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The international ENIGMA‑II 
substudy on postoperative 
cognitive disorders (ISEP)
Guy Haller1,3*, Matthew T. V. Chan2, Christophe Combescure4, Ursula Lopez5, 
Isabelle Pichon1, Marc Licker1, Roxane Fournier1 & Paul Myles6

There is a large controversy as to whether nitrous oxide (N2O) added to the anaesthetic gas mixture 
is harmful or harmless for postoperative cognitive function recovery. We performed a nested study 
in the ENIGMA-II trial and compared postoperative neurocognitive recovery of patients randomly 
receiving N2O (70%) or Air (70%) in 30% O2 during anesthesia. We included adults having non cardiac 
surgery. We compared recovery scores for episodic memory, decision making/processing speed and 
executive functions measured with the computerised Cambridge Neuropsychological Test Automated 
Battery (CANTAB). Assessments were performed at baseline, seven and ninety days. At first interim 
analysis, following recruitment of 140 participants, the trial was suspended. We found that the mean 
(95%CI) changes of scores for episodic memory were in the Pocock futility boundaries. Decision 
making/processing speed did not differ either between groups (P > 0.182). But for executive functions 
at seven days, the mean number (95% CI) of problems successfully solved and the number of correct 
box choices made was higher in the N2O group, P = 0.029. N2O with the limitations of an interim 
analysis appears to have no harmful effect on cognitive functions (memory/processing speed). It may 
improve the early recovery process of executive functions. This preliminary finding warrants further 
investigations.

The number of surgical procedures performed worldwide is estimated at 312 million1. Nitrous oxide (N2O) 
is used in a significant number of procedures. In the USA, for example, around 35% of all general anesthesia 
include nitrous oxide2. N2O is also increasingly administered with oxygen (50%) for pain and stress management 
in obstetrics during delivery, in pediatrics and ambulatory medicine for peripheral minor surgery. For general 
anesthesia, because of its weak anesthetic properties, it is used as an adjuvant that enables dose reduction of other 
anesthetic drugs and limits their side-effects. Considered for decades as innocuous, there is emerging evidence 
that N2O carries a number of potential side effects3. It enlarges natural air spaces (bowels, lungs, tympanic cav-
ity). It can cause transitory leucopenia4, postoperative nausea and vomiting5. N2O also increases plasma homo-
cysteine for up to a week after surgery6,7. Elevation of plasma homocysteine causes endothelial dysfunction and 
mismatches between cerebral metabolism and blood flow8,9. As a result N2O may also lead to cerebrovascular 
dysfunction resulting in delirium, delayed neurocognitive recovery or persisting neuro cognitive disorders3,10. 
Existing evidence on the true impact of N2O on postoperative cognitive performance and recovery is however 
controversial. Whilst some reports (both animal and human studies) attribute postoperative learning difficul-
ties, loss of memory, disorientation11–13 and reduced psychomotor performance to N2O14,15, others including 
randomized trials, fail to identify any detrimental effect of N2O on cognitive performance16–20. Some authors 
even find in animal studies a neuroprotective effect of N2O21.

Thus, the role of N2O in the development of delayed neurocognitive recovery remains to be determined. 
As part of the ENIGMA-II randomized multicenter trial initially designed to assess cardiovascular complica-
tions in patients undergoing major non-cardiac surgery, we performed a nested study assessing postoperative 
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neurocognitive recovery. Using three computerized neuropsychological tests (thirteen outcome scores) of the 
Cambridge Neuropsychological Test Automated Battery (CANTAB), we compared postoperative neurocogni-
tive recovery of patients receiving N2O in the anesthetic gas mixture administered during surgery with patients 
receiving N2O free anesthesia.

