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difference, 4.9 M; 95% confidence interval, 2.8 –7.0 M; P <
0.0005) and decrease in flow-mediated dilation (3.2%; 95% confidence interval, 0.1–5.3%; P ⴝ 0.001). Nitrous oxide exposure
was not associated with change in nitric oxide substrates.
Conclusions: Nitrous oxide– based anesthesia increased
plasma homocysteine and significantly impaired endothelial
function in patients undergoing noncardiac surgery. Nitrous
oxide– based anesthesia could be a risk factor for postoperative
cardiovascular morbidity.

Background: Endothelial function is impaired with hyperhomocysteinemia. Plasma homocysteine is increased by nitrous
oxide anesthesia. The current study was designed to determine
whether endothelial function is impaired after surgery and
whether this is made worse by exposure to nitrous oxide.
Methods: The authors studied 59 patients with cardiovascular
disease undergoing noncardiac surgery. Patients were randomly allocated to nitrous oxide– based anesthesia (n ⴝ 25) or
nitrous oxide–free anesthesia (control, n ⴝ 34). Endothelial
function was measured by flow-mediated dilation of the brachial artery before and 24 h after surgery. In addition, blood
was drawn at both time points for the measurements of plasma
homocysteine, folate, L-arginine, L-citrulline, asymmetric dimethylarginine, and nitrate concentrations.
Results: The median duration of general anesthesia was 4.5 h.
Patients had significantly lower flow-mediated dilation after
surgery (5.1 ⴞ 3.3 to 3.0 ⴞ 4.1%; P ⴝ 0.001). Duration of
anesthesia affected endothelial function. In the nitrous oxide
group, there was an inverse correlation with flow-mediated
dilation (r ⴝ ⴚ0.60, P ⴝ 0.004), but in the control group, there
was a positive correlation (r ⴝ 0.61, P < 0.001). When compared with control, nitrous oxide exposure was associated with
a significant increase in postoperative homocysteine (mean



PATIENTS with coronary artery disease are at increased risk
of perioperative cardiac complications and death.1–3 Current guidelines emphasize the evaluation of cardiac risk,3
but there are few proven therapies to reduce perioperative
cardiac events. Preliminary data suggest that exposure to
nitrous oxide during general anesthesia may be an additional risk factor for these complications.4 – 6
Nitrous oxide irreversibly inactivates the enzyme methionine synthase by oxidizing the cobalt atom in vitamin B12.5,7,8 This impairs production of methionine,
with a resultant increase in plasma homocysteine concentration that can persist for at least 1 week after
surgery.8,9 A 2-h exposure to nitrous oxide is associated
with a 50% reduction in methionine synthase activity.7
Long-term elevation of plasma homocysteine concentration is an independent risk factor for cardiovascular
disease,10 and an acute increase in plasma homocysteine
causes endothelial dysfunction11,12 and hypercoaguability.10 It has been shown that plasma homocysteine concentration is acutely increased after oral methionine and
is reliably associated with endothelial dysfunction as
measured by flow-mediated vasodilation.11,12 Nitrous oxide–induced elevation of homocysteine concentration
may mirror that produced by oral methionine, but currently no data are available about the nitrous oxide
effects on nitric oxide synthesis or endothelial function.
Despite 10% of the population (more than 20 million
people in the United States) undergoing general anesthesia each year, and millions of these being exposed to
nitrous oxide, the endothelial effects and role of nitrous
oxide in perioperative cardiac events are unknown. The
purpose of the current study was to determine the effects of nitrous oxide on endothelial function in patients
undergoing major noncardiac surgery.
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Patient Population
Patients undergoing elective noncardiac surgery between March 2005 and January 2008 at Alfred Hospital,
Melbourne, Australia, and Prince of Wales Hospital,
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Hong Kong, with risk factors or a known history of
coronary artery disease were eligible for participation in
the study. Eligibility criteria included any of: hypertension, diabetes, age older than 60 yr, or preexisting history of coronary artery disease.
Patients expected to require a high inspired oxygen
concentration intraoperatively or with any relative contraindication to nitrous oxide (volvulus, pulmonary hypertension, increased intracranial pressure) were excluded. The study protocol was approved by the ethics
committees at both participating institutions. All patients
were approached before surgery and provided written,
informed consent.
Study Protocol
On the day of surgery, patients fasted for at least 6 h
before measurement of flow-mediated dilation (FMD) of
the brachial artery using an established method.11–13
Briefly, measurements were performed with a 10 –12
MHz linear array transducer (Titan L38 [SonoSite, Bothell, WA] or HDI-5000 [Philips Medical Systems, Eindhoven, The Netherlands]). The subjects lay at rest in the
supine position, in a quiet, temperature-controlled room
throughout the study. The brachial artery was scanned in
a longitudinal section at the elbow, and the center of the
artery was identified when the clearest picture of the
anterior and posterior wall layers was obtained. A resting
scan was first recorded. FMD was then induced by inflation of a pneumatic tourniquet placed around the upper
arm proximal to the segment of artery being scanned, to
a pressure of 250 –300 mmHg for 5 min, followed by
release. A second scan was performed 60 s after cuff
deflation, and a repeat baseline scan was performed after
a further 15 min was allowed for vessel recovery. Usual
cardiac medications were continued up until the morning of surgery; no caffeine or tobacco use was allowed
within 6 h of the study procedures. Measurement of
FMD was repeated on the day after surgery. FMD was
calculated as the maximal percentage change in brachial
artery diameter during hyperemia; FMD in young healthy
adults is approximately 10%.11,13
Patients also had preoperative and postoperative fasting venous blood samples taken for measurement of
plasma concentrations of homocysteine and folate. In a
subgroup of patients (n ⫽ 19) at the Alfred Hospital, we
also measured plasma concentrations of L-citrulline,
L-arginine, asymmetric dimethylarginine (ADMA), and
nitrate as biomarkers of nitric oxide production and
transport. Folate and homocysteine were measured by
chemiluminescence microparticle immunoassay and
fluorescence polarization immunoassay using Abbott
autoanalyzers (Abbott Laboratories, Abbott Park, IL),
as previously described, respectively.14 L-Arginine,
L-citrulline, and ADMA were measured by reversephase liquid chromatography with time-controlled or-

