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Thirty-two dogs were subjected to inspired
oxygen tensions of 3,860 mm. of mercury (60
p. s. i. g.) for onc hour, or for 15 minutes after
the onset of EEG convulsive activity. Seven con-
trol 1 1 only succinylcholi the
rest were given succinylcholine and one of the
following: thi tal, haloth 1
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nervous system oxygen toxicity.® ¢ However,5
Van den Brenk and Jamieson 7 and Kidd *$
state that depressant drugs can increase suscep-;,

tibility to delayed central nervous toxicity. Theg
purpose of this investigation therefore wasg
threefold: (1) to determine in awake dogs the2.

nitrous oxide or a ! Igesi '; jon  Physiologic ¢l that occur during and3
of droperidol and fentanyl. The anesthetic drugs after exposure to OHP; (2) to ascertain llO\VE
fforded varying degrees of | jon from oxy- anesthetic drugs may modify the responses;3

gen toxicity, but no agent provided complete pro-
tection from the toxic effects. The means by
which the anesthetic drugs conferred protection,
as well as implications of anesthesia at high pres-
sures of oxygen, are discussed.

Oxv at high pressures (OHP) has Jong
been known to have toxic effects.  In animals,
death following exposure to OHP is usually
related either to pulmonary changes® or to
acute central nervous system  hyperactivity
characterized by convulsions.®  In contrast to
the acute signs of central nervous system tox-
icity, irreversible ataxia, postural disturbances,
and spastic paralysis have followed repeated
exposures to OHP in rats.>  These lesions have
been referred to as delayed central nervous
system toxicity.

Various anesthetics and central nervous sys-
tem depressants, including chloroform, ethyl
ether, barbiturates, paraldehyde and urethane,
can delay or prevent the signs of acute central
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and (3) to determine the incidence and nature@
of oxygen toxicity in the several groups.

Mecthod

Thirty-two mongrel dogs weighing from 99
to 15 kg. were studied. Seven dogs receiveds
only succinylcholine and served as controls..;@D
Groups of 3 animals were anesthetized withS
thiopental, halothane, methoxyflurane, nitrous N
oxide, or a neuroleptanalgesic combination on
droperidol and fentanyl.

Approximately one hour before compression,
all animals were given succinylcholine 4 mg./ &
kg. intravenously and intubated with a cuffed X
endotracheal tube to assure an air tight fit.
Ventilation with 100 per cent oxygen was3
provided with a Palmer or Harvard Jmmal,\)
respirator, which delivered a minute volume 3
of 300 to 320 ml./kg. at a rate of 16 to ”Om
per minute.  The lungs were h\'pl-nnﬂntcdno
periodically by setting the ventilator to thco
maximum tidal volume for two or three m-o
spirations. <

Right femoral arterial and venous cutdowns S
were performed under local anesthesia :mdn
polyethylene catheters inserted to the level of €
the abdominal aorta and inferior vena cava.S
In most animals, an 18-gauge spinal needle &
wis inserted under local anesthesia into the S
cisterna magna to record cerebrospinal fluid =
pressure.  The catheters and needle were con- z
nected to Statham strain gauge lrumluqm
Arterial pressure, venous pressure, cerebro-
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spinal fluid pressure, lead 2 of the electro-
cardiogram (ECG), and fronto-occipital leads
of the electroencephalogram (EEG) were
monitored constantly on a Gilson direct writing
polygraph.

Heparinized arterial and venous blood sam-
ples were taken before and after induction of
anesthesia, at pressure, and during decompres-
sion. They were analyzed for Py, Pgo, and
pH within five minutes at the pressure at
which they were drawn, utilizing a modified
Instrumentation Laboratories Model 113 ana-
Ivzer. In some animals cerebrospinal fluid
oxygen tensions were determined before and
after going to pressure.

