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Fifiy Percent Nitrous Oxide Does Not Increase the Risk of

Venous Air Embolism in Neurosurgical Patients Operated

upon in the Sitting Position

Thomas J. Losasso, M.D.,* Donald A. Muzzi, M.D.,* Niki M. Dietz, M.D.,T Roy F. Cucchiara, M.D.}

Although nitrous oxide (N;O) should theoretically increase the
severity of venous air embolism (VAE), data confirming this hazard
in clinical situations are not available. The effect of 50% N;O on
the incidence and severity of VAE and on the emergence time from
anesthesia was evaluated in 300 neurosurgical patients operated upon
while in the sitting position. Of these, 110 patients underwent cran-
iectomy for posterior fossa pathology and 190 patients underwent
cervical spine surgery (CSS). Patients were randomized to receive
either 50% N;O in oxygen (O;) (N;O group) or O; (no-N,O group)
as part of an isoflurane-fentanyl-based anesthetic. In patients in
the N;O group, N,O administration was discontinued immediately
upon Doppler-detection of VAE and was reinstituted in not less
than 30 min after resolution of the episode. The incidence of Dopp-
ler-detected VAE was significantly greater in the craniectomy group
than the CSS group (43% vs. 7%, respectively; P < 0.001). N;O had
no effect on the incidence of VAE or the severity of VAE as judged
by the magnitude of the reduction in blood pressure during hemo-
dynamically significant episodes of VAE, the volume of gas aspirated
from the right atrial catheter during episodes of VAE, or the mag-
nitude of the decrease in end-tidal carbon dioxide tension during
episodes of VAE. Hemodynamically significant episodes of VAE
(i.e., episodes associated with a reduction in systolic blood pressure
of = 15 mmHg) occurred in 17 of the 61 patients experiencing VAE
(28%) and was not different between the N;O and no-N;O groups.
Similarly, hemodynamically significant episodes of VAE (n = 18)
accounted for 15% of all episodes of VAE (n = 118) and was not
different between the NoO and no-N,O groups. Emergence time was
not significantly different between the N;O and no-N;O groups, with
mean times of 2 + 6 and 3 £ 7 min (+ SD), respectively. Emergence
time was significantly longer in the craniectomy group than in the
CSS group (5 vs. 1 min, respectively; P < 0.001). Within the cran-
iectomy group, the incidence of Doppler-detected VAE was signif-
icantly less in patients with previous surgery at the operative site
(21%) compared to patients without previous surgery at the operative
site (47%). Postoperatively, no complications could be related to the
use of NyO or directly attributed to the occurrence of VAE. The

authors conclude that in neurosurgical patients operated upon while
in the sitting position, 50% N.O has no measurable effect on the
incidence or severity of VAE if its administration is discontinued
immediately upon Doppler detection of VAE. In addition, when the
anesthetic agents are administered so as to have the patient awake
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at the completion of surgery, use of 50% N,O to supplement an
isoflurane—fentanyl-based anesthetic has no measurable effect on
the emergence time from anesthesia. (Key words: Anesthesia: neu-
rosurgical. Anesthetics, gases: nitrous oxide. Complications: venous
air embolism. Position: sitting.)

VENOUS AIR EMBOLISM (VAE) is a well-recognized com-
plication in patients undergoing neurosurgical procedures
in the sitting position.'* Previous studies indicate that
the incidence of Doppler-detected VAE ranges between
11 and 24% during cervical spine surgery (CSS) and be-
tween 41 and 45% during craniectomy in patients in the
sitting position.'™*

Because of the difference in blood—gas solubility be-
tween nitrous oxide (N2O) and nitrogen (N3g), N,O will
enlarge the gas volume of air-containing cavities such as
intravascular air bubbles.>” Volume expansion of intra-
vascular air bubbles may increase the risk of hemodynamic
compromise or other morbidity after the occurrence of
VAE. In a rabbit model of VAE, Munson and Merrick
found that the lethal volume of intravenously adminis-
tered air was significantly less in animals receiving NoO
compared to animals not receiving NyO.? These authors
suggested that “‘until a more complete evaluation of the
incidence and severity of VAE during nitrous oxide anes-
thesia can be made, we believe it is best avoided in patients
in whom the risk of air embolism is great.”? Alternatively,
it is theoretically possibie that this volume expansion may
allow for earlier detection and, consequently, prompter
treatment of VAE. Based on these considerations, use of
N5O in sitting neurosurgical patients is considered con-
troversial.

A second issue relates to the effect of NoO on emer-
gence time. Because of the lower blood-gas solubility
and therefore more rapid washout of N9O compared to
isoflurane, it is possible that this difference facilitates a
more rapid emergence from anesthesia in patients receiv-
ing NQO-

We performed a prospective, randomized study in
neurosurgical patients operated upon while in the sitting
position to determine 1) if the incidence and severity of
VAE are affected by 50% N3O when its administration is
discontinued immediately upon Doppler detection of VAE
and 2) whether emergence times after neurosurgery differ
in patients anesthetized with and without 50% N2O to
supplement an isoflurane—fentanyl-based anesthetic.
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Materials and Methods

With Institutional Review Board approval, 190 patients
undergoing CSS and 110 patients undergoing craniec-
tomy in the sitting position were studied over a 2-yr pe-
riod. Informed consent was obtained from patients or
family members. Patients were randomly assigned to re-
ceive either 50% N3O in oxygen (Og) (N2O group) or Oy
{no-N2O group) as part of an anesthetic that included
isoflurane and fentanyl. Because the incidence of VAE is
known to be different between patients undergoing CSS
and those undergoing craniectomy in the sitting position,?
patients in the two surgical groups were randomized sep-
arately.