thophthaldialdehyde precolumn derivatization, as previously described.15
After enrollment, on the day of surgery, patients in an
initial cohort (n ⫽ 43) were randomly allocated (1:1) to
a control group with inspired oxygen fraction (FIO2) of
0.80 (n ⫽ 21) or a nitrous oxide group with an FIO2 of
0.30 (n ⫽ 22) via a computer-generated random list,
concealed in opaque, sealed envelopes. After submission
of an initial manuscript reporting on this study, the
journal editor advised that a further control group with
FIO2 0.30 was required to discount a confounding effect
on the difference in FIO2 between groups. We therefore
recruited another 16 patients to the study, randomly
allocated in a 10:3:3 weighting to a control group with
FIO2 0.30 (final n ⫽ 10), a control group with FIO2 0.80
(final n ⫽ 24), or a nitrous oxide group with FIO2 0.30
(final n ⫽ 25), respectively. Patients allocated to the
nitrous oxide group had maintenance of general anesthesia with nitrous oxide and FIO2 0.30, and one of three
other hypnotic agents (isoflurane, sevoflurane, or propofol) at the discretion of the anesthesiologist. Patients
allocated to the control (nitrous oxide–free) group had
their anesthesia maintained with one of the study hypnotic agents, but without nitrous oxide, using random
allocation of FIO2 0.8 or FIO2 0.30.
Anesthesiologists had knowledge of nitrous oxide exposure, but administration and group identity were concealed from the surgeon and research staff. All other
perioperative clinical care was according to routine
practice. Patient and operative characteristics, including
type of surgery, anesthetic drug administrations, duration of anesthesia, and adverse events, were recorded.
Patients were monitored daily after surgery until discharge. Blood was collected on the first postoperative
day after surgery for measurement of serum troponin
concentration. Any other additional laboratory tests or
investigations were ordered when clinically indicated
(e.g., chest pain, dyspnea). Finally, patients were contacted by phone at 30 days, and laboratory reports and
the hospital record were reviewed to ascertain whether
they had experienced any delayed adverse events. Myocardial infarction was defined as a typical increase and
decrease in serum troponin concentration and with at least
one of the following: typical ischemic symptoms, new
Q-wave or ST-segment electrocardiographic changes, or
coronary intervention; or pathologic findings of myocardial
infarction.
Statistical Analysis
The primary endpoint was endothelial dysfunction, as
measured by FMD. Secondary endpoints included perioperative changes in plasma concentrations of homocysteine and other biomarkers of endothelial function, cardiac events, and hospital duration of stay. Our sample
size calculation was based on an absolute percent
change in FMD of 3, with SD 3, and a mean FMD in the
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control group of 10.13 This required 21 patients per
group for a type I error of 0.05 and a type II error of 0.2.
All patients who were enrolled, were randomly assigned to treatment groups, and underwent induction of
general anesthesia were considered as comprising the
intention-to-treat population for analysis. Group comparisons were performed with t tests, after initial testing for
normality with the Kolmogorov–Smirnov test. Intergroup postoperative comparisons were adjusted for preoperative (baseline) values using general linear models,
with and without adjusting for FIO2. Associations were
measured using the Pearson correlation coefficient (r).
The analyses were performed with SPSS for Windows
version 15.0 (SPSS Inc., Chicago, IL). Data are presented
as number (percent), mean ⫾ SD, median (interquartile
range), or mean difference (95% confidence interval). All
P values are two-sided, and P ⬍ 0.05 was considered
statistically significant.
The authors had full access to the data and take responsibility for its integrity. All authors have read and
agree to the article as written.