Arterial concentrations of halothane and
methoxyflurane in blood were estimated just
before compression and at pressure, utilizing
the method described by North.®

Anesthesia was maintained in light to mod-
erate planes, according to the EEG and vital
signs. The initial dose of thiopental was 15
mg./kg. intravenously, and further fractional
doses were injected as needed. Halothane
was vaporized with oxygen at a constant flow
rate through a Fluotec vaporizer; methoxy-
flurane was similarly vaporized using a Pentec
vaporizer. After anesthesia was established,
the Fluotec was set at 1 per cent and the
Pentee at 0.3 to 0.5 per cent; these settings
were not changed during the experiment.
Nitrous oxide analgesia was induced and
maintained with 50 per cent nitrous oxide
and 50 per cent oxygen. Just before compres-
sion, the mixture was switched to a pre-mixed
cylinder containing 9.5 per cent nitrous oxide
and 90.5 per cent oxygen. For neuroleptanal-
gesia, an intravenous dose of droperidol 2.0
mg./kg. was followed in three minutes by
fentanyl 0.04 mg./’kg. No further doses of
these drugs were administered.

When vital signs were stable, the control
animals were given an additional dose of suc-
cinylcholine 4 mg./kg. and the anesthetized
animals 2 mg./kg., to assure that there would
be no extrancous movements during compres-
sion. The pressure of the Duke Pilot Hyper-
baric Chamber was raised to insure a minimum
inspired oxygen tension of 3,860 mm. of mer-
cury {60 psig). The control dogs and
those receiving only intravenous drugs were
maintained at pressures of 60 psig (5
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atmospheres absolute), while the animals anes9
thetized with the inhalation drugs (vaporizersS
in chamber) were maintained at slightlyo
higher pressures. Twelve to 14 minutes “crc%
required for compression.

Once the desired pressure was reached, 113
was 1 for 60 minutes, or for 15 min
utes after the onset of convulsive activity ;155\.'
recorded by the EEG, whichever event oc«ﬁ
curred first.  If no convulsive activity oceurredyy
at pressure, the animal was decompressed (o_
4.4 psig over a ten minute period nn,
oxygen and then to atmospheric pressure on:r
air.  Animals which showed convulsive actn-*
ity by EEG were allowed to convulse for 150
minutes, after which oxygen was d'mmntinucdm
and the animal was decompressed on air, nc‘m
cording to standard naval decompression tables.2

When convulsive activity began, or aftcr"’
the animal had been at pressure for 33 mm-(a
utes, the investigators undenwent cnmprtssmn<
and entered the main chamber with the ani-3
mal.  Appropriate drugs were admlmslcrcd,q,
including barbiturates or thiobarbiturates to3
control convulsions, THAM buffer or sodiumsS
bicarbonate to counteract metabolic acxdom:
and vasopressors, cardiac glycosides, or car-9
diac stimulants to avert or treat shock. Wheng
ventricular fibrillation occurred, external car-}}
diac compression and external d.-c. defibrilla-
tion were employed in efforts to restore effec-
tive cardiac output.

Following decompression, the animals wereQ
ventilated on air until the return of adequate™
spontancous respirations or until death, Fre-§
quently, the animals developed inspiratory con- 3
vulsive movements, which were controlled \v1t||0
intravenous pentobarbital as needed. \hn\'o
surviving animals were unable to take oralg
nourishment for periods of up to four dm\’sN
after exposure. They were maintained ong
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appropriate parenteral fluid therapy. E
=

Results 2

Central Nercous System. Succmvlchnlmeo

masked all motor signs of convulsive activity. 2
Onset, duration and nature of the convulsions
were ascertained from the EEG. Table 1%
summarizes the findings pertaining to the S
onset and frequency.  Convulsive activity was
always the first sign of oxygen toxicity noted.
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No dog receiving thiopental developed choline.  These increases in pressure wereo

convulsions during exposure to OHP. The
EEG recordings remained essentially normal
throughout the cxperiment.  All animals in
the control, nitrous oxide and halothane series
developed EEG evidence of convulsive activ-
ity within the prescribed one hour period of
exposure. Three and 4 animals, respectively,
in the methoxyflurane and ncurolept groups
also developed EEG evidence of convulsive ac-
tivity. The time of onset of convulsions was
slowest with neuroleptanalgesin and  fastest
with nitrous oxide.

