of the lipoid structures
with the fat-soluble anesthetic agents. Whether a
comparable " saturation " occurs in the case of
the barbiturates is not known. If such were the
case, it would be of great interest to know where
the barbiturates are concentrated.

Inasmuch as the short-lasting barbiturates, evi-
pal and pentothal, depress the central drive mech-
anism more than the reflex drives of respiration,
the masking of serious barbiturate depression by
oxygen tensions that are below normal is not sur-
prising in view of the fact that low oxygen stimu-
lates breathing reflexly (excepting, of course, those
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cases where the central sensitivity to cH+ is very
higlh anid carotid and aortic sensitivity is very
low). The clinical imiiplications of this maskinig
are so obvious that they need no discussion. A
suddeni increase in the oxygeni contenit of the in-
spired air, even thouglh it be sliglht, reveals, by
virtue of the associated reduction of clhemoreflex
stimulation, the depressanit action of the bar-
biturate (Figures 1, B, D, F and( 3, B). Suiclh
respiratory depressioni, couple(l with the already
demonlstrated loss of sensitivity of the respiratory
ceniter to carbon dioxide, can lead to a particularly
serious form of depressioln. The sequence of
events is probably as follows: Barbiturate anes-
thesia is adminiistered to the subject. The sensi-
tivitv of the center to H+ is reduced. After the
center's H+ sensitivity is greatly impaired or en-
tirely destroyed the anoxic stimiiuli maintain pul-
mloniary ventilation that is dependent uponl oxygenl
level and the effectiveness of reflex drive. The
anestlhetist observes that the reflex drive is in-
adequate to maintain proper oxygenation if the
subject's color is poor and he increases the oxygen
concenitration in the inspired air. The carotid
anid aortic body stimiiuli set up by the low oxygen
are thus decreased, as the blood oxygen content
approaches normal. Loss of the low oxygen stim-
uli allows the true state of affairs to become
apparent to the discerninig observer. The sub-
ject's respirations are found to be seriously de-
pressed as a result of the barbiturate action; how-
ever, the high concentration of oxygen in the
inspired air still maintains an adequate blood color
and the vasomotor status is good. During this
period the subject's good color keeps attention
fromii the fact that the respiration is not adequate
as far as the excretion of carbon dioxide is con-
cerned, for the center has lost much of its ability
to responid to the high concentration of carbon
dioxide in the blood. The carbon dioxide piles up
until it, too, becomes a true depressant (Figure 8,
B). Suddenly the respiration fails. The high
carbon dioxide blood content, having first stimu-
lated, then depresses. Blood pressure finally falls
precipitously. Irreversible chaniges swiftly take
place and, notwithstanding artificial respiration,
death occurs.

The effect of low oxygen in masking the true
depressant action of the barbiturate must not be
considered as in itself a good thing, for the dan-

gers inlherent in a low oxvgen intake are still
present. They are too well known to need dis-
cussioln. The masking effect will, of course, pass
w-hen the availability of oxygen in the tissues falls
so low that the anoxia itself effects a depression.
During the respiratory depressioin carbon dioxide
piles up in the blood and tissues. In such a case,
when the masked depression is carried to the
breaking poinlt, the additive effects of the depres-
sioni caused by low oxygen, the depressioni caused
by the higlh carbon dioxide, and the depressioni of
the barbiturate, working together not only upon
the respiratory center but uponi the vasoimlotor
center as well, swiftly produce changes wlhiclh lead
to death. Figure 4 illustrates the rapid failure of
respiration wlhile the blood color imiproved, with
death due finally to a combination of low oxygen,
high carbon dioxide and drug depression.

The circumstances which lead to the death of
the animiial pictured in Figure 5 might easily have
their counterpart in the clinic (and probably often
have had). Following the sudden death of a
patient under barbiturate anesthesia, the statement
is often heard that death was wholly unexpected
and occurred without warning. The writers must
admit to a considerable scepticism in the past as
to the quality of the observation which allowed
such statements to be made. It would seem that
such an attitude is uInjust, for in the laboratory
at least it has repeatedly been possible to produce
' suddein death without clinical warninlg ". It is
evident from Figure 5 that until the very end
nlothing was apparent in the condition of the only
moderately deeply anestlhetized subject that could
have reasonably been detected clinically and lhave
warned of impending death. This is to be ex-
plained, w-e believe, upon the basis just described
of low oxygen miiasking the true depression of the
barbiturate while carboni dioxide gradually accu-
mulated to a depressant degree. The low oxygen,
high carbon dioxide and the final, although very
small, dose of barbiturate produced a depression
of the respiratory and vasomotor centers which
could not be overcome by vigorous artificial respi-
ration.