Results
Study Patients
A total of 59 patients were enrolled in the study and
underwent anesthesia and surgery (nitrous oxide group,
n ⫽ 25; control group with FIO2 0.80, n ⫽ 24; control
group with FIO2 0.30, n ⫽ 10). In view of the lack of
significant differences between an FIO2 of 0.30 and 0.80,
these were combined for subsequent analyses comparing nitrous oxide with control. Two of the 59 patients
received a propofol infusion for maintenance of anesthesia; the remainder received an inhalational agent. The
median duration (exposure) to general anesthesia was
4.5 h. Thirty-day follow-up was obtained in all patients.
Patient and clinical characteristics are displayed in table
1. There were a similar number of male and female
patients in each group, with a mean age of 66 yr. Patients
in the nitrous oxide group received a similar amount of
inhalational anesthesia compared with the controls (minimum alveolar concentration equivalents: nitrous oxide
group 0.74 ⫾ 0.13 vs. control group 0.77 ⫾ 0.15; P ⫽
0.44).
Good-quality preoperative and postoperative measurements of FMD could not be obtained in 7 patients (4
nitrous oxide group, 3 control group). In the remaining
patients (n ⫽ 52), hyperemia was demonstrated during
FMD measurements. Peak flow was markedly increased
after tourniquet release, as reflected by the Doppler
velocity, preoperatively 61 ⫾ 15 versus 98 ⫾ 27 cm/s
(P ⬍ 0.001) and postoperatively 61 ⫾ 16 versus 100 ⫾
25 cm/s (P ⬍ 0.001).
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Table 1. Clinical Characteristics
Control Group

Characteristic

Age, yr
Male sex
Body weight, kg
ASA physical status
II
III
IV
Coronary artery
disease
Hypertension
Heart failure
Diabetes
Pernicious anemia
Current smoker
Surgery
General
Urology
Neurosurgery
Orthopedic
Vascular
Other
Duration of
anesthesia, h

N2O Group,
n ⫽ 25

Pooled,
n ⫽ 34

FIO2 0.30,
n ⫽ 10

FIO2 0.80,
n ⫽ 24

65 ⫾ 8.0
12 (55)
69 ⫾ 21

67 ⫾ 9.1
14 (41)
65 ⫾ 11

68 ⫾ 7.0
4 (40)
62 ⫾ 9.3

67 ⫾ 10
10 (42)
66 ⫾ 12

15 (60)
8 (32)
2 (8)
1 (4)

19 (56)
14 (41)
1 (3)
5 (15)

7 (70)
3 (30)
0 (0)
2 (20)

12 (50)
11 (46)
1 (4)
3 (13)