In the control and nitrous oxide animals,
EEGC evidence of convulsions consisted of a
sustained 400-600 nv., 12 to 15 cycle per
second spiking pattern lasting 30 to 60 sec-
onds, then a pause of electrical inactivity,
followed by another sustained seizure pattern.
This type of activity repeated itself, but the
periods of electrical inactivity and convulsive
activity decreased in duration. This pattem
contrasted markedly with that seen in the halo-
thane, methoxyflurane and neuroleptanalgesia
dogs, which showed initially short half-sccond
bursts of 100-200 ,v. spikes, which over sev-
eral minutes increased in duration, amplitude
and frequency.  Finally, a pattern of 15- to
20-second bursts of sustained high voltage
spikes, separated by periods of electrical in-
activity, predominated.

During EEG scizure activity, there were
marked increases in cercbrospinal fluid pres-
sure in the animals receiving only succinyl-

less in the neurolept, nitrous oxide, and meth<d
oxyfluraine animals.  Convulsions were noty
associated with increase in cerebrospinal fluid
pressure in the halothane group.

oo

o
Cardiocascular System. Cardiovascular re-S
actions are summarized in table 2. After"’

compression, and before the onset of convukl\e3
activity, the arterial presssures in all groupsz
remained relatively stable.  Moderate brady-
cardia developed in the halothane and meth-
oxyflurane groups, which may have been re-
Lated to an increased depth of anesthesia
accompanying compression.

Marked increases in both arterial pressure &
and pulse rate were associated with EEG >
convulsive activity in the control, nitrous ox-
ide, and neuroleptanalgesin groups.  In lhego
methoxyflurane group, convulsions were a&so-g
ciated with moderate increases in arterial pres- S
sure, but a reduction in pulse rate. In lhco
halothane animals, EEG seizure patterns \vcrcgJ
not accompanied by significant cardiovascular &
changes. g

The control, nitrous oxide, and ncumltypt‘D
animals developed severe cardiac arrhythmias, &
including premature ventricular contractions, g
bigeminy, and ventricular tachycardia, with -
the onset of convulsions. The ECG remained >
unchanged  during convulsions in the halo- 2
thane and methoxyflurane dogs. N

Figure 1 illustrates the variations in cerebro- X
spinal fluid pressure and cirenlation observed
in a control experiment,
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Postexposure Course.  Table 3 summarizes the immediate postexposure period and suc-3

the postexposure course of the animals.  Death
was usually related to either circulatory
changes or central nervous system signs.
Death occurred rapidly in some animals fol-
lowing the development of hypertension and
severe cardiac arrhythmias, and in 3 dogs was
associated with pulmonary edema. This type
of death was seen in 4 control animals and in
one ncurolept dog.  While the nitrous oxide
group showed severe cardiovascular abnor-
malities, no cardiovascular deaths oceurred.
Dogs that succumbed with acute central
nervous system signs developed convulsions in

cumbed within 24 to 48 hours despite vigor-3
ous anticonvulsant therapy. The c()n\'ulm'ons'ij
could be temporarily alleviated by the usc
of pentobarbital or phenobarbital, but only llla
doses sufficiently large to require mechanic 115
ventilation to ure adequate (n);,cn.mmlo
When the barbiturates were discontinued, the>,
animal usually reverted to a convulsive stateZ
both clinically and on the EEG. Graduallyg
the condition of the animal deteriorated, andy
it died in a state of shock. Only one of 9§
animals showing these postexposure convul-
sions recovered.  This type of death occurred
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in 4 halothane animals and in several dogs
receiving methoxyflurane, nitrous oxide, or
succinylcholine alone.