Patients with the following conditions were excluded
from study: presence of a pneumothorax or bullae on
preoperative chest x-ray, craniotomy within 10 days prior
to surgery, New York Heart Association class 3—4 angina,
cardiopulmonary disease with a known right-to-left intra-
cardiac shunt, and/or respiratory disease necessitating the
use of an inspired Oy fraction > 0.5 or positive end-ex-
piratory pressure. In addition, patients requiring emer-
gency surgery and patients 12 yr of age or younger were
excluded from this study.

Anesthesia was induced with thiopental. Vecuronium
or succinylcholine was administered to facilitate laryn-
goscopy and tracheal intubation. The lungs were me-
chanically ventilated. Anesthesia was maintained with iso-
flurane and fentanyl, with or without 50% NO in O,.
Neuromuscular blockade was maintained throughout the
surgical procedure with a nondepolarizing muscle relaxant
except in cases using intraoperative electromyographic
monitoring. The dose of fentanyl and concentration of
isoflurane administered were determined by the anesthe-
siologist. Fentanyl was not administered during the final
30 min of the neurosurgical procedure.

Intraoperative monitoring included a five-lead electro-
cardiogram, blood pressure cuff, esophageal stethoscope,
pulse oximeter, peripheral nerve stimulator, indwelling
radial artery catheter, multiorifice right atrial (RA) cath-
eter (kit AK-04250, Arrow Catheter Company), precor-
dial Doppler ultrasound, and mass spectrometer. After
the patient was placed in the sitting position, satisfactory
RA catheter tip location was determined using an elec-
trocardiogram trace from the catheter. Correct placement
of the precordial Doppler was presumed when 10 ml ag-
itated saline injected through the RA catheter elicited a
characteristic change in Doppler sounds. With the patient
in the sitting position, the arterial pressure transducer
was zeroed to the base of the skull.

Precordial Doppler sounds were monitored continu-
ously throughout the surgical procedure. A distinct
change from the normal sound was considered evidence
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of VAE and in all cases was confirmed by an experienced
neuroanesthesiologist. Immediately upon Doppler detec-
tion of VAE, the neurosurgeon was notified; surgical ef-
forts aimed at limiting air entrainment were instituted;
the RA catheter was aspirated; and in patients receiving
N;O, its administration was discontinued. Jugular vein
compression was instituted at the discretion of the neu-
roanesthesiologist and neurosurgeon. In patients with a
decrease in systolic blood pressure of 15 mmHg or more
after the occurrence of VAE, at the discretion of the neu-
roanesthesiologist, vasopressors and/or antiarrhythmic
agents were administered and/or the head of the oper-
ating table was temporarily lowered. In patients random-
ized to the NyO group, NoO administration was reinsti-
tuted not less than 30 min after the resolution of an ep-
isode of VAE (resolution was defined as return of the
Doppler sounds to normal).

The severity of each episode of VAE was graded ac-
cording to the following scoring system: grade 1 = Dopp-
ler changes with or without aspiration of gas from the
RA catheter; grade 2 = Doppler changes and a decrease
in end-tidal carbon dioxide tension (PETco,) = 2 mmHg;
grade 3 = Doppler changes and a decrease in systolic
blood pressure = 15 mmHg; grade 4 = Doppler changes
followed by electromechanical dissociation or cardiac ar-
rest. The volume of gas aspirated from the RA catheter
was estimated during each episode of VAE as either none,
small (less than 5 ml), medium (5-20 ml), or large (greater
than 20 ml).

For patients who were to be awakened and undergo
tracheal extubation in the operating room at the comple-
tion of surgery, the anesthetic agents were administered
so as to have the patient awake (i.e.,, opening eyes and
moving extremities to command) when the patient was
returned to the supine position with the surgical dressing
in place. The elapsed time, in minutes, from the return
of the patient to the supine position with the surgical
dressing in place until the patient was awake was defined
as the emergence time. Emergence time was recorded as
0 min for patients who were awake before surgical dress-
ing placement was complete. At the discretion of the
anesthesiologist, naloxone was administered, in 40-ug in-
crements, to patients who were unresponsive to command
despite end-tidal isoflurane and NyO concentrations less
than 1.0 mmHg and 5%, respectively. Emergence was
considered delayed for patients with emergence times of
greater than 10 min.

In patients in the N3O group, N3O administration was
reinstituted not less than 30 min after an episode of VAE.
A subsequent episode of VAE that was detected while the
patient was not receiving NoO is hereafter termed a cross-
over episode (i.e., a no-N3O episode in a patient random-
ized to the NoO group). The severity of the episodes of
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VAE, estimated volume of retrievable gas from the RA
catheter, and reductions in PET¢g, were compared both
between groups (NoO vs. no-NgO group) and between
episodes (N2O vs. no-NyO episodes). Data from the cross-
over episodes were included in the N,O group data when
group comparisons were made and were included as no-
N;O episode data when episode comparisons were made.

In patients in the N,O group experiencing VAE who
were undergoing craniectomy, NoO administration was
not reinstituted after completion of dural closure if it was
not being administered during dural closure. Anesthesia
was conducted in this fashion based upon our usual clinical
practice and unresolved issues concerning the develop-
ment of tension pneumocephalus.'®-!? For patients who
experienced VAE, hospital records for the first 24-h pe-
riod postoperatively were reviewed in a retrospective
fashion to identify any morbidity or mortality that might
have been related to VAE.