7 (28)
10 (40)
8 (32)
3 (12)
1 (4)

15 (44)
8 (24)
16 (47)
2 (6)
2 (6)

9 (90)
0 (0)
7 (70)
0 (0)
0 (0)

6 (25)
8 (33)
9 (38)
2 (8)
2 (8)

10 (40)
6 (24)
3 (12)
2 (8)
3 (12)
1 (4)
4.8 ⫾ 2.3

16 (47)
4 (40)
12 (50)
6 (18)
2 (20)
4 (17)
2 (6)
0 (0)
2 (8)
3 (9)
0 (0)
3 (13)
5 (15)
3 (30)
2 (85)
2 (6)
1 (10)
1 (4)
5.4 ⫾ 2.4 5.2 ⫾ 1.4 5.5 ⫾ 2.8

Data are n (%) or mean ⫾ SD.
ASA ⫽ American Society of Anesthesiologists; FIO2 ⫽ inspired oxygen fraction; N2O ⫽ nitrous oxide.

Changes with Surgery and Nitrous Oxide
Nitrous oxide exposure was associated with a significant increase in postoperative homocysteine and a decrease in FMD when compared with the control group
(table 2 and fig. 1). However, there was no independent
effect of FIO2 on plasma homocysteine concentration or
FMD; additional information regarding this is available on
the ANESTHESIOLOGY Web site at http://www.anesthesiology.
org. There was no association between end-tidal inhalational agent and FMD (r ⫽ 0.03, P ⫽ 0.84). Markers of
endothelial function before and after surgery are displayed in table 3. Patients had significantly lower FMD
24 h after surgery.
The duration of anesthesia had a significant effect on
FMD. In this regard, there was an inverse correlation
between FMD and duration of nitrous oxide exposure
(r ⫽ ⫺0.60, P ⫽ 0.004). In contrast, a positive correlation with FMD was observed in the control group
(r ⫽ 0.61, P ⬍ 0.001; fig. 2), and this was unaffected
when adjusting for FIO2. In the control group, there was
no relation between FIO2 and FMD (r ⫽ ⫺0.16, P ⫽
0.40). Plasma concentrations of L-citrulline, L-arginine,
and L-arginine:ADMA ratio were reduced after surgery,
but the changes were similar between groups.
Patients in the nitrous oxide group had a postoperative
hospital stay of 16 ⫾ 14 (median, 12) days, and those in
the control group had a stay of 8.6 ⫾ 3.7 (median, 8)
days (U test, P ⫽ 0.043). Site (Hong Kong, Melbourne)
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Table 2. The Effect of Nitrous Oxide on Endothelial Biomarkers and Flow-mediated Dilation

Folate, nM
Preoperative
Postoperative
Homocysteine, M
Preoperative
Postoperative
L-Citrulline, M
Preoperative
Postoperative
L-Arginine, M
Preoperative
Postoperative
ADMA, M
Preoperative
Postoperative
Nitrate, M
Preoperative
Postoperative
L-Arginine:ADMA ratio, n ⫽ 19
Preoperative
Postoperative
Endothelial function changes in vessel diameter, mm
Preoperative
Postoperative
Flow-mediated dilation, %
Preoperative
Postoperative

N2O Group

Control Group

n ⫽ 25
21.6 ⫾ 7.6
24.5 ⫾ 8.7
n ⫽ 25
9.7 ⫾ 3.4
14.1 ⫾ 5.7
n ⫽ 10
95 ⫾ 35
78 ⫾ 40
n ⫽ 10
147 ⫾ 36
90 ⫾ 18
n ⫽ 10
1.5 ⫾ 0.6
1.5 ⫾ 0.8
n ⫽ 10
40 ⫾ 11
36 ⫾ 14
n ⫽ 10
121 ⫾ 74
82 ⫾ 49
n ⫽ 21
0.025 ⫾ 0.013
0.004 ⫾ 0.015
n ⫽ 21
6.3 ⫾ 3.3
1.1 ⫾ 4.0

n ⫽ 34
24.6 ⫾ 7.3
22.9 ⫾ 8.8
n ⫽ 34
9.1 ⫾ 3.6
7.9 ⫾ 4.2
n⫽9
115 ⫾ 43
62 ⫾ 21
n⫽9
138 ⫾ 16
87 ⫾ 28
n⫽9
1.2 ⫾ 0.7
1.3 ⫾ 0.6
n⫽9
40 ⫾ 13
34 ⫾ 4.9
n⫽9
151 ⫾ 75
75 ⫾ 23
n ⫽ 31
0.019 ⫾ 0.013
0.017 ⫾ 0.016
n ⫽ 31
4.3 ⫾ 3.1
4.3 ⫾ 3.6