Methods
Study design and participants.  The International ENIGMA-II study on Postoperative Cognitive Disor-
ders (ISEP) trial was a randomized, controlled, multicenter parallel-group study performed to assess the effect of 
N2O on postoperative neurocognitive recovery. It was a study nested in the original ENIGMA-II trial in two par-
ticipating centers (Hong-Kong and Geneva), both University affiliated Hospitals. Adults aged at least 45 years, 
at risk of cardiovascular complications and having general anesthesia for non-cardiac surgery exceeding 2 h 
were eligible. We excluded patients with untreated deficit in Vitamin B6, B12 and folic acid, those with marked 
impairment of gas-exchange requiring inspiratory oxygen concentration > 0.5, those with specific circumstances 
where N2O is contraindicated (e.g. colorectal, thoracic surgery). In addition, we also excluded patients with mini 
mental state examination (MMSE) test score ≤ 24 and advanced Parkinson’s disease, those suffering from alco-
hol dependency or taking tricyclic antidepressants or neuroleptics. Patients with a handicap (i.e. visual impair-
ment) likely to hinder the correct performance of the CANTAB computerized neuropsychological tests were 
also excluded. The study protocol was approved by the Central Ethics Committee of the Geneva University Hos-
pitals CER: 08–075 (NAC 08–021) and Joint Chinese University of Hong Kong – New Territories East Cluster 
Clinical Research Ethics Committee (CRE-2012.197-T). It also received approval by the Swiss Agency for Thera-
peutic Products (Swiss Medics). The research project was performed in accordance with institutional standards 
and regulations. The study is registered with ClinicalTrials.gov, number NCT00430989 (reg.02.02.2007) and 
NCT02489097 (reg. 02.07.2015).

Randomization, treatment allocation, blinding and data collection.  The study was nested in the 
ENIGMA-II trial22 but was extended beyond the end of the original trial until May 2016. Following written 
informed consent from all study participants, they were randomized to receive a general anesthetic with a mix-
ture of either N2O (70%) or Air (70%) in 30% O2. We used computer generated randomization in permuted 
blocks of 10 patients and stratified randomization by site. Group allocation could be accessed via an automated 
telephone voice-recognition service or in case of malfunction, it was sent directly by email to research staff. 
Patients, surgical team members, research staff including postoperative interviewers and cognitive testing assis-
tants were blinded to group allocation. Only the anesthesiologist in charge was aware of the gas mixture provided 
during anesthesia.

On the day before surgery, after an initial screening for pre-existing cognitive disorders (MMSE test ≤ 24), 
Parkinson’s disease, visual or auditive impairment and other study exclusion criteria, a specially trained research 
assistant and a certified neuropsychologist performed the initial battery of cognitive tests CANTAB. The overall 
computerized battery includes 7 different categories of tests assessing the different domains of cognitive func-
tion (attention, executive functions, memory, visuospatial processing functions and language). These tests are 
designed to detect subtle changes in cognition. The CANTAB testing battery was preferred over other type of 
cognitive tests, since it is language-independent, culturally neutral and has been validated for the diagnosis of a 
wide range of cognitive disorders and syndromes23. For the study, we initially selected five tests to be performed 
at 7 and 90 days: screening tests MOT (Motor Screening Task), visual memory tests PAL(Paired Associates 
Learning), episodic memory tests PRM (Pattern Recognition Memory), decision making and processing speed 
tests RTI (Reaction time) and executive function tests OTS (One Touch Stocking of Cambridge). All these tests, 
except the MOT test, were chosen because they are assessing cognitive domains most likely to be influenced by 
anesthesia24. The MOT test is a standard screening test that is systematically performed before all other CANTAB 
tests in order to train participants to the use of the computer and touch screen technology24. It was therefore not 
selected as a main study outcome. The PAL test proved to be particularly challenging for patients in addition 
to all the other tests (average duration of testing sessions without PAL test: 45 min) and it was finally removed 
from the testing battery. Thus only the PRM test was used to assess memory, a choice which was approved by 
the neuropsychologists of our research team. Details of the CANTAB tests are provided in “Supplementary 1: 
Appendix 1”.

On the day of surgery, patients were randomly allocated (1:1) to N2O or N2O-free anesthesia. Group allocation 
prepared by study coordinators on each study site was provided in opaque sealed envelopes to the anesthesia team 
in charge. All patients received standard anesthetic and perioperative care. Choice of anesthetic agents, muscle 
relaxants, perioperative analgesia and prophylactic antibiotics was left to the discretion of the anesthesiologist 
in charge and only N2O administration and concentration was defined according to group random allocation. 
Additional neuraxial and other regional anesthetic techniques were accepted. Anesthesiologists were expected 
to maintain oxygenation, heart rate and blood pressure within the patient’s usual range at all times periopera-
tively and were advised to avoid intraoperative hypothermia (Temperature < 36 °C).Supplemental O2 could be 
administered at any time if required by impaired gas exchanges.

On the day of surgery, patients were assessed by a neuropsychologist in recovery for the presence of acute 
postoperative delirium according to the DSM-IV criteria [Agitation/restlessness; disorientation; speech confu-
sion; attention deficit].