Using Student’s ¢ test for unpaired data, comparisons
were made for age, height, weight, duration of surgical
procedure, duration of anesthesia, emergence time, dose
of fentanyl, average end-tidal isoflurane concentration
during the surgical procedure, magnitude of the reduction
in systolic blood pressure during hemodynamically sig-
nificant episodes of VAE, maximal reduction in PET¢o,
during episodes of VAE, and the duration of episodes of
VAE. The incidence of Doppler-detected VAE and in-
cidence of hemodynamically significant episodes of VAE
(grade-3 or -4 episodes) were compared between the NoO
and no-N;O groups using the chi-square test. The severity
of the episodes of VAE and estimated volume of retriev-
able gas from the RA catheter during episodes of VAE
were compared both between groups and between epi-
sodes {(NoO vs. n0-NO) using the Mann-Whitney rank
sum test. The incidence of delayed emergence and nal-
oxone administration was compared between groups using
Fisher’s exact test. Differences were considered significant
at P < 0.05.

TABLE 1. Surgical Procedure and Indication for Surgery

NyO Group | No-NyO Group
(n=150) | (n=150)
Suboccipital craniectomy 55 55
Tumor resection 36 39
Resection of ateriovenous malformation 2 5
Aneurysm clipping 2 3
Arnold-Chiari malformation 11 4
Other 4 4
Cervical spine surgery 95 95
Disc extrusion 47 58
Spinal stenosis 20 5
Osteophye, foraminal disease, spondylosis 16 17
Other 12 15
Total 150 150
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TABLE 2, Patient Demographic Characteristics

No-N;O
N;O Group Group
n 150 150
Age (yr)
Mean *+ SD 50 £ 15 51 + 16
Range 14-84 14-82
Males (n) 89 95
Females (n) 61 55
Male:female 1.5:1 1.7:1
Height (cm) 169 + 19 169 + 10
Weight (kg) 78 =17 75 + 16
Values are mean =+ SD.
Results

Table 1 lists the indications for surgery. Table 2 in-
dicates the demographic data for patients in the NoO and
no-NyO groups.

In patients undergoing CSS, Doppler-detected VAE
occurred in 7 of 95 patients (7%) in the N3O group com-
pared to 7 of 95 patients (7%) in the no-N2O group (P
= no significant difference [NS]). In patients undergoing
craniectomy, Doppler-detected VAE occurred in 24 of
55 patients (44%) in the N3O group compared to 23 of
55 patients (42%) in the no-NoO group (P = NS). How-
ever, the incidence of Doppler-detected VAE was signif-
icantly greater in the craniectomy than in the CSS group
(P < 0.001).

A total of 118 episodes of Doppler-detected VAE were
identified in this study: 64 episodes occurred in patients
in the N3O group, and 54 episodes occurred in patients
in the no-N3O group (P = NS). Of the 64 episodes that
occurred in the N2O group, 52 were N,O episodes, and
12 were crossover episodes.

There was no statistically significant difference in the
incidence of hemodynamically significant VAE between
the NoO and no-N;O groups. In patients experiencing
one or more episodes of Doppler-detected VAE, the VAE
was hemodynamically significant in 8 of 31 patients (26%)
in the NoO group compared to 9 of 30 patients (30%) in
the no-NO group (P = N.S).

There was no statistically significant difference in the
severity of episodes of VAE between the NoO and no-
N2O groups (fig. 1). Figure 1 shows the distribution of
episodes of VAE among the four grades for patients in
the NoO and no-NyO groups. The majority of episodes
of VAE were hemodynamically insignificant, i.e., grade 1
or 2, in each group. There were nine episodes of hemo-
dynamically significant VAE in each of the N,O and no-
N;O groups. Of the nine episodes in the N3O group, three
were crossover episodes. There were no grade-4 episodes
of VAE in either the N3O or no-NO groups. In addition,
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FIG. 1. Severity of venous air embolism (VAE) in the N3O and No-
N3O groups. The relative distribution of episodes amongst the four
grades is not significantly different between the N;O and No-N,O
groups. (Grade 1 = Doppler changes with or without aspiration of gas
from the right atrial catheter; grade 2 = Doppler changes + decrease
in PETco, = 2 mmHg; grade 3 = Doppler changes + decrease in systolic
blood pressure = 15 mmHg; grade 4 = Doppler changes followed by
electromechanical dissociation or cardiac arrest. NoO group includes
crossover episodes.)

there was no statistically significant difference in the se-
verity of the NoO and no-N3O episodes of VAE (Fig. 2).

There was no statistically significant difference between
the NoO and no-NyO groups in the magnitude of the
reduction in systolic blood pressure during hemodynam-
ically significant episodes of VAE. In the N;O group, one
hemodynamically significant episode occurred in each of
seven patients and two episodes occurred in one patient,
whereas in the no-NyO group, one hemodynamically sig-
nificant episode occurred in each of nine patients (table
3). In the NoO group, the reduction in systolic blood pres-
sure during hemodynamically significant episodes of VAE
was 35 + 26 mmHg (mean * SD) with a range of 16-86
mmHg, compared to the no-N2O group, in which the
reduction in systolic blood pressure was 34 + 16 mmHg
with a range of 15-58 mmHg. In addition, there was no
difference in the magnitude of the reduction in systolic
blood pressure between hemodynamically significant NoO
and no-N3O episodes of VAE (34 = 28 and 35 * 17
mmHg, respectively).

There was no difference in the estimated volume of
retrievable gas from the RA catheter during episodes of
VAE between the NoO and no-N2O groups (fig. 3) or
between the N2O and no-N3O episodes (fig. 4). In addi-
tion, there was no difference in the magnitude of the re-
duction in PET¢o, during episodes of VAE between the
N2O and no-NyO groups (3.0 & 2.9 and 3.1 = 3.5 mmHg,
respectively) or between the N2O and the no-N,O epi-
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sodes of VAE (2.7 £+ 2.6 mmHg and 3.4 + 3.6 mmHg,
respectively). The duration of the episodes of VAE was
not different between the NyO and no-N3;O groups (14
+ 26 and 10 * 10 min, respectively). Similarly, the du-
ration of the episodes of VAE was not different between
the N2O and no-N,O episodes (13 =+ 27 and 12 # 13 min,
respectively).

