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Nitrous Oxide Withdrawal Reduces Intracranial Pressure in the

Presence of Pneumocephalus

Stephen Skahen, M.D.,* Harvey M. Shapiro, M.D.,t John C. Drummond, M.D.,%
Michael M. Todd, M.D.,§ Vladimir Zelman, M.D.1

Nitrous oxide anesthesia has been implicated as contributing to
the development of delayed tension pneumocephalus following sur-
gery performed in the sitting position. The authors tested the hy-
pothesis that withdrawal of nitrous oxide anesthesia administered
during formation of an intracranial gas cavity would lead to a de-
crease in intracranial pressure (ICP) as N,O diffuses from the cavity
back into the blood. Ten halothane-anesthetized rabbits were pre-
pared for measurement of supracortical ICP and arterial blood
pressure (BP) and for intracranial volume alterations via a cisterna
magna infusion catheter. Hyperventilation (Paco, = 28-30 mmHyg)
and mannitol were used to shrink the brain to accommodate intra-
cranial infusion of either air or lactated Ringer’s (LR) solution,
which was used to elevate ICP to between 10-15 mmHg from a
baseline ICP of 2.1 £ 2.5 mmHg over a period of 8 to 10 min. Fol-
lowing stabilization at an elevated ICP, inhalation of nitrous oxide
(75%) was either initiated or withdrawn (if already present during
the induced ICP increase) and the subsequent changes in mean ICP
and BP were recorded. Following ICP elevation with LR to 10 + 1
mmHg, initiation of 75% N,O administration resulted in no change
in ICP and modest increases (P < 0.05) in BP and cerebral perfusion
pressure (CPP = BP — ICP) after 4 min. However, when ICP was
raised (to 12 = 3.5 mmHg) with intracranial air infusion, subsequent
initiation of 75% N3O inhalation caused an abrupt ICP increase to
22.3 + 9 mmHg (from control P < 0.001). Withdrawal of N,O after
ICP had been elevated (15.2 + 1.0 mmHg) by air infusion during
N;O administration caused an abrupt and significant (P < 0.001)
decrease in ICP rangingto 5.0 + 4.6 mmHg, accompanied by a modest
BP decline. These results confirm that N,O can diffuse back into
the blood stream from a previously equilibrated intracranial gas
cavity and lowers ICP when N;O is eliminated from the inspired
gases. These findings suggest that discontinuance of NyO anesthesia
after cranial-dural closure in patients who have a potential for
developing significant pneumocephalus might reduce the potential
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for development of delayed tension pneumocephalus following cra-
niectomy performed in the sitting position. (Key words: Neurosur-
gery. Nitrous oxide. Sitting position. Tension pneumocephalus.)

DURING MOST NEUROSURGICAL procedures performed
with the patient in the sitting position, cerebrospinal fluid
(CSF) is replaced by air with resultant formation of pneu-
mocephalus.'-* The serious complication of tension
pneumocephalus develops in only a relatively small num-
ber of these patients. Because of the recognized propensity
for nitrous oxide to diffuse into intracranial air pockets,
it has been suggested by some that NyO be eliminated
from anesthetic protocols for patients in the sitting posi-
tion prior to closure of the dura in order to reduce the
incidence of tension pneumocephalus.?-'® Theoretically,
the presence of an intracranial air-nitrous oxide mixture
after craniectomy closure should lead to an intracranial
pressure (ICP) reduction when N3O is withdrawn from
inspired gases, as the NyO present in the gas pocket dif-
fuses back into the blood."!"!? This hypothesis was tested
in anesthetized rabbits subjected to systematic adminis-
tration and withdrawal of 75% N3O in the presence of
an experimentally induced intracranial air or fluid space-
occupying mass.

Methods

Ten New Zealand White rabbits (3.0-3.5 kg, unse-
lected for sex) were anesthetized with 4% halothane in
oxygen, Following endotracheal intubation, the animals
were ventilated with a Harvard respirator at a tidal volume
and rate sufficient to produce hypocapnia (Paco, = 28~
30 mmHg). Muscle relaxation was obtained with pancu-
ronium bromide (0.1 mg-kg™' - h™') given via a percu-
taneously inserted ear vein catheter, and the inspired hal-
othane was reduced to 1.5% for performance of surgery.
Bupivacaine (0.25%) was infiltrated locally prior to per-
forming a femoral incision for cannulation of the femoral
artery to provide continuous arterial pressure monitoring
and intermittent sampling for blood gases.

