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Nitrous oxide (N2O) was the !rst inhaled anesthetic 
and has been given to more than 1 billion people 
in >150 years of active clinical use, readily eclips-

ing the use of any other anesthetic. Despite its extraordi-
nary history, there are reasons for concern. For example, 
prolonged administration to N2O (i.e., days) is clearly 
toxic,1 and there is weak epidemiologic evidence suggest-
ing that environmental exposure to N2O increased the risk 
of spontaneous abortion in dental assistants before effective 
scavenging was mandated.2 Toxicity of N2O is presumed 
to result largely from inhibition of methionine synthase,3,4 

which reduces proliferation of human peripheral blood 
mononuclear cells5 and can cause megaloblastic anemia.6,7

Inhibition of methionine synthase by N2O elevates homo-
cysteine concentrations, which impair endothelial func-
tion and may worsen myocardial ischemia.8–10 For example, 
Hohner et al.11 reported that N2O administration in  high- risk 
vascular surgery patients increased intraoperative myocar-
dial ischemia. Badner et al. similarly evaluated 90 patients 
randomized to anesthesia with or without N2O and observed 
a signi!cant increase in homocysteine concentrations and 
cardiovascular events.12 Consistent with this mechanism, a 
(nonsigni!cant) trend towards increased cardiovascular com-
plications was identi!ed in the recent Evaluation of N2O in 
Gas Mixture for Anesthesia (ENIGMA) study in which 2,050 
patients were randomly assigned to N2O or oxygen.13

The ENIGMA investigators also concluded that N2O sig-
ni!cantly increases the risk of vomiting, wound infection, and 
pneumonia.13 That N2O increases the risk of postoperative nau-
sea and vomiting is well established, but nausea and vomiting 
are not  life- threatening complications; furthermore, N2O is less 
emetogenic than volatile anesthetics.14 The effect of N2O on 
surgical site infection is dif!cult to interpret since the ENIGMA 
trial compared N2O to oxygen, and supplemental oxygen per 
se may15,16 or may not17 reduce wound infection risk. Similarly, 
high inspired oxygen concentration per se contributes to post-
operative atelectasis and pulmonary complications.18–20
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BACKGROUND: Nitrous oxide (N2O) has been widely used in clinical anesthesia for >150 years. 
However, use of N2O has decreased in recent years because of concern about the drug’s meta-
bolic side effects. But evidence that routine use of N2O causes clinically important toxicity 
remains elusive. We therefore evaluated the relationship between intraoperative N2O admin-
istration and 30-day mortality as well as a set of major inpatient postoperative complications 
(including mortality) in adults who had general anesthesia for noncardiac surgery.
METHODS: We evaluated 49,016 patients who had noncardiac surgery at the Cleveland Clinic 
between 2005 and 2009. Among 37,609 qualifying patients, 16,961 were given N2O (“nitrous,” 
45%) and 20,648 were not (“nonnitrous,” 55%). Ten thousand seven hundred  !fty- !ve nitrous 
patients (63% of the total) were propensity  score- matched with 10,755 nonnitrous patients. 
Matched nitrous and nonnitrous patients were compared on 30-day mortality and a set of 8 
 in- hospital morbidity/mortality outcomes.
RESULTS: Inhalation of N2O intraoperatively was associated with decreased odds of 30-day 
mortality (odds ratio [OR]: 97.5% con!dence interval, 0.67, 0.46–0.97; P = 0.02). Furthermore, 
nitrous patients had an estimated 17% (OR: 0.83, 0.74–0.92) decreased odds of experienc-
ing major  in- hospital morbidity/mortality than nonnitrous (P < 0.001). Among the individual 
morbidities, intraoperative N2O use was only associated with signi!cantly lower odds of having 
 pulmonary/respiratory morbidities (OR, 95%  Bonferroni- adjusted CI: 0.59, 0.44–0.78).
CONCLUSIONS: Intraoperative N2O administration was associated with decreased odds of 
30-day mortality and decreased odds of  in- hospital mortality/morbidity. Aside from its speci!c 
and  well- known contraindications, the results of this study do not support eliminating N2O from 
anesthetic practice. (Anesth Analg 2013;116:1026–33)
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There are thus  well- established biochemical reasons to 
be concerned about the toxic effects of N2O, but evidence 
that routine use of N2O causes clinically important toxicity 
remains elusive. We therefore evaluated the relationship 
between intraoperative usage of N2O and  all- cause 30-day 
mortality as well as an endpoint consisting of 8 major inpa-
tient complications and  all- cause  in- hospital mortality in  
adults having noncardiac surgery with general anesthesia. 
Speci!cally, we tested the hypothesis that N2O use increases 
the odds of both 30-day mortality and a set of major inpa-
tient complications.