The respiratory depression and failure pro-
duced by relatively slight elevation of pressure in
the airway under the barbiturates during the
breathing of 100 per cent oxygen, as shown in
Figures 6 and 7, need further study before their
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full clinical significance can be estimated. For
example, how applicable these findinigs are to mo-
mentary blockage of the airway by the tongue and
to the probable alterationis of vagal proprioceptive
reflex balance of astlhmatics is not clear. If this
type of reflex respiratory failure is produced in
asthmatics during barbiturate anestlhesia, a conl-
traindication to the use of these barbiturate agents
would be evident oIn this basis alonie, and a more
complete explanation w-ould be at lhanid for the
vague clinical impressioln that barbiturate anes-
thesia should not be a(lmimlistered to asthlmlatics.

However, there is ino need to speculate on this
unexplored aspect of the astlhmlatic problem, for
enough objective data are at lhand to indicate lhow
hazardous the use of these agenits in asthmatics
can be. The dangers of oxygeni want anid a hiiglh
blood carbon dioxide level lhave been slhowni.
These are the very conditionis enicountered in
asthma. The alveoli are veintilated poorlv and
some of them not at all. The inormal gaseous
exchange is grossly interfered witlh. The alveolar
air contains a higlh percentage of carbon dioxide
and a low percentage of oxygeni, and the blood
contains a low oxygen contenit with retentioni of
carbon dioxide. The tendency of carbon (lioxide
to pile up in the blood of the astlhmiiatic is accel-
erated by the impairmenit of the sensitivity of the
respiratory ceniter to carbon dioxide by the bar-
biturate. As the barbiturates are administered,
the peripheral chemoceptors activated by the low
oxygen stimuli mask the overdosage presenit. The
high carbon dioxide blood contenit causes the level
of serious overdosage to be reached sooner than
would normally be the case. Suddenly the low
oxygen stimuli are no longer adlequate to main-
tain respiration; the low oxygeln becomes of itself
depressant. The low oxygen depression, the car-
bon dioxide depressioni and the barbiturate de-
pression, acting togetlher, swiftly damage the or-
ganism. It is no wonider that asthmatic patients
"do not do well " unider barbiturate anesthesia.

It is evident that there is no lneed to add a
possible vagal proprioceptive reflex tending to
produce respiratory failure to the already suffi-
cient reasons why barbiturate anesthesia in asth-
matics is dangerous. Certainily the above demon-
stration of respiratory failure as a result of a
little increase in pressure in the airway offers
further cogent reason why barbiturate anesthesia

should not be employed in patients who may re-
quire positive pressure anesthesia as in some types
of thoracic surgery.

It follows from the remlarks concerning asthnma
that the use of barbiturate aniestlhesia in emphy-
semiiatous patients is ill-advised. \Nhile the tidal
excursion in emphysema may be essentially nor-
mal, the residual air (as in the asthmatic) is
greatly increased with corresponding decrease
tlherein of oxygeni tensioni and elevation of carbon
(lioxide to 50 to 60 mm. Hg, 7 to 8 per cent.
The arterial blood saturation may be only a little
below normal or it may go as low as 85 per cent
(1). \NVhly the gaseous exchange is impaired as
mluclh as it is in emphysema lhas not been com-
pletely explained. The rclative iniselnsitivity to
carbon dioxide in emplhysemiia furtlher increases
the hazard of barbiturate use. 'Morphine must
be used with caution sinice it reduces the carbon
dioxide sensitivity of the center.

Simiiilar contraindications to the use of bar-
biturate anestlhesia are apparent in the respiratory
and blood gas exchanige alterations effected by
cardiac disease.

In diabetes mellitus accumulationi of abnormal
acids is founid in the blood; on being buffered by
plasma bicarbonate these acids disturb the
H.,CO:,/BHCO:; ratio in the direction of acidemia.
In uncompenisated acidemia the lhazards of the
use of these agents are greater tlhan in normal
individuals.

Since onie of the mTost inmportanit funictionis of
the kidneys is the regulation of the acid-base
balance of the plasma, acidemia frequently results
from renal insufficiency. Therefore, the bar-
biturates are contraindlicated for the reasons miien-
tioned above. Factors such as these probably
account for the fairly widespread reluctance to
employ these barbiturates in patients with kidney
disease, ratlher thani any consideratiolns of kidney
excretion of the agents or their breakdowni prod-
ucts, since kidney excretion does not appear to be
of importance in the case of the short-lasting
barbiturates.