Three animals died from causes believed
not to be directly reluted to oxygen toxicity.
Two dogs made a rapid recovery, but died
within 48 hours from meningitis confirmed at
autopsy. The third animal suffered a tension
pneumothorax during decompression.

Of 15 animals which survived exposure to
OIP, 8 revealed a weakness or spasticity of
the estremities associated with  generalized
disequilibrium and incoordination.  Seven of
these animals made a complete recovery in
one to seven days. The eighth animal which
died seven days after exposure was showing
improvement, but still had incoordination of
the hind legs. This type of delayed oxygen
toxicity was seen in 3 thiopental, 2 methoxy-
flurane, 2 succinylcholine and one halothane
treated animal.

Seven animals, most of which had EEG
convulsions and cardiovascular abnormalities
during exposure to OHP, had a rapid and un-
eventful recovery. Three received neurolept-
analgesia and the other 4 were given thiopental,
nitrous oxide, or methoxyflurane.

Blood and Cerehrospinal Fluid pH and Gas
Determination.  Table 4 lists the Py, Peq, and
pH values of the arterial and venous blood,
and the Py, of the cercbrospinal fluid, both
at ambient and increased pressures. At am-
bient pressure, the arterial blood gases were
similar in all animals, except that the oxygen

Tanee 3.
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tension of the neuroleptanalgesic group was >
clevated and that of the nitrous oxide animals &
reduced.  Only the lungs of the neuroleptd
gronp were deep-breathed  (sighed) thrce§
minutes before cach determination.  The ni-
trous oxide animals had only 50 per cent
oxygen in the inspired air.
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unfess noted.
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1 Only four determinations made.

At pressure, the mean arterial oxygen ten-
sion was higher in the control animals (3,003
mm. of mercury). The theoretical value at 60
p.s.i.g. is 3,785 mm. of mercury.

Despite the fact that ventilation was kept
constant throughout the experiments, an in-
crease in both the mean arterial and venous
Pe. developed in all but the thiopental ani-
mals at presssure.  Also in the thiopental
group, in which no convulsions were ob-
served, the pH changed little at pressure.
However, in the remaining groups, pH values
decreased  consistently.  Many animals in
these groups were having EEG convulsive ac-
tivity when the samples were drawn. On
decompression, the animals which convulsed
showed even more reduction in pH, frequently
to values of less than 7.20; these animals re-
quired alkalinizing agents.

The cerebrospinal fluid oxygen tensions at
pressure were markedly elevated, ranging from

0000/226821/5 F/S/ L2/iPd™

a mean of 1,482 mm. of mercury in the meth-S
oxyflurane animals to 2,760 mm. of mcrcury@
in the neurolept group. The P,,, of the cere-X
brospinal fluid was intermediate between tlmlm

of the arterial and venous oxygen tensions. 8
The arterial levels of halothane and methoxy-8

flurane were not consistent, cither at amg
bient or increased pressures, despite the mLo
of flow and temperature compensated \;\por—N
izers, similar induction and maintenance dos-o -Q
ages of the drugs, and constant tidal andg
minute ventilation. The mean arterial con
centration of halothane at atmospheric pres-§
sure was 9.9 =% 1.7 mg./100 ml. and at pres-g
sure was 15.1 = 2.4 mg./100 ml. The arlcn'al:
concentrations for methoxyflurane were 1255
= 4.4 mg./100 ml and 13.8 = 3.4 mg./1003,
ml, respectively. The one surviving halothane®
animal and the 3 surviving methoxyflurane®
animals had the highest arterial blood anes-
thetic concentration during OHP exposure.
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Discussion

The purpose of the investigation was to
study the modifying cffects of anesthetic
drugs, suitable for use in the hyperbaric en-
vironment, on the development of central
nervous system signs of oxygen toxicity. A
maximum of onc hour exposure at 60 p.s.i.g.
was chosen because it was known that few
unanesthetized dogs could withstand such ex-
posure without developing acute central nerv-
em signs of oxygen toxicity.’®  Oxygen
was discontinued after EEG evidence of con-
vulsions for 15 minutes because carlier ex-
perience 11 had indicated that dogs convulsing
a longer period would not survive. Muscle
relaxant drugs were used in the control ani-
mals and with the anesthetic drugs to ensure
that undue motor activity would not interfere
with the basic design of the investigation.