METHODS
With IRB approval, written informed consent was waived 
for this retrospective cohort analysis of 49,016 adults who 
had noncardiac surgery at the Cleveland Clinic Main 
Campus between 2005 and 2009. Exposure to N2O and 
outcome variables were obtained from the Cleveland 
Clinic Perioperative Health Documentation System. The 
Cleveland Clinic Perioperative Health Documentation 
System contains nearly all patients who had noncardiac 
surgery since May of 2005 at Cleveland Clinic’s main cam-
pus. It integrates preoperative variables (demographics, 
conditions, etc), intraoperative variables (via the Anesthesia 
Record Keeping system), and postoperative outcomes (by 
linking to the larger Cleveland Clinic billing data systems). 
Patients were excluded from our analysis if they did not 
have general anesthesia, required emergent surgery, or had 
ASA physical statusscores >4.

Our primary outcomes were  all- cause 30-day mortal-
ity and a set of major  in- hospital complications, includ-
ing  all- cause mortality, neurological, cardiac, pulmonary/
respiratory, infectious, urinary and hemorrhagic complica-
tions, wound disruption, and peripheral vascular complica-
tions (as de!ned in Table 1). As described below in more 
detail, we did not analyze the set of outcomes as a collapsed 
composite of “ any- versus-none.” Rather, a multivariate 

(i.e., multiple outcomes per patient) analysis was used to 
simultaneously capture the complete information on each 
component for a patient and the correlations among compo-
nents. (Throughout this article, we use multivariate to refer 
to a model with multiple [and likely correlated] outcome 
variables, and multivariable to refer to a model with multiple 
independent variables.)

Propensity Score Matching
Each patient who received N2O intraoperatively (“nitrous 
patient”) was matched to a patient who did not (“nonnitrous 
patient”) using propensity score matching.21 Speci!cally,  
we !rst estimated the probability of receiving N2O (i.e., the 
propensity score) for each patient using logistic regression 
with N2O (versus air) as the outcome and adjusting for all 
baseline potential confounding variables listed in Table 2. 
Medical history conditions were carefully de!ned to be pre-
existing (i.e., not hospital acquired) by using ICD-9 codes 
corresponding to chronic conditions.  For example, (baseline) 
pulmonary disease includes COPD and asthma; demen-
tia includes chronic organic psychotic brain syndromes, 
senile dementia, vascular dementia, and brain syndrome 
with brain disease; digestive disease includes esophageal 
disorders, gastro duodenal ulcer, and liver diseases; CVD 
includes essential hypertension, coronary atherosclerosis, 
cardiac dysrhythmias, and congestive heart failure.

We then 1:1 matched nitrous and nonnitrous patients 
using a greedy distance matching algorithm (SAS macro: 
gmatcha), restricting successful matches to those with 
the same type of surgery (as characterized into 1 of 244 
mutually exclusive, clinically appropriate categories 

Table 1. Description of Individual  In- Hospital Surgical Morbidities Included in the Composite
Outcome Description ICD-9

 In- Hospital mortality
Neurological 
Cardiac 

Nervous system complications, anoxic brain damage, cerebral hypoxia, postoperative stroke 997.0
Cardiac arrest, cardiac insuf!ciency, cardiorespiratory failure, or heart failure during or resulting 

from a procedure; acute pulmonary edema or pulmonary edema, postoperative
997.1
518.4

Pulmonary and respiratory Respiratory complications; adult respiratory distress syndrome, acute respiratory insuf!ciency, 
shock lung; tracheostomy complications; pulmonary embolism/infarction; transfusion-
related acute lung injury

997.3
518.5
519.0
415.11
518.7

Infectious Ventilator associated pneumonia, Mendelson’s syndrome, or pneumonia/aspiration resulting 
from a procedure; postoperative infection; sepsis, septicemia, or other postoperative 
infections; postoperative shock