Tables 4 and 5 indicate anesthetic and surgical variables
for patients in whom an emergence time was available.
Emergence time was not available in 20 patients. Reasons
for this included the following: computed tomography
scan or angiogram to be obtained immediately postop-
eratively with the patient anesthetized; additional surgical
procedure(s) to be performed after completion of the
craniectomy or CSS with the patient anesthetized; inability
to follow commands preoperatively due to an altered level
of consciousness; a language barrier between the anes-
thesia team and patient; and requirements in some patients
for the trachea to remain intubated and for sedation to
continue postoperatively. In addition, in one patient in
the no-N;O group, cerebellar herniation occurred intra-
operatively for unclear reasons. This patient did not
emerge from general anesthesia and remained in a per-
sistent vegetative state postoperatively.

There was no difference in the mean emergence time
for patients in the NyO and no-NzO groups. The mean
emergence time for the NoO and no-N3O groups were 2
# 6 and 3 * 7 min (+ SD), respectively (P = NS). Emer-
gence time was significantly greater in the craniectomy
group compared to the CSS group. The mean emergence
time for the craniectomy and CSS groups was b #+ 10 and
1 * 2 min, respectively (P < 0.001 by Student’s unpaired

100 —

EER N,0 episodes
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Episodes of VAE, %
3

ade Grade Grade
2 3 4

F1G. 2. Severity of venous air embolism (VAE) for N;O and No-
N>O episodes. The relative distribution of episodes among the four
grades is not significantly different between the NyO and No-N,O
episodes. (Grades are defined as in fig. 1. No-NyO episodes include
crossover episodes.)

20z Iudy 60 uo 3sanb Aq ypd°G0000-000.0266 L-Z¥S0000/€€62Y9/1.2/L/LL/Pd-al01ie/ABOjoISaUYISBUE/LIOD JIBYDISA|IS ZESE//:d)Y WOl papeojumoq



Anesthesiology
V 77, No 1, Jul 1992

AIR EMBOLISM IN PATIENTS RECEIVING NITROUS OXIDE 25

TABLE 3. Patients with Hemodynamically Significant Venous Air Embolism

Baseline
ETN,O* Baseline SBPY | M Decrease Vasopressor/ Temporarily Lowered
Patient Procedure (%) (mmHg) in SBP (mmHg) Dysrhythmias Antiarrhythmic Head of Bed
NzO Group
1 CRAN 49 100 18 None None No
2% CRAN 2 135 67 None Mephentermine No
3t CRAN 3 145 20 None None No
4 CRAN 47 115 16 None None No
5 CRAN 49 123 20 None None No
5% CRAN 2 106 26 Bigeminy/bradycardia | Atropine/lidocaine Yes
6 CRAN 50 120 86 None Ephedrine No
7 CRAN 47 106 18 None None No
8 CSs 49 106 46 None None Yes
No-NO Group

9 CRAN — 130 40 PAGs None No
10 CRAN — 120 26 None None No
11 CRAN — 128 20 None None Yes
12 CRAN —_ 168 58 None Ephedrine No
13 CRAN — 110 15 None None No
14 CRAN — 122 20 None None No
15 CRAN — 140 36 PVGCs None No
16 CSS — 144 57 None None Yes
17 CSS — 122 38 None Mephentermine No

CRAN = craniectomy; CSS = cervical spine surgery.
* End-tidal N2O (ETN2O) when venous air embolism first detected
by Doppler.

¢ test). In addition, delayed emergence occurred with
greater frequency in the craniectomy group than the CSS
group: 12% versus 1%, respectively (P < 0.001 by Fisher's
exact test; fig. 5).

Within the craniectomy group, the incidence of Dopp-
ler-detected VAE was different in patients with and with-
out previous surgery at the operative site. Doppler-de-
tected VAE occurred in 4 of 19 patients (21%) with pre-
vious surgery at the operative site compared to 43 of 91
patients (47%) without previous surgery at the operative
site (P = 0.03). In patients undergoing CSS, there was no
difference in the incidence of Doppler-detected VAE be-
tween patients with and without previous surgery at the
operative site.

No complications were identified postoperatively that
could be attributed directly to the intraoperative occur-
rence of VAE, nor was there any mortality related to
VAE in this series of patients. However, two patients in
the NyO and one patient in the no-NyO group experi-
enced pulmonary complications that may have been re-
lated to venous air entrainment. In each case, the respi-
ratory dysfunction was effectively treated with pharma-
cologic intervention (morphine and/or furosemide) and/
or transient ventilatory support.

Tension pneumocephalus was diagnosed in the im-
mediate postoperative period in one patient. This patient,
a 38-yr-old woman who underwent a suboccipital cran-

} Systolic blood pressure (SBP) when venous air embolism first de-
tected by Doppler.
} Crossover episodes.

iectomy for resection of a pinealoblastoma, did not receive
N2O. Postoperatively, the patient displayed an unex-
pected, severely decreased level of consciousness. A brow-
up, lateral skull roentgenogram revealed a large bifrontal
pneumocephalus. The diagnosis of tension pneumoce-

EER N0 group
NO-N,O group

Episodes of VAE, %
3

13 o
% s 0

Medium Large

None Small

Volume of retrievable gas

FIG. 3. Estimated volume of retrievable gas from the right atrial
catheter during episodes of venous air embolism (VAE) in the N.O
and No-NpO groups. The relative frequency with which the different
volumes of gas were aspirated was not different between the N,O and
No-N;O groups. (Small = <56 ml, medium = 5-20 ml, and large =
>20 ml. N3O group includes crossover episodes.)
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N,O episodes
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F1G. 4. Estimated volume of retrievable gas from the right atrial
catheter during N,O and No-N;O episodes of VAE. The relative fre-
quency with which the different volumes of gas were aspirated was not
different between the NoO and No-N;O episodes. (Volumes are defined
as in fig. 3. No-N2O episodes include crossover episodes.)

phalus was confirmed after intracranial air was released
using a twist-drill burr hole and 18-G needle to penetrate
the dura over the right frontal region. The patient’s level
of consciousness improved after this intervention.