In the past, investigators have argued that
OHP causes central nervous system toxicity by
“hyperoxic anoxia™; that is, OHP produces an
anoxic state of the bmin.’?  In the present
experiments, the oxygen tension of the cere-
bral spinal fluid was markedly elevated at
pressure.  Although some doubt exists whether
the cercbral spinal fluid oxygen tension ac-
curately reflects that of the cercbral tissue,
Jamicson and Van den Brenk '3 have shown
that oxygen clectrodes pliced in the sub-
arachnoid space of the rat subjected to OHP
gave similar responses to those in the brain
substance. The present work adds eredence to
the hypothesis that the central nervous system
toxic effects of OHP are due to the direct
effect of increased oxygen tension on central
nervous system tissues.

Exposure of the animal to central nervous
system depressant drugs delays the onset of
the EEG manifestations of oxygen toxicity.
With the exception of nitrous oxide, all the
anesthetic drugs studied delayed the onset of
convulsive activity. Thiopental was most cf-
fective in this respect, followed by the neuro-
leptanalgesic combination, and then by meth-
oxyflurane and halothane in close order. The
ability of general anesthetics to delay or pre-
vent seizures is likely related to their non-
specific depression of the central nervous sys-
tem.  Why thiopental should be the most
effective is unknown, but one can postulate
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that it produces a greater depression of moreS
susceptible areas.  Certainly, the anticonvulsant 5
properties of the barbiturates are well docu- 3
mented. @

o]

The appearance of cardiovascular changes3
with convulsions has been demonstrated in3
both man and animals.’ 15> Recent experi- 3
ments in this laboratory have shown marked =
hypertension and cardiac arrhythmias associ-
ated with electroshock, pentylenctetrazol con-
vulsions, and oxygen induced convulsions (atZ
pressure) in  succinylcholine  treated dogﬂ.g
Since muscular paralysis was complete in these 3.
studies, the cardiovaseulir changes could not 5
be explained on the basis of muscular over-3
activity. A reasonable explanation would be S
the release of endogenous catecholamines fol-
JTowing stimulation of the symp;\thclic nervous
system by mechanisms in the overactive cen-g
tral nervous system. Both Woodbury !* and§
Gatgounis ** have presented evidence to addy
weight to this theory. None of the halothane 2
animals in this series showed cardiovascular ®
alterations  during seizure activity at OHP. 3
Since there is evidence that halothane exerts N
a blocking action on the sympathetic nervous &
syvstem,'” and since Black!® has shown dul
halothane is capable of blocking \.moconstn(«h
tion by norepinephrine, these nbwr\.monst’o
support the concept that sympathetic discharge X
is responsible for the cardiovascular changes S
associated with convulsions.

A less dramatic aspect of central nervous
svstem oxygen loxicity is the development of »
post exposure or delayed signs of oxygen tox-
icity. Bean3 first described this form of toxicity 3
in rats and noted that the signs persisted until ©
death,  We have noted relatively transient S
neuromuscular disturbances in dogs, both anes- §
thetized and unanesthetized.’* Only recently ™
have neuropathologic lesions been found \vhichg
shed light on the etiology of these delayed &
signs of oxygen toxicity.1? %

In this investigation, § of 32 animals demon-
strated  transient  neuromuscular  disturh-
ances on recovery from anesthesia.  All of =
these animals showed improvement, with 7
having complete clinical remission two to seven
days following exposure. Of these 8 ani-
mals, four eshibited EEG convulsive activity
during exposure to OHP. However, 3 thio-
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pental and one methoxyflurane dog showed no
demonstrable signs of acute oxygen toxicity
while subjected to OHP. These observations
emphasize an important point: anesthetic drugs
may prevent the occurrence of acute signs of
oxygen toxicity, but they do not assure the
absence of neurologic damage in the recovery
period.