997.31
997.39
998.5
999.3
998.0

Urinary 

Hemorrhagic 
Wound disruption

Peripheral vascular

Complications of urinary tract stoma or internal anastomosis and bypass of urinary tract; 
oliguria/anuria due to procedure; acute renal failure/insuf!ciency, or acute tubular necrosis 
due to procedure

Hemorrhage, hematoma, or seroma complicating a procedure
Dehiscence of operation wound, disruption of suture materials or other closure method, 

rupture of operation wound
Phlebitis or thrombophlebitis during or resulting from a procedure

997.5

998.1
998.3

997.2

ICD-9 = International Classi!cation of Diseases, 9th revision.

a Bergstralh E, Kosanke J. Gmatch SAS program. In: Mayo Clinic Division 
of Biomedical Statistics and Informatics. Rochester: Mayo Clinic (HSR 
CodeXchange), 2003. Computerized matching of cases to controls using 
the greedy matching algorithm with a !xed number of controls per case. 
Controls may be matched to cases using one or more factors (Xs). Available 
at: http://mayoresearch.mayo.edu/mayo/research/biostat/sasmacros.cfm. 
Accessed December 1, 2010.
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using the Agency for Healthcare Research and Quality’s 
Clinical Classi!cations  [AHRQ- CCS] categories) and 
with a difference in estimated logit of the propensity  
score (i.e., log (p̂/(1 – p̂)), p̂: estimated propensity score) 
within 0.2 standard deviation of the propensity score logit 
across all patients, i.e., within 0.2 * 0.681 = 0.1362).22

Assessment of balance on the covariables used for the pro-
pensity score matching was performed using standardized 
differences (i.e., difference in means or proportions divided by  
the pooled SD). Imbalance was de!ned as a standar dized 
difference >0.1 in absolute value (as suggested by Austin  
and others)23,24; any such covariables would be considered in 
the models comparing nitrous and nonnitrous patients on out-
comes (see Primary Analyses) to reduce potential confound-
ing. All of the analyses used this subset of matched patients.

Primary Analyses
Propensity  score- matched nitrous and nonnitrous patients 
were compared on the 30-day mortality outcome using a 

multivariable logistic regression adjusting for any residual 
imbalanced covariables. We then assessed the “common 
effect” or “global” odds ratio (OR) of N2O across the indi-
vidual  in- hospital major complications/mortality using a 
multivariate (i.e., multiple outcomes) generalized estimat-
ing equation (GEE) model with unstructured covariance 
matrix.25 We thus did not compare groups on the collapsed 
composite of “ any- versus-none.” Instead, we used a GEE 
model to estimate a single odds ratio for the association 
between N2O and the set of complications; the model con-
tained one record for each possible complication per patient 
(i.e., 9 rows per patient) and adjusted for the  within- subject 
correlation across the outcomes. To account for multiple 
testing while maintaining a type I error of 0.05, we used a 
signi!cance criterion of P < 0.025 for each of the 2 primary 
outcomes (Bonferroni adjustment).

We assessed the heterogeneity of the N2O effect across the 
components of the  in- hospital outcomes in a separate “dis-
tinct-effects” GEE model in which the individual component 

Table 2. Summary of Demographics and Baseline Characteristics Before and After the Propensity Matching

Variable

Before matching After matching
Nitrous  

(N = 16,961)
Nonnitrous  

(N = 20,648) P D*
Nitrous  

(N = 10,746)
Nonnitrous 

(N = 10,746) P D*
Gender (male), % 7807 (46) 9619 (47) 0.28 "0.01 4990 (46) 4877 (45) 0.12 0.02
Age, years 55 ± 16 56 ± 16 <.001 "0.09 56 ± 16 56 ± 16 0.95 "0.00
Body mass index, kg/m2 28 [24, 32] 28 [24, 33] <0.001 "0.04 28 [24, 32] 28 [24, 33] 0.81 0.00
Race, % <0.001 0.05 0.70 0.01

Caucasian 13735 (81) 17121 (83) 8864 (82) 8878 (83)
African American 2074 (12) 2258 (11) 1186 (11) 1201 (11)

ASA physical status, % <0.001 0.24 <0.001 0.11
I 1080 (6) 956 (5) 466 (4) 686 (6)
II 8299 (49) 8448 (41) 4906 (46) 5053 (47)
III 7115 (42) 9909 (48) 4999 (47) 4569 (43)
IV 467 (3) 1335 (6) 375 (3) 438 (4)