On day 7 following surgery, cognitive test administrators used the same computerized battery of tests (CAN-
TAB) as in the preoperative period. To minimize learning effect and testing administrator bias, a parallel 1 version 
of PRM tests was used and the same administrator performed the testing process. On day 90 following surgery, 
the same computerized battery of tests (CANTAB) was used in a parallel 2 version of PRM test.
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The CANTAB tests were administered either at the hospital or at home, if patients had been discharged. 
Quality of life was also measured using the EuroQol test (EQ-5D questionnaire http://​www.​euroq​ol.​org/. When 
adverse events or unexpected outcomes were detected, further testing and clinical review were also organized.

We recorded patient demographics, risk factors, ASA scores, medication and all perioperative events and 
complications. To identify possible confounders for cognitive disorders, we measured anxiety and depression 
using the hospital anxiety and depression scale (HAD), the verbal pain score (VRS) and recorded all benzo-
diazepine use, cortisone, alcohol consumption opiates, antidiabetic drugs, non-tricyclic antidepressant drugs, 
antihypertensive drugs, natremia before each cognitive testing session. We also recorded preoperative blood 
glucose, hemoglobin level, blood pressure, heart rate and body temperature.

Study outcomes.  The primary outcome was postoperative neurocognitive recovery at 7 days and testing 
repeated at 90 days. It was defined as the within subject change between preoperative (baseline) and postop-
erative scores for each of the outcome measures selected within the following CANTAB tests: 1) PRM (Pattern 
recognition memory) test; 2) RTI (reaction time) test; 3) OTS (One Touch Stocking of Cambridge) test. Details 
of the tests are provided in “Supplementary 1: Appendix 1”.

The secondary outcomes were postoperative delirium, the number of unplanned intensive care unit (ICU) 
admissions, duration of hospital stay and quality of life using the EQ-5D questionnaire25. We also measured 
all adverse events occurring after surgery in both groups. Study data collected were stored locally in a locked 
database before being all securely transferred to the Geneva Study Centre. After all queries from the database 
manager were answered, individual center data were cleaned, aggregated and finally transferred to the statistical 
unit of the Center for Clinical Research.

Sample size calculation.  The sample size calculation was based on a cohort study assessing deterioration 
in cognitive performance (more specifically memory) following non-cardiac surgery16. To detect a 11.8% dif-
ference in cognitive impairment at 7 days with an increase from 15.7% to 27.5% between patients receiving or 
not N2O during anesthesia, we calculated a need for 190 patients per group, with 80% power and a significance 
level of 5%. To account for two planned interim analysis and the loss of follow-up (assumed to be limited) we 
targeted an overall recruitment of 420 patients. A constant likelihood group sequential method with formal futil-
ity boundaries was used with a two-sided Pocock stopping rule. There was no contingency for early termination 
for efficacy. An acceptance region plot (or a futility region plot) was generated using Spotfire SeqTrial for S+, 
TIBCO Spotfire S+ Version 8.2.0 for Windows, TIBCO Software Inc, Palo Alto, CA, USA https://​edeli​very.​tibco.​
com/​store​front/​eval/​tibco-​spotf​ire-​s-/​prod1​0222.​html. The two-sided futility boundary (for the differences in 
proportions between the N2O and the Air/Oxygen group) at planned interim analysis T1 (N = 140) was from 
-0.0244 to + 0.0244 and at analysis T2 (N = 280) from -0.0696 to 0.0696 (Supplementary 2: Appendix 2).

Statistical analysis.  The trial data and safety monitoring committee monitored compliance and the analy-
sis of study results. Because repeated cognitive testing following anesthetic care can generate significant anxiety 
in patients, two interim analyses assessing episodic memory (PRM test) were scheduled. One after enrolment 
of 140 and another after 280 patients. The interim analysis was adjusted according to the Pocock Type I error 
function. The futility boundaries were ± 0.0244 at the first and ± 0.0696 at the second analysis for the between 
trial groups difference at seven days in the primary outcome (proportion of successful results for immediate and 
delayed PRM tests)26.

Categorical variables were summarized as frequencies and percentages and continuous variables as means 
with standard deviation (SD). For primary and secondary outcomes, changes from baseline were compared 
between groups using the χ2 test or Student t test or Mann–Whitney test as appropriate. A modification of the 
intervention effect between days 7 and 90 was investigated by using mixed effect linear regression models with 
a random intercept considering only timing (day 90 or day 7) and study group (N2O vs Air/O2) as independent 
variables with fixed effects and an interaction term. For co-variates analysis we used multivariate linear regres-
sions and an interaction between timing and study group was tested in a linear model with mixed effects27. Group 
allocation, duration of surgery and average concentration of sevoflurane used were introduced into the model.