Recently, several investigators 4 7+ 8 have pre-
sented evidence that central nervous system
depressant drugs, most notably pentobarbital,
while delaying the onset of the acute signs of
oxygen toxicity in the rat, hasten and augment
the delayed central nervous system signs of
oxygen toxicity as described by Bean.3 We
have not been able to corroborate this finding
in rats exposed to oxygen at 57-38 p.s.ig.?°
The results of the present study throw little
light on the matter.

In all but the neuroleptanalgesic dogs,
which were vigorously hyperventilated three
minutes before each blood sample, the arterial
oxygen tensions at pressure were considerably
below the theoretical value of 3,785 mm. of
mercury.  Periodic hyperinflation tends to
open collapsed alveoli through which blood is
flowing but is not being oxygenated, and
hence increases the arterial oxygen tension.
These observations stress the importance of
periodic hyperinflation or “sighing” of indi-
viduals on controlled respirations who are re-
ceiving high inspiratory councentrations of
oxygen.

On the basis of these experiments, certain
conclusions may be drawn.  Exposure times
to high pressures of oxygen should be brief if
they are to be safe, both in awake and anes-
thetized animals. During such exposures, ab-
normalities in the EEG and ECG, both of
which should be continually monitored, de-
mand that oxygen be immediately terminated.
Otherwise, rapidly fatal convulsions and/or
associated cardiovascular  abnormalities may
develop.

Of the anesthetic drugs studied, thiopental
afforded the greatest protection against the
onset of convulsions, but it offered little guar-
antee against the development of delayed oxy-
gen toxicity. Halothane and methoxyflurane,
while delaying the onset of convulsions and
protecting against the cardiovascular changes
accompanying  convulsions, did net prevent
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death from convulsions following exposure org
the development of delayed oxygen tovucnl\'s
The neurolept combination delayed the onsets
of convulsions and prevented the onset of post-g-
exposure signs, but did not confer protection2
against the cardiovascular changes. In otherd
words, none of the drugs studied afforded com-5
plete protection from the several manifes-S
tations of central nervous system oxygcn§
toxicity.

Summary

1oA|IS"ZES!

Thirty-two dogs were subjected to msplrcdo
tensions of 3,862 mm. of mercury oxygen (6()m
p.s.ig.) for 60 or for 15 aftcro
the onset of EEG convulsions. Seven animnlsi
received only succinylcholine and served as3
controls.  Five animals each were exposed to@
succinylcholine in combination with thiopental,@ g
halothane, methoxyflurane, 9.5 per cent mtmmo
oxide, or a neuroleptanalgesic combination nf@
droperidol and fentanyl. m

Some animals in all groups showed signs ofo
central nervous system oxygen toxicity, “]llch
were classified as acute or delayed. The acuteS
signs of central nervous system oxygen tnxicil_\"§
were demonstrated by the onset of convulsiveg
activity on the EEG. Thiopental provldedm
the most complete protection against acuted
toxicity.  Associated with EEG mn\'ulsmns«;
were severe cardiovascular disturbances in (hc§
control, nitrous oxide and neuroleptanalgesicS
groups of dogs. Halothane provided the bcsl§
protection in this respect. Delayed signs of §
oxygen toxicity, consisting of ncummusculan
disturbances, were observed after dccomprcs-m
sion and recovery from anesthetic drugs.

The anesthetic drugs afforded varying de-S
grees of protection from oxygen toxicity. Theo
mechanisms of such action are discussed. Tth
data suggests that exposures to high pressures
of oxygen for even brief periods of time are&
hazardous in both awake and anesthetizedS
animals.
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pain often
It is obvious that eflective
nenrosurgeon, psychinln’st.

The group provides consultative
patient.  Face-to-face group discussions
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