Charlson comorbidity score, % <0.001 0.18 <0.001 0.08
0  9285 (55) 9552 (46) 5267 (49) 5581 (52)
1  2620 (15) 3536 (17) 1672 (16) 1692 (16)
2  2799 (17) 3931 (19) 2026 (19) 1965 (18)
3 862 (5) 1319 (6) 690 (6) 544 (5)
4 1395 (8) 2310 (11) 1091 (10) 964 (9)

Admitted for complication, yes, % 1010 (6)  954 (5) <0.001 0.06 499 (5) 581 (5) 0.01 –0.04
Medical history

Cancer, yes, % 5286 (31) 6811 (33) <0.001 "0.04 3740 (35) 3560 (33) 0.01   0.04
CVD, yes, % 7933 (47) 10352 (50) <0.001 "0.07 5198 (48) 5109 (48) 0.22 0.02
Dementia, yes, % 83 (<1) 124 (1) 0.15 "0.01 54 (1) 52 (<1) 0.85 0.00
Diabetes, yes, % 2185 (13) 3086 (15) <0.001 "0.06 1444 (13) 1390 (13) 0.28 0.01
Digestive disease, yes, % 4754 (28) 6792 (33) <0.001 "0.11 3361 (31) 2946 (27) <0.001 0.09
Pulmonary disease, yes, % 1702 (10) 2455 (12) <0.001 "0.06 1199 (11) 1096 (10) 0.02 0.03
Chronic renal failure, yes, % 582 (3) 826 (4) 0.004 –0.03 439 (4) 376 (4) 0.03 0.03
Malabsorption, yes, % 42 (<1) 74 (<1) 0.05 –0.02 35 (<1) 38 (<1) 0.73 –0.00
Bone marrow failure, yes, % 22 (<1) 84 (<1) <0.001 –0.05 15 (<1) 30 (<1) 0.03 –0.03

Year of surgery, % <0.001 0.48 <0.001 0.10
2005 3278 (19) 2312 (11) 1550 (14) 1473 (14)
2006 6170 (36) 4808 (23) 3502 (33) 3051 (28)
2007 3865 (23) 5336 (26) 2680 (25) 2884 (27)
2008 2908 (17) 6177 (30) 2367 (22) 2658 (25)
2009 740 (4) 2015 (10) 647 (6) 680 (6)

Anesthesiologist,‡ % <.001 0.58 <0.001 "0.17
A 726 (4) 498 (2) 362 (3) 393 (4)
B 504 (3) 579 (3) 340 (3) 303 (3)
C 338 (2) 705 (3) 282 (3) 265 (2)
D 121 (1) 790 (4) 111 (1) 115 (1)
E 422 (2) 436 (2) 263 (2) 303 (3)

Summary statistics were presented as percentage of patients, mean ± SD, or median [Q1, Q3]; Student t test, Wilcoxon  rank- sum test, or Pearson’s  chi- squared 
test, as appropriate. ASA = American Society for Anesthesiologists; CVD = cardiovascular disease; D = standardized differences; RSI = risk strati!cation index.
*D = standardized differences (nitrous minus nonnitrous: difference in means or proportions divided by pooled standard deviation; >0.1 in absolute value 
indicates imbalance.
‡The 5 most frequent anesthesiologists are listed.
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odds ratios were compared.26 Signi!cant heterogeneity, 
especially in opposite directions, would suggest that the 
 individual odds ratios be given more importance than the 
global odds ratio.26,27 Since heterogeneity was found, we 
reported and tested the individual odds ratios (total of 9) from 
the distinct effects GEE model along with the overall common 
effect odds ratio. A Bonferroni correction for multiple compar-
isons was used to control the type I error at 0.025, so that P < 
0.003 was considered signi!cant (i.e., 0.025/9 = 0.003).

Secondary Analyses
We also assessed the interaction between N2O and age, 
gender, and year of surgery on each of the primary out-
comes using logistic regression or multivariate GEE model, 
as appropriate. In the presence of a signi!cant interaction  
(P < 0.10), the association between N2O and the outcome 
was estimated within levels of the interacting factor.