With the rabbit in the sphinx position, its head was
secured in a stereotaxic frame to permit positioning of
supracortical subdural and cisterna magna intracranial
catheters for ICP monitoring and injection or withdrawal
of air or fluid. The subdural catheter (PE 90) was placed
through a burr hole over the right hemisphere and a wa-
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tertight seal was achieved with Eastman-910® cement.
Cisterna magna catheterization was accomplished with a
butterfly needle (23-gauge) connected via a stopcock to
a syringe infusion pump. ICP was measured from the su-
pracortical CSF catheter, and the cisterna magna catheter
was used to inject or withdraw lactated Ringer’s (LR) so-
lution or air. All transducers were zeroed to mid-head
level to permit calculation of cerebral perfusion pressure
(CPP = blood pressure (BP) — ICP). Esophageal temper-
ature was maintained at 37° C via a servocontrolled in-
frared lamp.

Mannitol was then administered (1 g - kg™") to decrease
brain volume and expand the potential CSF space. Fol-
lowing a 45-min stabilization period at 1% inspired hal-
othane concentration, baseline physiologic measurements
were performed and included: BP, subdural ICP, and
blood gases.

Each rabbit was then exposed to three sequentially im-
posed conditions consisting of inhalation or withdrawal
of nitrous oxide (75%) in the presence of ICP elevations
induced with either the infusion of LR or air into the
cisterna magna. Observations were made at the following
steps: Step I, ICP elevated to 10 = 1 mmHg by LR infusion
followed by nitrous oxide administration; Step II, ICP
elevated to 12.5 + 5 mmHg with infusion of air followed
by nitrous oxide administration; and Step III, ICP ele-
vated to 15 £ 1 mmHg by infusion of air during a sta-
bilized administration of nitrous oxide and followed by
withdrawal of NyO.

Intracranial gas and liquid infusions were accomplished
with a Harvard syringe infusion pump after demonstration
of catheter communication with the CSF space. Pressures
were obtained from the polygraph record at 1-min inter-
vals, between 1 min prior to and for 5 min following a
change in NoO administration. Each step in the study did
not commence until the ICP drift was less than —1
mmHg - min~! with the infusion pump turned off and gas
tight stopcocks controlling each catheter closed. Table 1
indicates the infusate and infusion times for each of the
three sequential steps. For each step, a gas or liquid vol-
ume was infused intracranially for 8-10 min and then
N2oO was either added or removed from the breathing
circuit and ICP was observed for 5 min. Between each
step both catheters were opened to atmospheric pressure
at the same supracortical level to permit return to baseline
ICP and 15 min was allowed for stabilization. A skull x-
ray, obtained in one animal, demonstrated intracranial
air located over the parietal portion of the cerebral hemi-
sphere in proximity to the supracortical ICP measurement
catheter. Paired ¢ tests were used to determine statistical
significance (tables 1 and 2), and multiple comparisons
were performed using analysis of variance for repeated
measurements and the Bonferonni correction for the un-
paired ¢ statistic (fig. 1).'*!*
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TABLE 1. Pump Volume (ml) and Infusion Time at Each
Step prior to Changing N;O
Volume Time
Infusate (ml) {min)
Step I Liquid 0.8+ 0.5 8.8+ 4.9
Step 11 Air 0.8+0.3 84+3.2
Step 111 Air 0404 10.6 + 4.8

Mean + SD.
No difference among infused volumes and infusion times; P > 0.05.

Results

Arterial blood gas status immediately prior to admin-
istration or withdrawal of nitrous oxide is indicated in
table 2. There were no differences among these variables
at any step, with the exception of Pag,, which reflected
presence or absence of nitrous oxide in the inspired gases.