Difference in Postoperative
Mean Values (95% CI)*

P Value*

4.8 (0.3 to 9.2)

0.037

5.9 (3.7 to 8.1)

⬍ 0.0005

20.0 (⫺12.2 to 52.3)

0.21

1.5 (⫺22.1 to 25.0)

0.90

0.13 (⫺0.59 to 0.85)

0.70

2.2 (⫺8.5 to 12.9)

0.67

6.6 (⫺33.1 to 46.3)

0.73

0.01 (0.00 to 0.03)

0.003

3.2 (1.0 to 5.3)

0.001

Data are mean ⫾ SD unless specified.
* General linear model to adjust for baseline (preoperative) value.
ADMA ⫽ asymmetric dimethylarginine; CI ⫽ confidence interval; N2O ⫽ nitrous oxide.

was included as a term in exploratory analyses for each
of the above endpoints, and the results were essentially
unchanged.
Relation between Flow-mediated Dilation,
Homocysteine, and Biomarkers of Endothelial
Oxidative Stress
Preoperatively, we could not identify any significant
associations between FMD and plasma homocysteine
(r ⫽ ⫺0.15, P ⫽ 0.30), L-citrulline (r ⫽ ⫺0.34, P ⫽ 0.25),
L-arginine (r ⫽ ⫺0.12, P ⫽ 0.70), ADMA (r ⫽ 0.44, P ⫽
0.13), and nitrate (r ⫽ ⫺0.12, P ⫽ 0.70).

Postoperatively, there was a negative association between FMD and plasma homocysteine (r ⫽ ⫺0.49, P ⬍
0.001), but we could not identify a significant association between FMD and L-citrulline (r ⫽ ⫺0.33, P ⫽
0.17), L-arginine (r ⫽ ⫺0.10, P ⫽ 0.75), ADMA (r ⫽ 0.14,
P ⫽ 0.64), or nitrate (r ⫽ 0.04, P ⫽ 0.90).

Discussion
This prospective study demonstrated that endothelial
function was impaired after surgery in patients with car-

Fig. 1. Flow-mediated dilation before and
after surgery in patients with cardiovascular disease exposed to nitrous oxide
anesthesia (n ⴝ 21) or nitrous-free anesthesia (control, n ⴝ 31). When compared
with control, nitrous oxide exposure was
associated with a reduction in endothelial function as assessed by flow-mediated dilation (P ⴝ 0.001).
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Table 3. Perioperative Endothelial Biomarkers and
Flow-mediated Dilation before and after Surgery
Preoperative

Postoperative

P Value

Folate, n ⫽ 59, nM
23 ⫾ 7.3
23 ⫾ 7.5
0.97
Homocysteine, n ⫽ 59, M
9.4 ⫾ 3.5 10.26 ⫾ 5.3
0.026
L-Citrulline, n ⫽ 19, M
105 ⫾ 40
70.4 ⫾ 32
0.005
L-Arginine, n ⫽ 19, M
143 ⫾ 28
88.6 ⫾ 23
⬍0.0005
ADMA, n ⫽ 19, M
1.35 ⫾ 0.69 1.37 ⫾ 0.68
0.92
Nitrate, n ⫽ 19, M
40.1 ⫾ 12
35.2 ⫾ 10
0.20
L-Arginine:ADMA ratio,
135 ⫾ 74
78 ⫾ 38
0.009
n ⫽ 19
Flow-mediated vasodilation, 5.1 ⫾ 3.3
3.0 ⫾ 4.1
0.001
n ⫽ 52, %
Data are mean ⫾ SD. P values calculated with paired t tests.
ADMA ⫽ asymmetric dimethylarginine.