Finally, we descriptively compared the propensity 
 score- matched nitrous and nonnitrous patients on intraop-
erative hemodynamic characteristics, including vasopressor  
(ephedrine, phenylephrine, and epinephrine), antihyperten-
sive, opioid (morphine equivalent, mg), and bronchodilator 
usage, using standardized difference and by standard sta-
tistical tests. Intraoperative hemodynamic monitoring data, 
inhalation anesthetics, and oxygen were acquired from our 
electronic anesthesia  record- keeping system, which contin-
uously records minute- by- minute data from the physiologic 
monitors throughout the intraoperative period. Arterial 
blood pressure in patients with invasive arterial catheters 
was recorded each minute, and in patients without an arte-
rial line it was recorded at 1- to 5-minute intervals.

SAS software version 9.2 for UNIX (SAS Institute, Cary, 
NC) (for propensity score matching and outcomes assess-
ment) and R software version 2.8.1 for Windows (The R 
Foundation for Statistical Computing, Vienna, Austria) (for 
!gure and tables) were used for all statistical analyses. All 
the reported con!dence intervals (CIs) were appropriately 
adjusted by Bonferroni correction. All tests were 2-tailed.

RESULTS
 Thirty- seven thousand six hundred nine patients (16,961 
[45%] N2O and 20,648 [55%] nonnitrous) met our inclu-
sion criteria. We successfully matched 10,746 N2O patients 
(75% of the total) with 10,746 nonnitrous for a total of 21,492 
patients. Our propensity  score- matched subset retained 136 
(77% of 177 categories before matching)  AHRQ- CCS soft-
ware categories (Supplemental Data File 1, see Supplemental 
Digital Content 1, http://links.lww.com/AA/A350). The 
41 (23%) unmatched  AHRQ- CCS categories represented 
only 0.4% of our study population.

As seen on the left side of Table 2, nitrous patients were 
generally healthier (lower Charlson comorbidity score and 
lower ASA status), and less likely to have digestive dis-
ease (standardized differences >0.1 in. absolute value). As 
expected, all of the factors in Table 2 were much better bal-
anced in the 21,492 patients who were matched by propensity 
scores (Table 2, right panel). Only ASA status year of surgery 
and the anesthesiologist were slightly imbalanced between 
the matched nitrous and nonnitrous patients, with absolute 
standardized differences of 0.11, 0.10, and 0.17, respectively. 
We thus adjusted for ASA status and year of surgery in the 

multivariable model comparing the  propensity- matched 
nitrous and nonnitrous patients on outcomes. We did not 
readjust for anesthesiologist because balance was excellent 
and the standardized difference for a variable with 75 catego-
ries can be overly sensitive. The summary of baseline factors 
between matched and unmatched patients is also provided in 
Supplemental Data File 2 (see Supplemental Digital Content 
2, http://links.lww.com/AA/A351). Table 3 summarizes 
intraoperative factors between the propensity  score- matched 
nitrous and nonnitrous patients. Nitrous patients, on average, 
were given less des"urane and sevo"urane (standardized 
differences >0.3 in absolute value). Intraoperative inspired 
oxygen concentration was slightly less in nitrous patients 
(median, 46%) than in those who were not (median 55%, stan-
dardized difference −1.0). No clinically important differences 
(i.e., standardized difference >0.1 in absolute value) were 
observed on any other intraoperative factors between nitrous 
and nonnitrous patients, although some of them were statisti-
cally different due to large sample size (P < 0.05).

Using the propensity  score- matched groups, receiving 
N2O was associated with decreased odds of  in- hospital 
major complications/mortality (P < 0.001); the correspond-
ing common effect odds ratio of N2O administration across 
the individual  in- hospital complications/mortality was 
estimated as 0.83 (97.5% CI: 0.74–0.92) (Table 4 and Fig. 1). 
Furthermore, receiving N2O was associated with decreased 
odds of 30-day mortality (P = 0.02; OR: 0.67 [97.5% CI: 0.46–
0.97], Table 4 and Fig. 1).