Possible collinearity was tested and could be formally excluded. The final results are expressed as adjusted 
95% CI and P values. A P-value of < 0.05 was considered statistically significant. We used the Statistical Package 
for Social Sciences-SPSS (Version 22, SPSS, Inc., Chicago-Illinois/US) and R (release 2.13.1; R Foundation for 
Statistical Computing, Vienna, Austria).

Results
Study course.  At interim analysis 1, investigators submitted data to the Data Safety and Monitoring Com-
mittee. For the primary outcome used for sample size calculation (episodic memory[PRM test] :proportion 
of correct answers immediate and delayed) the between group difference observed at 7 days was < 0.0244 and 
within the stopping boundaries for futility at T1. Study recruitment proved also to be particularly difficult and 
resources falling short. Based on both arguments, the committee decided to stop the trial.

During the study period, 609 patients were found eligible for the study of which 140 consented to be rand-
omized; 68 patients were in the Air/O2 study arm and 72 in the N2O/O2 group. By day 90, seven patients were 
lost to follow up (5 in the group Nitrous Oxide and 2 on group Air/Oxygen). The whole cognitive testing process 
(preoperative, day 7, day 90) could be achieved in 114 patients. In the remaining group of 28 patients, only pre-
operative, day 7 or day 90 testing could be performed. The study flow chart is provided in Fig. 1.

http://www.euroqol.org/
https://edelivery.tibco.com/storefront/eval/tibco-spotfire-s-/prod10222.html
https://edelivery.tibco.com/storefront/eval/tibco-spotfire-s-/prod10222.html
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FLOW CHART SUBSTUDY ENIGMA2 COGNITIVE

609 patients eligible for study   

497 patients not eligible for study 

         185 not meeting inclusion criteria 
         172 meeting exclusion criteria following protocol   

MMS<24 or dementia (n=30)  
                 Chronic alcoholism (n=37) 
                 Severe pulmonary disease (n=58)

Blindness or deafness (n=26) 
                 Other physical disability hindering testing (n=9) 
                 Foreign language (n=12) 
           140 Last minute change to regional anaesthesia  

57 patients assessed for primary endpoint for study period 
      Did not complete the Cantab Battery  test J7 (n=15) 

Refused (n=10) 
       Postop complications incl. death (n=5) 
      Did not complete the Cantab Battery  test J90 (n=15) 
                  Refused (n=8) 

Study consent withdrawn (n=2) 
         Postop complications incl. death (n=5) 

67 patients followed up 
      5 patients lost to follow up 
       Death (n=4) 
                Other (n=1)

72 patients assigned to receive Nitrous Oxide  
♦ Received allocated intervention (n=63) 
♦ Did not receive allocated intervention  (n=9) 

      Reason: refusal of the anaesthetist to use N2O 

66 patients followed up 
      2 patients lost to follow up  
        Death (n=2) 

68 patients assigned to receive Air/Oxygen 
♦ Received allocated intervention (n=59)
♦ Did not receive allocated intervention (n=9)   

     No explicit reason

57 patients assessed for primary endpoint for study period 
      Did not complete the Cantab Battery  test J7 (n=13) 

Refused (n=9) 
       Postop complications incl. death (n=4) 
      Did not complete the Cantab Battery  test J90 (n=11) 
                Refused (n=8) 
                Study consent withdrawn (n=1) 
       Postop complications incl. death (n=2) 

Analysis

Follow-Up

140 patients enrolled and randomized  

1106 Patients >=45 years undergoing major surgery (> 2h) and general anaesthesia Enrollment

469 patients or anaesthetists not consenting / other 

            308 Patients refused 
              44  Anaesthetists refused 
              21  Residence abroad or on travel at J 90 
              34  Participating in another study 
              59  Recent GA <2 weeks  
                1   Surgical procedure canceled  
                2    Technical problems with CANTAB computing  

Figure 1.   Study flow chart.
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All randomized patients were included in the statistical analysis and analyzed as complete cases. Both inten-
tion-to-treat and as-treated analyses for outcome measures of the CANTAB test were performed. Results are 
provided in “Supplementary 3: Appendix 3”.