diovascular disease, but seemingly only in those exposed to
nitrous oxide. Furthermore, in marked contrast to patients
in the control group, the duration of nitrous oxide exposure strongly correlated with the extent of endothelial
dysfunction. In the current study, we identified two potential mechanisms for the nitrous oxide–mediated impairment of endothelial function: (1) We found that some or all
of the endothelial dysfunction can probably be explained
by the observed increase in homocysteine; (2) in addition,
we identified an overall reduction in L-arginine and L-citrulline postoperatively, indicating an increase in endothelial
oxidative stress after surgery and/or nitrous oxide exposure. Differences in FIO2 between groups did not explain
any of these adverse effects of nitrous oxide.
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Several previous studies have suggested a link between
endothelial dysfunction and cardiovascular risk.16 –19
Given the increased incidence of myocardial ischemia in
the hours and days after surgery in patients with coronary artery disease,1 it is feasible that endothelial dysfunction is a significant contributory factor. We found
that nitrous oxide is associated with impaired endothelial function after surgery, and so nitrous oxide– based
anesthesia may aggravate myocardial ischemia, particularly in susceptible individuals. The endothelium plays a
central role in the regulation of vascular tone.20 A key
component is endothelium-derived nitric oxide, metabolized from L-arginine by the enzyme endothelial nitric
oxide synthase (eNOS), with L-citrulline as a byproduct.
Human endothelial cells have some capacity to recycle
L-citrulline to L-arginine, although the contribution of this
process to nitric oxide generation is probably small.20
It has been previously shown that nitrous oxide increases homocysteine,5,7–9 a known risk factor for cardiovascular disease.10 The inactivation of methionine
synthase by nitrous oxide is dose dependent, with
greater inactivation occurring with longer exposure, as
might be experienced during complex surgery. The extent of enzyme inactivation is greater with higher inspired concentrations of nitrous oxide, and probably
worse in patients with multiple comorbidities.6,7 Of relevance, oral methionine administration at a dose of 100
mg/kg increases homocysteine, and leads to endothelial
dysfunction within hours.11,12 Homocysteine-induced

Fig. 2. The effect of duration of anesthesia on the percent change in flow-mediated dilation (FMD) of the brachial artery after surgery,
according to nitrous oxide exposure. Regression lines with 95% confidence intervals.
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endothelial dysfunction may in part be explained by
inhibition of eNOS.16,17,20,21 Methionine administration
also increases ADMA, which can directly compete with
arginine and inhibit NOS, decreasing nitric oxide production and its resulting vasodilation and physiologic
benefits on endothelial function.21 The known effects of
nitrous oxide on the methionine– homocysteine pathway suggest that a similar mechanism could lead to nitrous
oxide increasing ADMA. Others have suggested that the
endothelial effects of homocysteine are due to oxidative
stress, mediated by the formation of reactive oxygen species,22 or perhaps a defective L-arginine–nitric oxide pathway.17 It seems likely that, as others have suggested,21
there is individual variability in the effects of homocysteine
on endothelial oxidative pathways.20 We could not identify
any substantial effect of nitrous oxide or surgery on ADMA
concentration alone. Previous researchers have shown an
inverse correlation between endothelial function and
ADMA,17,21 suggesting that the adverse effects of homocysteine on the endothelium are mediated by ADMA. Our
results do not support this hypothesis, but it must be
emphasized that our sample size was small and may have
been underpowered.
In an attempt to provide additional insights into the
mechanism for the adverse effects of nitrous oxide on
endothelial function, we measured preoperative and
postoperative levels of the nitric oxide precursor,
L-arginine. Impairment of L-arginine transport has been
identified in patients with heart failure and hypertension,17 and uncoupling of eNOS, as seen in hypertension
and diabetes, contributes to endothelial dysfunction.20
These varied findings raise the possibility of eNOS-dependent and eNOS-independent mechanisms to explain
our observed association between nitrous oxide and
endothelial dysfunction. Irrespective of anesthetic treatment group, we found that L-arginine levels decreased
significantly. Although we did not investigate the specific mechanism, this observation would be consistent
with the previously recognized effect of stress on stimulating hepatic L-arginine transport.23
L-Arginine availability may be a rate-limiting step in the
production of nitric oxide,17,18 particularly in the setting
of cardiovascular disease. In addition, endothelial arginases compete with eNOS for substrate,21 and thus, upregulated arginase activity will lead to a relative L-arginine deficiency. These two processes may be an
explanation for the beneficial effects of L-arginine supplementation in clinical practice.21,24 Although we did
not find a relation between plasma L-arginine and endothelial function, it is possible that adverse effects might
be observed in patients with more pronounced vascular
disease. Consistent with the decrease in plasma L-arginine, we also observed a reduction in plasma L-citrulline,
which would be consistent with some reduction in nitric
oxide production. The decrease in L-citrulline, as a potential guide to eNOS activity, might also reflect the