The association between intraoperative administration of 
N2O and outcome was not consistent across the individual 
 in- hospital surgical morbidities (N2O × Morbidity interac-
tion P < 0.001). We therefore also evaluated the association 
between N2O and each speci!c major complication included 
in the set of  in- hospital outcomes (Table 4 and Fig. 1). 
Intraoperative administration of N2O was signi!cantly asso-
ciated only with decreased odds of pulmonary/ respiratory 
morbidity (OR, 95%  Bonferroni- adjusted CI: 0.59, 0.44–0.78; 
P < 0.001). The average amount of N2O received intraopera-
tively was descriptively similar between patients with his-
tory of pulmonary disease (53% ± 11%) and patients without 
(54% ± 10%, standardized difference of –0.13). Besides pul-
monary/respiratory morbidity, all other odds ratios (except 
for neurological and peripheral vascular, both slightly above 
1.0) were in the direction of N2O administration being pro-
tective, which helps explain why the overall common effect 
odds ratio was signi!cantly less than 1.0.

We also found that the association between intraoper-
ative  administration of N2O and the 30-day mortal-
ity depended on age (N2O × Age interaction P = <0.007). 
However, intraoperative administration of N2O was not 
signi!cantly associated with 30-day mortality within any of 
the 4 quartiles of age. Furthermore, there was no N2O × Age 
interaction effect on the set of major  in- hospital complica-
tions/mortality (P = 0.82). Finally, intraoperative adminis-
tration of N2O did not depend on either gender or year of 
surgery for either of the primary outcomes (all P > 0.10).

DISCUSSION
Intraoperative use of N2O was associated with decreased 
30-day mortality in this nonrandomized propensity-
matched study. This result is contrary to the ENIGMA trial  
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and also to the 3.5-year follow-up28 of patients random-
ized to N2O or oxygen in the ENIGMA trial.13 The odds 
of experiencing  in- hospital mortality or a nonfatal major 

 in- hospital complication were an estimated 17% lower 
(OR, 97.5% CI: 0.83, 0.74–0.92) in those patients given N2O. 
The reduced odds of major outcomes were driven by sig-
ni!cantly lower odds (−40%) of pulmonary/respiratory 
complications. In contrast, the odds of  in- hospital mortal-
ity and infectious complications were similar in patients 
who were and were not given N2O.

Cardiac complications, intraoperative arterial blood 
pressure, heart rate, and consumption of vasoactive drugs 
were all comparable in patients who were or were not 
given N2O. This observation contrasts to a nonsigni!cant 
trend towards more cardiac complications in the ENIGMA 
trial.13 We note, though, that ENIGMA patients were 
expected to remain hospitalized for at least 3 days, whereas 
our population included outpatients and patients under-
going minor procedures.13 ENIGMA patients were also 
apparently given more N2O than our patients (≈70% ver-
sus ≈55%). More important, complication tracking was far 
more intense in the ENIGMA trial that was randomized than 
in our registry analysis that depended on complications being 
coded for billing purposes. A  long- term  follow- up study of 

Table 3. Summary of Intraoperative Characteristics (Induction to End of Case) Among the Propensity Score 
Matched Patients

Variable
Nitrous  

(N = 10,746)
Nonnitrous  

(N = 10,746) Pa D‡

Duration of surgery, hours 3.6 [2.4, 5.0] 3.6 [2.4, 4.9] 0.30 0.01
Estimated blood loss||, cc 150 [50, 350] 150 [50, 300] <0.001 0.07
Urine¶, cc 350 [195, 640] 350 [200, 650] 0.37  –0.02
Red blood cell, cc 0 [0, 0] 0 [0, 0] 0.78  0.00
Crystalloid, L 3.1 [1.8, 4.5] 3.1 [1.9, 4.15] 0.57  0.01
Colloid, L 0 [0, 1] 0 [0, 1] 0.31  0.01

Heart rate,* beats/minute
Minimum 56 ± 10 57 ± 10 <.001b "0.07
Maximum 102 ± 17 103 ± 17 0.01b "0.04
Standard deviation 9 ± 3 9 ± 3 0.01b 0.04

Mean arterial pressure,* mm Hg
Minimum 58 ± 11 58 ± 11 <.001b 0.05
Maximum 127 [113, 147] 127 [113, 148] 0.17 "0.02
Standard deviation 13 [11, 16] 14 [11, 17] <.01 "0.06

Systolic blood pressure,* mm Hg
Minimum 79 ± 17 78 ± 17 0.02b 0.03
Maximum 173 ± 30 173 ± 31 0.04b "0.03
Standard deviation 18 ± 6 19 ± 6 0.001b "0.04