Discussion

The risks and benefits of using NO in patients under-
going surgery while in the sitting position have been an
issue of debate.”®!%!* Arguments in favor of the use of
N3O are based on the theoretical consideration that en-
trained air will expand rapidly, allowing earlier detection
of VAE and prompter surgical intervention to identify
and control the site of air entrainment. However, there
are no clinical or laboratory data to support this concept.

TABLE 4. Variables Associated with Anesthesia and Surgery

N;O Group No-N;O Group
Total patients (n) 142 138
CRAN (n) 50 47
CSS(n) 92 91
Duration of surgical procedure (min) | 211 + 97 211 £ 103
Duration of anesthesia (min) 276 + 1138 | 277 £ 119
Fentanyl dose (ug/kg) 5.6 = 3.3 6.3 3.4
Average ETISO (%) 0.52 +0.20 | 0.65 % 0.18%*
Patients receiving naloxone (n) 5 7
Emergence time (min) 2+6 37

CRAN = craniectomy; CSS = cervical spine surgery.
Values are mean + SD. Includes only patients in whom emergence
times were available.

* P < 0.001 compared to NyO group.
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TABLE 5. Variables Associated with Anesthesia and Surgery?

CRAN CSss
n 97 183
Duration of surgical procedure
(min) 291 + 90 169 & 77%
Duration of anesthesia (min) 365 + 105 229 & 92*
Fentanyl dose (ug/kg) 6.8+3.8 5.6 +3.17
Average ETISO (%) 0.69+0.19 | 0.53 +0.18%
Patients receiving naloxone (n) 10 2%
Emergence time (min) (range) 5x10 14 2%
(0-50) (0-13)

CRAN = craniectomy; CSS = cervical spine surgery.

Values are mean + SD. Includes only patients in whom emergence
times were available.

* P < 0.001 compared to CRAN group.

1 P < 0.005 compared to CRAN group.

In fact, in a canine model of VAE, N,O was found to
have no effect on the sensitivity of either the precordial
Doppler or transesophageal echocardiogram to detect
VAE.'5 In addition, the use of N,O may allow one to use
a lower concentration of the more potent volatile anes-
thetic agents, thus facilitating an earlier emergence and
neurologic evaluation after surgery. The primary argu-
ment in opposition to the use of NyO is that entrained
air will increase in volume as it passes into the venous
circulation where N3O is present, thereby producing more
depressive hemodynamic consequences and increasing the
morbidity and mortality from VAE. =

This study was designed to address these clinical con-

100

BER CRAN (n=97)
CSS (n=183)

Patients, %
g

A Y

52 2
0L B om0 L0
7 8 9 10 >10
Emergence time, min

F1G. 5. Emergence time in patients undergoing craniectomy (CRAN)
and cervical spine surgery (CSS). Shown is the distribution of emergence
times for each surgical group. The mean emergence time was greater
in the CRAN than CSS group (P < 0.001 by Student's ¢ test for unpaired
data). Delayed emergence occurred in 12% of the patients in the CRAN
group compared to 1% of the patients in the CSS group (P < 0.001
by the Fisher's exact test).
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siderations and to quantify the consequences of using N,O
during sitting neurosurgical procedures. Inherent in such
a study is the situation in which a patient randomized to
receive NpO sustains an episode of VAE; the N,O is dis-
continued immediately upon Doppler detection of VAE,
as is done during routine clinical practice; and then the
patient experiences an additional episode of VAE prior
to having N2O administration reinstituted. In an effort
to make data analysis complete, data from these “cross-
over” episodes were included in the NoO group data when
group comparisons were made and in the no-NoO episode
data when episode comparisons were made so that the
reader can assess the impact of these occurrences. Statis-
tically and clinically, no differences between the NoO and
no-N,O groups or between the N,O and no-N,O episodes
were demonstrable because of these crossovers, and the
impact on the overall results is inconsequential.

The administration of 50% N3O to supplement general
anesthesia with isoflurane and fentanyl did not increase
the incidence of Doppler-detected VAE during craniec-
tomy and CSS in patients in the sitting position. The in-
cidence of Doppler-detected VAE in our study is consis-
tent with that reported in several large, retrospective se-
ries reporting on VAE during neurosurgical procedures
performed in the sitting position.~ In these series, mon-
itoring for VAE included the use of a precordial Doppler
in the majority of patients and, with the exception of the
series reported by Matjasko et al.,? NoO was used to sup-
plement general anesthesia in most patients. As reported
in these large series, the incidence of Doppler-detected
VAE is approximately 8% during cervical foraminotomy,
13-24% during cervical laminectomy, and 41-45% dur-
ing posterior fossa exploration. These values are similar
to the 7% incidence observed in patients undergoing CSS
and the 43% incidence observed in patients undergoing
craniectomy in our study.