Many other clinical conditions could be con-
sidered whereini the use of the barbiturates ap-
pears to be unwise. Such a list would include,
surgical shock, among others, all conditions that
result in a low blood or tissue oxygen or a high
carbon dioxide blood level, or both.
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SUMMARY

The mechanisms of respiratory failure under
evipal and pentothal anesthesia have been studied
in experiments upon 43 dogs in order to get a

better understanding of the factors involved in
the variability of effect produced by given doses
of the barbiturates. Three simultaneous records
of respiration were made: tidal, costal and dia-
phragmatic, as well as a record of blood pressure.

Depth of anesthesia was followed by records of
the activity of a spinal reflex with frequent notes
as to the state of the corneal and lid reflexes.
Doubtless many still unknown factors are in-
volved in the variability of action of these agents;
however, several conditions frequently encoun-

tered clinically, which are capable of enhancing
the toxic effects of the agents, are described.

Over a wide range of anesthesia, low oxygen
in the inspired air effects a great increase in pul-
monary ventilation. Although with increasing
depth of anesthesia the initial minute volumes
were progressively smaller, low oxygen produced
the same final ventilation over the wide range of
anesthesia studied (Figure 1, B, D, F). Even at
the deep level of anesthesia considered, no loss of
sensitivity to this stimulus was apparent with the
oxygen concentration studied. Several demon-
strations of the effect of a low oxygen tension in
the blood in temporarily masking serious bar-
biturate depression are provided (Figures 1, B,
D, F and 3, B). This effect is revealed by sub-
stituting room air for the low oxygen mixture
being inspired. When the oxygen tension is very

low it finally exerts a depressant effect which, on

being added to the depressant action of the bar-
biturates, leads to death.

The effect of high oxygen in depressing the
respiration which has been maintained in whole or

in part by carotid and aortic mechanisms (acti-
vated by low oxygen) has been recognized, as far
as the effect itself goes, for many years. This
effect is present under evipal and pentothal. The
elimination of the carotid and aortic activity by
adequate oxygen tensions can be fatal (Figure
4).

Respiratory failure following the administration
of relatively small doses of barbiturates when the
blood carbon dioxide content is high is shown
(Figure 1, C, E).

The sensitivity of the respiratory center to its
normal stimulus, carbon dioxide, diminishes (Fig-
ure 1, A, C, E and Table III) and is finally lost
under the barbiturates. The carbon dioxide finally
becomes a serious depressant (Figure 8). A high
concentration of carbon dioxide in the inspired air
increases the sensitivity of the respiration to a
given dose of barbiturate (Figure 1, A, C, E).

A combination of low oxygen and high carbon
dioxide in the inspired air is particularly hazard-
ous. Low oxygen masks the true depressant ac-
tion of the barbiturate until later a point is reached
when the low oxygen stimulation is no longer
capable of supporting the respiration, but becomes
itself depressant, and adds to the depressant ac-
tion of the high carbon dioxide and the barbitu-
rate, with a fatal outcome. This probably explains
the " deaths without warning " described clinically
(Figure 5).

The powerful influence exerted by various oxy-
gen and carbon dioxide contents of the blood upon
the response to a given dose of barbiturate is ap-
parent. It is probable that variations in these gas
tensions account in part for the well-known puz-
zling clinical variability of action of the barbi-
turates.

Respiratory depression and failure, as a result
of a small elevation of pressure in the airway un-
der barbiturate anesthesia and 100 per cent oxygen
administration, are shown (Figure 6); they are
due to a reflex mediated through the vagi (Figure
7). The clinical implications of this effect are dis-
cussed.

The increasing effectiveness of small doses of
barbiturates, with increase in depth of anesthesia,
and the reciprocal relationship of pulmonary venti-
lation to increasing barbiturate dosage are dis-
cussed.

The use of barbiturates appears to be contra-
indicated in conditions where the blood oxygen
may be low or the carbon dioxide high. If these
conditions occur during barbiturate anesthesia, the
results can be disastrous. Not only is it important
to maintain a good blood color under the barbi-
turates, it is equally important to see to it that the
pulmonary ventilation is adequate in order to pre-
vent the piling up of carbon dioxide in the tissues.
The use of synthetic carbon dioxide is contraindi-
cated as a respiratory stimulant during barbiturate
anesthesia unless artificial respiration is being
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given. In this case probably 5 per cent carbon
dioxide should be administered in order to avoid
excessive depletion of carbon dioxide.
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