Figure 1 summarizes the alterations in ICP, BP, and
CPP occurring prior to and after the administration or
withdrawal of 75% nitrous oxide at elevated ICPs ob-
tained either by intracranial infusion of LR or air. In Step
I the administration of nitrous oxide after LR elevation
of ICP caused no significant change in ICP, a modest
mean BP elevation of approximately 7 mmHg at 5 min,
and a similar increase in CPP (P < 0.05). With Step II,
following infusion of intracranial air to raise ICP, intro-
duction of nitrous oxide caused an abrupt and significant
(P < 0.01) 6 mmHg ICP elevation after 2 min, which
continued to increase until a total ICP gain of about 10
mmHg ensued after 5 min of NoO administration. This
was accompanied by no significant change in BP or CPP.
In Step 111, withdrawal of nitrous oxide in the presence
of an elevated ICP due to air infusion led to a significant
(P < 0.01) 7 mmHg ICP reduction within 2 min, with a
net ICP decrease of 9 mmHg at 5 min. There was no
change in CPP, and the BP decreased slightly 2 min after
N3O was discontinued in Step III.

Discussion
To some degree pneumocephalus probably complicates
most intracranial surgical procedures, especially those that
entail large amounts of CSF loss. Usually, pneumocepha-
lus is not of clinical significance and resolves over a period

TABLE 2. Arterial Blood Gas Status*

Step 1 Step 11 Step 111
Paco,
(mmHg) 304 +4.2 30.3 + 5.1 28.0 £ 3.3
Pag,
(mmHg) 363 + 103 299 + 167 113 + 337
PH, 7.43 £ 0.09 7.45 = 0.06 7.39 + 0.06
Mean + SD.

* Determined just prior to starting or stopping N3O anesthesia. Step
I taken as control condition.
T P < 0.001 compared with Step I or Step II.
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Fi1G. 1. Mean (+SD) intracranial pressure (ICP), arterial blood pres-
sure (BP), and cerebral perfusion pressure (CPP) alterations following
elevation of ICP with either fluid (Step I) of air (Steps II and IIi)
followed by administration of N;O (1) or withdrawal of N,O (l) in
halothane-anesthetized rabbits (see text for details of protocol). Baseline
(B) values are indicated by the nonconnected point at the beginning
of each step. The infusion pump elevating ICP was turned off at zero
time. Asterisks indicate P < 0.01.

of days to weeks. Occasionally, intracranial hypertension
develops in association with pneumocephalus leading to
the syndrome of tension pneumocephalus, which can
present as delayed recovery from anesthesia, diminished
level of consciousness with or without focal neurologic
signs, and/or death due to intracranial hypertension. This
diagnosis may be considered while patients are still in the
postanesthesia recovery room. Tension pneumocephalus
has been described in the absence of exposure to nitrous
oxide, and the role of this anesthetic in the genesis of this
syndrome remains controversial.'®

In an attempt to clarify some of the issues concerning
the use of nitrous oxide during sitting-position neuro-
surgical procedures, we developed a laboratory model for
pneumocephalus in the rabbit. In this model several steps
were introduced to control for certain variables. Step I,
consisting of introducing nitrous oxide after elevating ICP
with LR, was employed to detect possible ICP-elevating
effects of nitrous oxide due to its ability to increase ce-
rebral blood flow (CBF).!® In our halothane-anesthetized
rabbits this effect appears to be negligible, as the ICP did
not increase with nitrous oxide administration. Lack of
an ICP elevation in our experimental circumstance may
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be due to the already present cerebrovasodilator action
of halothane, which may attenuate further NyO vasodi-
lator effects on CBF.!” It could also be due in part to the
downward drift of ICP, which is inherent in models em-
ploying intracranial volume infusions to raise ICP. In our
preparation downward ICP drift was less than 1
mmHg - min~! immediately after the infusion pump was
stopped and is progressively attenuated thereafter (un-
published observations). Thus major CBF and cerebral
blood volume changes as reflected by the ICP probably
do not occur due to nitrous oxide administration in our
model.

Step I1 in our protocol was introduced in order to test
the ability of our model to reveal ICP elevations known
to occur when nitrous oxide anesthesia is administered in
the presence of a sealed intracranial pocket of air.!! The
expected abrupt ICP increase after nitrous oxide was ad-
ministered confirms model validity in this respect. Step
III was designed to simulate the clinical circumstance
wherein intracranial air accumulates during an anesthetic
in which N,O is given. Withdrawal of N5O in this situation
simulates the clinical circumstance in which NyO anes-
thesia is maintained until dural and cranial closure is com-
pleted. The abrupt decrease in ICP following discontin-
uation of nitrous oxide confirms our hypothesis that de-
layed removal of this anesthetic should reduce the
incidence of tension pneumocephalus.