The incidence of hemodynamically significant VAE and
the magnitude of the reduction in systolic blood pressure
during these hemodynamically significant episodes was
not different between the NoO and no-N,O groups or
between the N3O and no-NqO episodes. Table 3 shows
that some patients in both groups sustained a substantial
decrease in blood pressure. In all cases, these episodes
were transient and were treated effectively with vaso-
pressors and/or a temporary change in position of the
head of the operating table when deemed necessary by
the anesthesiologist. Although these events are of sub-
stantial concern when they occur, the mean reduction in
blood pressure was not different between groups and did
not result in any morbidity or mortality in this study.

Hemodynamically significant VAE, as defined in our
study, occurred in 28% of the patients who experienced
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one or more episodes of Doppler-detected VAE. In ad-
dition, as shown in figures 1 and 2, hemodynamically sig-
nificant episodes accounted for only approximately 15%
of all episodes of VAE. This is consistent with the data
available from several other large retrospective series. In
the series reported by Black et al.! and by Young et al.,*
50-70% N2O was used to supplement general anesthesia
in most cases. Hemodynamically significant VAE was de-
fined as a 20% or greater reduction in systolic blood pres-
sure and/or arrhythmias by Black ¢t al. and asa 10-mmHg
or more reduction in blood pressure by Young et al. In
patients experiencing VAE, it was hemodynamically sig-
nificant in approximately 18% of the patients in each of
these studies.

Similar to the findings from our study, in a retrospective
review of 554 neurosurgical procedures performed in the
sitting position, Matjasko et al. observed that NoO did not
appear to increase the incidence or severity of VAE.? In
that study, for unspecified reasons, approximately 23%
of the patients received 60-70% N3O, while 75% of the
patients did not receive NoO during the operative pro-
cedure. The incidence of VAE was not different between
these two groups (approximately 23%). Episodes of VAE
were hemodynamically significant (defined as episodes as-
sociated with “hypotension or arrhythmia”) 19% of the
time in patients receiving NoO compared to 27% of the
time in patients not receiving NoO. This difference was
not statistically significant (P > 0.25 by chi-square anal-
ysis). Although the observations made by Matjasko et al.
suggest that NoO does not increase the incidence or se-
verity of VAE, it must be pointed out that the relative
number of patients undergoing CSS and posterior fossa
exploration in each of the N3O and no-NoO groups was
not specified, monitoring for VAE was not standardized,
and the criteria, if any existed, according to which patients
either received or did not receive NoO were not indicated.

In the current study, an attempt was made to quantify
the volume of the air (which, in the case of N3O episodes,
might be referred to more specifically as an air-containing
volume) within the venous circulation during each episode
of VAE. This was done by estimating the volume of re-
trievable gas from the RA catheter as well as by measuring
the maximal reduction in PETco, associated with each
episode of VAE. In a canine model of VAE, Glenski et al.
demonstrated a correlation between the magnitude of the
reduction in PET¢o, and the volume of air infused into
the venous circulation.'® These two measures were taken
as separate estimates of the volume of gas within the ve-
nous system during episodes of VAE. Using these esti-
mates, we were unable to demonstrate a volume-expand-
ing effect of NoO on the amount of air entrained into the
venous circulation.
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In a rabbit model of VAE, Munson and Merrick dem-
onstrated that when air is injected as an intravenous bolus
and NsO administration is continued thereafter, the lethal
dose of air is significantly less in animals receiving NoO
compared to those not receiving NoO.® However, this ex-
perimental design is unlike standard anesthetic practice
for sitting neurosurgical patients. Clinically, these patients
are monitored routinely for VAE with a precordial Dopp-
ler, and upon Doppler-detection of VAE, the administra-
tion of NyO is immediately discontinued and the lungs
are ventilated with O,. In a canine model of VAE that
attempted to mimic this clinical situation, Losasso et al.
evaluated the hemodynamic response to air administered
by continuous intravenous infusion when N,O is discon-
tinued immediately upon Doppler-detection of VAE.!®
Under these circumstances, the volume of air necessary
to produce hypotension (i.¢., a 10-mmHg decrease in mean
arterial pressure) and the magnitude of the resulting he-
modynamic aberration was not different between animals
initially receiving Oy and those initially receiving 50%
N3O in Oq. The findings of this canine study are consistent
with the results from our clinical study.

Although volume expansion of air-containing cavities
in the body is a well-described phenomenon, the magni-
tude of this volume expansion depends not only on the
concentration of N3O being administered but also on the
duration of the exposure to NoO.57 In our study, N,O
had no measurable effect on the incidence or severity of
VAE or on the estimated volume of intravascular gas dur-
ing these episodes. Because NoO administration was dis-
continued immediately upon Doppler detection of VAE,
volume expansion of intravascular air should not have
been more than a transient phenomenon. We theorize
that the high sensitivity of the precordial Doppler to detect
small volumes of entrained air, coupled with the rapid
washout of NO after its administration is discontinued,
prevented volume expansion of intravascular air from be-
coming clinically significant or even clinically detectable.

At the completion of most neurosurgical procedures,
a timely emergence is desirable to identify and treat un-
expected changes in neurologic status. In the current
study, the anesthesia team was able to awaken most pa-
tients in a reasonable fashion whether or not they received
N3O. There was no evidence to suggest that the use of
50% N2O allowed a more rapid emergence at the com-
pletion of surgery. This finding is consistent with the ob-
servations of Eger et al., who found no difference in patient
orientation during the first 15 min postoperatively be-
tween patients anesthetized with and without N;O to sup-
plement isoflurane anesthesia.!” Our findings do not sug-
gest that the known pharmacokinetic differences'® be-
tween isoflurane and NyO are untrue. Rather, it
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demonstrates that one can account for these differences
in the clinical setting and suggests that emergence may
be less of a drug-dependent than an operator-dependent
phenomenon. In other words, it appears that what matters
is not what is used, but rather, how it is used.