Diastolic blood pressure,* mm Hg
Minimum 46 ± 9 46 ± 9 <.001b 0.05
Maximum 97 [87, 112] 98 [87, 113] 0.32 "0.01
Standard deviation 10 [8, 13] 10 [8, 13] <.001 "0.06

Average des#urane,** % 2.6 ± 1.6 3.3 ± 1.6 <.001b "0.46
Average iso#urane,** % 0.5 ± 0.3 0.5 ± 0.3 0.41 b "0.02
Average sevo#urane,** % 0.8 ± 0.5 1.0 ± 0.6 <.001b "0.30
Antihypertensive (number of boluses within case) 0 [0, 0] 0 [0, 0] 0.34 "0.01
Beta blocker, number of boluses within case 0 [0, 0] 0 [0, 0] 0.29 "0.01
Bronchodilator, number of boluses within case 0 [0, 0] 0 [0, 0] 0.16 0.02
Opioid consumption (morphine equivalent), mg 25 [15, 35] 25 [15, 35] 0.002 "0.04
Vasopressor, number of boluses within case 1 [0, 3] 1 [0, 3] 0.57 0.01
Average FIO2,† % 46 [38, 53] 55 [50, 59] <.001 "1.00

Summary statistics was presented as mean ± SD or median [Q1, Q3], as appropriate. 
||13% and ¶36% patients had missing values.
*Summarized within patient, including all minute- by- minute measurements from induction time to end of case.
**Within patient average of minute- by- minute  end- tidal of inhaled anesthetic from induction time to end of case.
†Average FIO2 was summarized within patients and included all minute- by- minute measurements from 10 minutes after incision time to 10 minutes before 
emergence time.
aWilcoxon  rank- sum test, unless noted. bStudent t test.
‡Standardized differences (nitrous minus nonnitrous): the difference in means or proportions divided by the pooled standard deviation; >0.1 indicates slight imbalance.
D = standardized difference; FIO2 = the fraction of inspired oxygen in a gas mixture.

Table 4. Incidences of 30-Day and Individual  
 In- hospital-Morbidity/Mortality Among 
 Propensity- Matched Patients

Outcome

Nitrous  
(n = 10,746), 

N (%)

Nonnitrous  
(n = 10,746),  

N (%)
30-day mortality 60 (0.6) 89 (0.8)
 In- hospital morbidity/mortality

Cardiac 212 (2.0) 240 (2.2)
Hemorrhagic 231 (2.2) 237 (2.2)
 In- hospital mortality 23 (0.2) 46 (0.4)
Infectious 190 (1.8) 218 (2.0)
Neurological 64 (0.6) 57 (0.5)
Peripheral vascular 25 (0.2) 24 (0.2)
Pulmonary/respiratory 191 (1.8) 310 (2.9)
Urinary/renal 128 (1.2) 127 (1.2)
Wound disruption 37 (0.3) 44 (0.4)
Any of the above 909 (8.5) 996 (9.3)
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the ENIGMA trial23 patients also demonstrated a marginal 
increase in risk of myocardial infarction in patients receiv-
ing N2O, although the trial was somewhat compromised by 
patients lost to  follow- up and low study power. Fortunately, 
a large randomized trial is in progress to speci!cally test the 
hypothesis that N2O worsens cardiac morbidity (ENIGMA-2, 
ClinTrials NCT00430989). Adequately powered randomized 
data speci!c to the potential cardiac effects of N2O will thus 
soon be available. But in the meantime, our results do not 
suggest that N2O should be avoided for fear of cardiovas-
cular complications, especially since interventions to reduce 
plasma homocysteine concentrations do not reduce cardio-
vascular events in nonsurgical settings.29–31

Surprisingly, N2O use was associated with a substantial 
and statistically signi!cant 41% reduction in odds of hav-
ing pulmonary/respiratory complications. This may be the 
result of a selection bias, in that N2O may have been avoided 
in patients with pulmonary disease, at least in those who 
required a high inspired oxygen fraction. As in other insti-
tutions,32 patients who were not given N2O appear to have 
been given roughly comparable amounts of medical air, 
which of course contains 21% oxygen. Consequently, the 
inspired oxygen fraction was about 10% greater than in 
patients not given N2O. A 10% difference seems unlikely to 
provoke complications, but high inspired oxygen fractions 
can lead to oxygen absorption, alveolar collapse, and post-
operative complications.18,19