Clinically, a number of intraoperative factors can con-
tribute to the development of delayed tension pneumo-
cephalus. Those factors that act to either decrease brain
volume or promote CSF drainage out of the cranial cavity
can contribute to the development of delayed tension
pneumocephalus. They can include hyperventilation,
gravity reduction of cerebral venous volume, osmotic di-
uretics, release of noncommunicating hydrocephalus, and
suctioning of CSF.'® When these occur in a patient in the
sitting position, air enters the cranial cavity and may per-
colate to the highest point over the hemispheres. This
condition has been likened to the phenomenon that occurs
with an “inverted pop bottle.””*!? The presence of a ni-
trous oxide anesthetic may increase the rate at which an
intracranial gas volume expands in this situation. How-
ever, the final intracranial gas volume depends more on
the degree of brain shrinkage and CSF loss as long as the
system remains open or can be vented to the atmosphere
through the surgical site. At closure intracranial tension
should therefore be at ambient pressure. Postoperatively,
with resumption of the supine position, the processes
leading to brain shrinkage and CSF loss are reversed, and
reexpansion of the brain along with accumulation of CSF
volume may generate the high ICP associated with tension
pneumocephalus as the gas pocket now serves as a space-
occupying lesion. Any process that can reduce the volume
of intracranial gas remaining after dural closure will create
more potential space to accommodate postoperative brain
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and CSF volume increases, thus buffering ICP elevation.
We believe that our experiment indicates that delayed
removal of nitrous oxide from anesthetic gases that have
equilibrated with the intracranial pneumatocele actually
accomplishes this desired goal.

Much of the confusion surrounding the use of nitrous
oxide when intracranial air accumulation is possible can
be resolved by consideration of the prior content of the
gas cavity, the conditions under which it has accumulated,
and whether or not the dura and skull are closed. It has
been clearly demonstrated that nitrous oxide introduction
in the presence of a preexisting, sealed intracranial air
pocket and closed cranial vault can result in an abrupt
and severe elevation in ICP.'? Our study indicates that
when the intracranial gas cavity has equilibrated with in-
spired N3O anesthesia, removal of nitrous oxide results
in a fall in ICP. Similar results with a corresponding time
frame have been described that explored this question in
a canine model.'? Because the incidence of intraoperative
tension pneumocephalus, as evidenced by acute brain
swelling, appears to be relatively low, we suggest that,
more often than not, NgO is in equilibration with the
supratentorial pneumocephalus that accumulates during
posterior fossa neurosurgery with the patient in the sitting
position. Several case studies of surgery performed on
patients in the supine and lateral positions implicate N,O
in the genesis of tension pneumocephalus.?®?' Under
these conditions (absent the “inverted pop-bottle” mech-
anism) intracranial air collections might not have time to
equilibrate with N5O prior to dural closure. Also, in these
cases the circumstances regarding the actual existence of
high pressures within the pneumocephalus are poorly de-
fined, although the existence of large intracranial gas
pockets acting as space-occupying lesions was demon-
strated. When the possibility for introduction of intra-
cranial air via a ventriculostomy or shunt device exists,
acute intraoperative tension pneumocephalus can develop
due to the presence of NoO anesthesia.?!%?2 Because the
conditions leading to NyO-air pocket equilibration at
ambient atmospheric pressure may not always exist, with-
drawal of NO prior to dural closure should be considered
whenever acute intraoperative brain swelling occurs.

Use of ICP monitoring or drains to permit venting of
gas or fluids should be considered whenever a large in-
tracranial cavity (filled with gas or fluid) has been created
intraoperatively and the potential for significant postop-
erative brain expansion and/or swelling is high. Early dis-
continuation of nitrous oxide from anesthetic protocols
prior to dural and cranial closure is not indicated in most
cases, and maintenance of NO in the anesthetic protocol
until the end of the case has the advantages of reducing
intracranial gas volume as well as promoting early arousal
and neurologic evaluation of patients who are in the sitting
position when surgery is performed.
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