The finding that emergence time was longer and that
delayed emergence occurred more commonly in the
craniectomy than in the CSS group is not an unexpected
finding and may be related to the extent of involvement
of the brain in the operative field. However, there were
differences in a variety of anesthetic and surgical variables
(table 5) that were likely to contribute to this finding.

Postsurgical changes and scarring might be expected
to make surgical exposure and reoperation for posterior
fossa surgery more difficult, resulting in an increased in-
cidence of VAE. However, in patients in the craniectomy
group we found that VAE occurred less commonly in
patients undergoing reoperation than in those having
surgery for the first time. This might be explained by
removal or obliteration of venous structures during the
previous surgical procedure. More specifically, in patients
with a previous suboccipital craniectomy, a major source
of venous air entrainment—namely, a portion of the skull
and associated diploic veins—has been removed. In ad-
dition, other venous structures that commonly can entrain
air, such as emissary veins, bridging veins, or a dural sinus,
may have been obliterated at the time of the previous
operation,

It should be pointed out that our study did not include
patients 12 yr of age or younger. In a retrospective review
by Cucchiara and Bowers, the incidence of Doppler-de-
tected VAE was found to be similar in children and adults
undergoing suboccipital craniectomy in the sitting posi-
tion.'® However, hemodynamically significant VAE oc-
curred with greater frequency in children compared to
adults (69% vs. 36%). Fifty percent NoO was used as part
of the anesthetic technique. The authors theorized that
the volume of entrained air in children may be larger
relative to their cardiac volume and may have contributed
to the increased incidence of hypotension compared to
the adult group. Although N;O did not affect the inci-
dence of hemodynamically significant VAE in our study,
similar experimental data are unavailable in pediatric pa-
tients. The applicability of our findings to the pediatric
population is unknown.

Pulmonary complications—more specifically, the ap-
pearance of new pulmonary infiltrates or pulmonary
edema—after the occurrence of VAE have been de-
scribed previously.?°-? In each of the three patients in
the current study with postoperative pulmonary compli-
cations that may have been related to VAE, the patient
was extubated in the operating room but within the en-
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suing 12 h experienced a relatively sudden onset of re-
spiratory distress. Chest x-ray examination revealed a new
pulmonary infiltrate or pulmonary edema in each patient
(along with lobar collapse in one patient). It is difficult to
attribute these complications directly to VAE, because
other likely etiologies include aspiration due to lower cra-
nial nerve dysfunction, mucous plugging in the bronchial
tree, administration of naloxone, or some other uniden-
tified factor. With only three patients experiencing pul-
monary complications possibly related to VAE (two in the
N5O group and one in the no-N2O group) of a total of
61 patients in the study who experienced VAE, there is
no evidence to suggest that NO is a risk factor for this
complication.

In the presence of a pneumocephalus, NoO has been
shown to increase cerebrospinal fluid pressure and intra-
cranial pressure.?>?* Because a pneumocephalus occurs
to some degree in most patients who undergo a craniec-
tomy in the sitting position, it has been suggested that
when N5O is used, its administration should be discontin-
ued prior to dural closure to avoid the development of
tension pneumocephalus.!® However, other data suggest
that intracranial pressure will not increase and tension
pneumocephalus will not result when N3O is being ad-
ministered prior to dural closure and its administration
is continued thereafter.? Presumably, under these cir-
cumstances, NoO equilibrates with the intracranial air-
containing cavity while the dura is open, such that after
dural closure, no further volume expansion and/or sig-
nificant intracranial pressure increase will occur. In our
study, in patients in the NoO group experiencing VAE
who were undergoing craniectomy, NoO administration
was not reinstituted after completion of dural closure if
it was not being administered during dural closure. In
patients in whom N3O was being administered before and
during dural closure, its administration was continued af-
ter dural closure. This is consistent with our routine clin-
ical practice and is based on the above considerations.
Intracranial pressure was not monitored after dural clo-
sure in any patient undergoing a craniectomy in our study.
It is, therefore, not possible to draw conclusions regarding
the role of 50% N>O and the development of tension
pneumocephalus from data in our study. All that we can
say is that in this series of 110 patients who underwent a
craniectomy in the sitting position, the diagnosis of tension
pneumocephalus was made in one patient in the no-N.O
group and in no patients in the NyO-group.

Although our study was not designed to address the
issue of paradoxical air embolism, another argument
against the use of NO in patients at risk for VAE is that
it will increase the size of an arterial air embolus and po-
tentially exacerbate organ dysfunction on the basis of tis-
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sue ischemia.?® Applicable data is not available from our
study, and therefore we cannot draw any meaningful
conclusions regarding this issue.

In conclusion, these data do not show an increase in
the incidence or severity of VAE associated with the use
of 50% N.O to supplement an isoflurane—fentanyi-based
anesthetic for sitting neurosurgical procedures if the ad-
ministration of NO is discontinued immediately upon
Doppler detection of VAE. In addition, when the anes-
thetic agents were administered so as to have the patient
awake at the completion of surgery, we were unable to
demonstrate any advantage related to the speed of emer-
gence associated with the use of NyO to supplement an
isoflurane—fentanyl-based anesthetic. Our data do not
provide a clear reason to use or to avoid the use of 50%
N3O during sitting neurosurgical procedures as it relates
to the problem of VAE or the issue of emergence.

The authors thank Margaret Weglinski, M.D. and William Perkins,
M.D. for their assistance with data collection and patient management
as well as the members of the Department of Neurosurgery at Mayo
Clinic, whose cooperation and participation made this study possible.