A direct effect of N2O on the lung may also have con-
tributed to reduced pulmonary complications. It is well 
established that N2O is an  N- methyl- d- aspartate (NMDA) 
receptor antagonist. NMDA receptors are present in the 
lungs33 and are key intermediates in the pathogenesis of 
 hyperoxia- induced lung injury via reactive oxygen spe-
cies.34 As might thus be expected, several studies show 
that  hyperoxia- induced pulmonary damage is attenuated 

by NMDA receptor antagonists.34,35 Surfactant synthesis by 
alveolar epithelial type II cells is  down- regulated by NMDA 
receptors.36 To the extent that N2O reduces activation of 
NMDA receptors, surfactant synthesis may be enhanced 
and lung injury reduced.36

It is reasonably well established that N2O reduces the 
required concentration of volatile anesthetics by 20%–15%.37 
In the ENIGMA trial,13 for example, volatile anesthetic use 
was reduced 23% in patients given N2O. Our results were sim-
ilar, with volatile anesthetic use being reduced 17%–26% in 
patients given N2O. In contrast, opioid use was comparable, 
probably because individual opioid requirements are nonob-
vious, leaving clinicians to give opioids largely by protocol.

An advantage of our registry is that the sample size is 
large and presumably fairly generalizable. Furthermore, 
inclusion criteria were uniform and reliability was enhanced 
by consistent data collection. There are nonetheless dis-
tinct limitations to retrospective analysis of registries. For 
example, inspired concentrations of N2O were not recorded. 
Consequently, our analysis is based on the dichotomous 
use of N2O, rather than administered dose. This limitation 
prevented us from assessing a dose-response relationship 
between nitrous oxide and outcome, a key component of 
establishing causal inference. But most important, our 
analysis is retrospective, which eliminates the protections 
against confounding due to selection bias that is normally 
provided by randomization. Our use of appropriate statisti-
cal techniques, especially propensity matching, nonetheless 
provides some protection against selection bias and con-
founding due to measured baseline factors. But to the extent 
that there are additional unmeasured (and thus not unad-
justed) confounding factors, our results might be biased. 
A limitation of propensity score matching is that some 
patients are not matched and therefore not included in the 
analysis, thus reducing precision of the estimated treatment 
effect and also limiting the generalizability of conclusions 
to patients similar to those studied. As a sensitivity anal-
ysis (data not presented) we also assessed the association 
between nitrous oxide use and outcome adjusting for con-
founding using a multivariable model instead of propensity 
score matching; this analysis using all patients gave nearly 
identical results as our propensity score matching.

An additional limitation is that our outcomes, aside from 
30-day mortality, are based on  in- hospital ICD-9 billing codes 
rather than being speci!cally and prospectively evaluated. 
It is thus likely that some clinically important  in- hospital 
events, such as silent myocardial infarctions, were not 
recorded. Furthermore, postdischarge complications were 
not included in our analysis. To the extent that outcomes 
occurred postoperatively or were missed through incomplete 
coding, reported frequencies will underestimate the true inci-
dence. But unless outcome identi!cation in our registry is 
biased (i.e., nonrandomly erroneous in patients given or not 
given N2O), reported odds ratios will remain accurate.

In summary, our analysis of a large registry indicates 
that intraoperative N2O administration was associated 
with lower odds of both 30-day mortality and of the odds 
of a set of serious  in- hospital complication events. N2O is 
the  longest- serving anesthetic; aside from its speci!c and 
 well- known contraindications, the results of this study do 
not support eliminating N2O from anesthetic practice. E

Figure 1. Odds ratios of 30-day mortality and each individual 
 in- hospital morbidity/mortality, and the generalized estimating 
equation “common effect” odds ratio (OR) across the individual 
 in- hospital outcomes, occurring in the nitrous and nonnitrous 
patients. Analyses used the propensity  score- matched patients (n = 
21,492), adjusting for ASA status and year of surgery. *Con!dence 
intervals (CIs) were Bonferroni adjusted. Con!dence intervals for 
the 2 primary outcomes: 30-day mortality and “overall”  in- hospital 
morbidity/mortality were 97.5% (i.e., 0.05/2 = 0.025); for the 9 
 in- hospital outcomes were 99.7% (i.e., 0.025/9 = 0.003).
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