effect of eNOS inhibition by ADMA, which we showed
to be increased postoperatively.15
Two previous studies provide preliminary evidence
that nitrous oxide– based anesthesia may be associated
with perioperative cardiac events. Badner et al.9 assessed 90 patients undergoing carotid endarterectomy
during general anesthesia. They randomly assigned patients to anesthesia with or without nitrous oxide. The
nitrous oxide group had significantly increased homocysteine and cardiac ischemic events.9 In a large clinical
trial in 2,050 surgical patients comparing nitrous oxide
with a nitrous oxide–free technique, Myles et al.6 observed a possible increased risk of myocardial infarction
with nitrous oxide exposure. When all reports (confirmed and unconfirmed by the endpoint committee) of
cardiac events were included, there was an increased
rate of myocardial infarction in the nitrous oxide group,
30 versus 10 cases (P ⫽ 0.002). Neither study was
powered to detect a difference in major cardiac events
with nitrous oxide.
Cardiovascular events such as myocardial infarction,
unstable angina, and ischemic stroke are believed to be
precipitated by plaque rupture and thrombus formation,
as well as reactive vasospasm.19,25 Endothelial dysfunction is likely to contribute to each of these events.19 We
have observed for the first time an impairment of endothelial function after noncardiac surgery. Others have
identified a similar effect after cardiopulmonary bypass.26,27 We know that major surgery is associated with
a neuroendocrine (“stress”) response, and this might
aggravate oxidative stress within the endothelium, but
our study clearly identifies exposure to nitrous oxide as
a major factor.
Nitrous oxide has other possible adverse effects on the
cardiovascular system.5 It has previously been shown to
produce epicardial coronary artery vasoconstriction in
dogs,28 and unlike other inhalational anesthetics, nitrous
oxide does not protect the myocardium from ischemia
and reperfusion injury.29,30 Nitrous oxide may also increase the risk of intraoperative and postoperative hypoxic episodes.5 Last, endothelial dysfunction may impair graft patency in peripheral vascular surgery by
decreasing runoff.
There are some limitations to our study. We did not
standardize the anesthetic or analgesic regimens. Our
previous study highlighted a small (20%) dose reduction
in inhalational anesthetic agents when nitrous oxide was
used, but there was a minimal effect on propofol or
opioid administration.6 Inhalational anesthetic agents
and propofol may improve endothelial function,31 but it
is unclear whether this would persist on the day after
surgery; however, it is possible that any imbalance in
their use or dose may have affected our results. There are
other possible changes occurring perioperatively; therefore, hyperglycemia and a variety of inflammatory mediators may affect endothelial oxidative processes, and
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these could contribute to postoperative endothelial dysfunction. We measured biochemical markers of nitric
oxide production in a subset of patients in an attempt to
identify associations between nitrous oxide exposure,
nitric oxide production and transport, and endothelial
function. These latter data were from a small subset of
patients, and we may have missed important associations. No attempt was made to adjust the final P values
for the interim analyses performed before the addition of
the second control group (FIO2 0.30).
There is substantial biologic rationale and evidence
from small studies to postulate a causal relation between
nitrous oxide and increased homocysteine. We have
further demonstrated nitrous oxide–induced endothelial
dysfunction postoperatively in patients with cardiovascular disease undergoing noncardiac surgery. This provides mechanistic evidence that nitrous oxide may increase the risk of postoperative cardiac events and
mortality. We are currently undertaking a large clinical
trial to address this question.**
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