References

1. Black S, Ockert DB, Oliver WC, Cucchiara RF: Outcome following
posterior fossa craniectomy in patients in the sitting or horizontal
positions. ANESTHESIOLOGY 69:49-56, 1988
2. Matjasko ], Petrozza P, Cohen M, Steinberg P: Anesthesia and
surgery in the seated position: Analysis of 554 cases. Neuro-
surgery 17:695-702, 1985
3. Michenfelder JD, Miller RH, Gronert GA: Evaluation of an ul-
trasonic device (Doppler) for the diagnosis of venous air em-
bolism. ANESTHESIOLOGY 36:164-167, 1972
4. Young ML, Smith DS, Murtagh F, Vasquez A, Levitt J: Compar-
ison of surgical and anesthetic complications in neurosurgical
patients experiencing venous air embolism in the sitting position.
Neurosurgery 18:157-161, 1986
5. Nunn JF: Controlled respiration in neurosurgical anesthesia.
Anesthesia (letter to editor). 14:414-415, 1959
6. Eger EI II, Saidman LJ: Hazards of nitrous oxide anesthesia in
bowel obstruction and pneumothorax. ANESTHESIOLOGY 26:
61-66, 1965
7. Munson ES: Transfer of nitrous oxide into body air cavities. Br |
Anaesth 46:202-209, 1974
8. Munson ES, Merrick HC: Effect of nitrous oxide on venous air
embolism. ANESTHESIOLOGY 27:783-787, 1966

9. Munson ES, Paul WL, Perry JC, De Padua CB, Rhoton AL: Early
detection of venous air embolism using a Swan-Ganz catheter.
ANESTHESIOLOGY 42:223-226, 1975

10. Artru AA: Nitrous oxide plays a direct role in the development
of tension pneumocephalus intraoperatively. ANESTHESIOLOGY
57:59-61, 1982

11. Skahen SS, Shapiro HM, Drummond JC, Todd MM, Zelman V:
Nitrous oxide withdrawal reduces intracranial pressure in the
presence of pneumocephalus. ANESTHESIOLOGY 65:192-195,
1986

12. Artru AA: Breathing nitrous oxide during closure of the dura
and cranium is not indicated (correspondence). ANESTHESIOL-
oGY 66:719, 1987

20z Iudy 60 uo 3sanb Aq ypd°G0000-000.0266 L-Z¥S0000/€€62Y9/1.2/L/LL/Pd-al01ie/ABOjoISaUYISBUE/LIOD JIBYDISA|IS ZESE//:d)Y WOl papeojumoq



30
13,

14.

15.

16.

17.
18.

19.

LOSASSO ET AL.

Munson ES: Effect of nitrous oxide on the pulmonary circulation
during venous air embolism. Anesth Analg 50:785-792, 1971

Saidman LJ: Guest discussion. Anesth Analg 50:793, 1971 (Mun-
son ES: Effect of nitrous oxide on the pulmonary circulation
during venous air embolism. Anesth Analg 50:785-792, 1971)

Losasso TJ, Black S, Muzzi DA, Michenfelder JD, Cucchiara RF:
Detection and hemodynamic consequences of venous air em-
bolism: Does nitrous oxide make a difference? ANESTHESIOLOGY
77:148-152, 1992

Glenski JA, Cucchiara RF, Michenfelder JD: Transesophageal
echocardiography and transcutaneous Oz and GO, monitoring
for detection of venous air embolism. ANESTHESIOLOGY 64:
541-545, 1986

Eger EI 11, Lampe GH, Wauk LZ, Whitendale P, Cahalan MK,
Donegan JH: Clinical pharmacology of nitrous oxide: An ar-
gument for its continued use. Anesth Analg 71:575-585, 1990

Stevens WG, Kingston HGG: Inhalation anesthesia, Clinical Anes-
thesia. Edited by Barash PG, Cullen BF, Stoelting RK. Phila-
delphia, JB Lippincott, 1989, pp 295-297

Cucchiara RF, Bowers B: Air embolism in children undergoing
suboccipital craniotomy. ANESTHESIOLOGY 57:338-339, 1982

20.

21,

22.

23,

24,

25.

26.

Anesthesiology
V 77, No 1, Jul 1992

Chandler WF, Dimcheff DG, Taren JA: Acute pulmonary edema
following venous air embolism during a neurosurgical proce-
dure. Neurosurgery 40:400-404, 1974

Perschau RA, Munson ES, Chapin JC: Pulmonary interstitial edema
after multiple venous air emboli. ANESTHESIOLOGY 45:364—
368, 1976

Kuhn M, Fitting JW, Leuenberger P: Acute pulmonary edema
caused by venous air embolism after removal of a subclavian
catheter, Chest 92:364-365, 1987

Saidman L], Eger EI II: Change in cerebrospinal fluid pressure
during pneumoencephalography under nitrous oxide anesthesia.
ANESTHESIOLOGY 26:67-72, 1965

Artru A, Sohn Y], Eger EI II: Increased intracranial pressure
from nitrous oxide five days after pneumoencephalography.
ANESTHESIOLOGY 49:136-137, 1978

Hemstad JR, Domino KB, Lam AM, Laohaprasin V, Slee TA,
Grady MS, Winn HR: Effect of nitrous oxide on ICP following
cranial-dural closure, ANESTHESIOLOGY 73:A177, 1990

Tuman KJ, McCarthy R], Spiess BD, Overfield DM, Ivankovich
AD: Effects of nitrous oxide on coronary perfusion after cor-
onary air embolism. ANESTHESIOLOGY 67:952-959, 1987

20z Iudy 60 uo 3sanb Aq ypd°G0000-000.0266 L-Z¥S0000/€€62Y9/1.2/L/LL/Pd-al01ie/ABOjoISaUYISBUE/LIOD JIBYDISA|IS ZESE//:d)Y WOl papeojumoq