Study participants’ characteristics.  Baseline characteristics such as age, education level, MMSE and 
HAD tests scores were similar between groups (Table 1). Study patient mean age was 70.5 years in the Air/O2 
group and 69.4 years in the N2O group. About two-thirds of patients were men. Alcohol consumption, benzo-
diazepine or antidepressant drugs use was similar in both groups. The mean inspired oxygen concentration did 
not differ between groups (P value = 0.18).

There was no between group difference in procedure related data except a longer duration of surgery (35 min 
on average) and a higher concentration of sevoflurane consumption (expired concentration) in the Air/O2 group 
[1.2% vs. 0.7% ] (Table 2).

Between group difference for primary outcomes.  For outcome measures of the PRM test (episodic 
memory), the mean (95% CI) between group difference for the change in the proportion of correct answers 
(immediate recall) was -1.5% (-7.1 to 4.0), P = 0.583. At Day 90, it was -0.9% (-6.8 to 4.9), P = 0.744. For delayed 
recall at Day 7, the mean (95% CI) difference was 2.9% (-4.1 to 10.0), P = 0.406. At Day 90, it was 4.4% (-2.1 to 

Table 1.   Demographic data comparing patient in the N2O versus N2O-free anesthesia group. Data are 
presented as mean (± SD) for age, Bodyweight, MMSE score, Blood glucose, Haemoglogin level. All other 
variables are N (%). NA, not assessable.

Air/oxygen (n = 68) N2O (n = 72)

Age, years mean(SD) 70.5 (7.8) 69.4 (7.4)

Men, n (%) 46 (67.6) 48 (66.7)

Bodyweight, kg mean(SD) 69.2 (16.0) 70.6 (16.9)

Ethnicity, n (%)

Asian 40 (60.6) 40 (55.6)

European 26 (39.4) 32 (44.4)

ASA physical status score, n (%)

II 42 (61.8) 47 (65.3)

III 26 (38.2) 25 (34.7)

MMSE score, mean(SD) 27.1 (1.7) 27.1 (1.6)

Education level, n (%)

Elementary School or less 19 (27.9) 23 (31.9)

Lower secondary School or equivalent (i.e. professional training) 32 (47.1) 28 (38.9)

Upper secondary School or post-secondary non tertiary education 10 (14.7) 11 (15.3)

Tertiary education level (Bachelor, Master, Doctorate) or other equivalent 7 (10.3) 10 (13.9)

Pre-existing medical conditions, n (%)

Hypertension 56 (82.4) 64 (88.9)

Coronary artery disease 11 (16.2) 16 (22.2)

Heart failure 12 (17.6) 13 (18.1)

Previous myocardial infarction 3 (4.4) 9 (12.5)

Previous CABG or PCI 5 (7.4) 7 (9.7)

Peripheral vascular disease 9 (13.2) 19 (26.4)

Previous stroke or TIA 10 (14.7) 10 (13.9)

Diabetes 32 (47.1) 31 (43.1)

Current infection or fever 2 (2.9) 1 (1.4)

Dietary factors, n (%)

Vegan or vegetarian 0 (0.0) 0 (0.0)

Regular folate use 3 (4.4) 4 (5.6)

Vitamin B12 supplementation 0 (0.0) 2 (2.8)

Preoperative medications, n (%)

ACE inhibitors ARBs 34 (50) 41 (56.9)

Amiodarone 1 (1.5) 0 (0)

Beta-blockers 21 (30.9) 27 (37.5)

Ca2 blockers 35 (51.5) 35 (48.6)

Preoperative laboratory tests

Intra-op blood glucose, mmol/l−1 7.0 (2.6) 6.8 (2.4)

Hemoglobin, g/l−1 12.8 (2.2) 12.7 (1.8)
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11.0), P = 0.182 (Table 3). These fell in the futility margins of the Pocock boundaries (Supplementary 2: Appen-
dix 2).

For outcome measures of the RTI test (decision making and processing speed) there was no between group 
difference at day 7 or day 90. At 7 days, the mean (± SD) reaction time change from baseline (single stimulus 
mode) was 19.4 (85.5) msec in the Air/O2 group and 43.3 (164.7) msec in the N2O group. The mean (95% CI) 
between group difference was -23.9 (-75.2 to 27.4), P = 0.356 (Table 4).

For outcome measures of the OTS test (executive functions) we found a significant between group differences 
at 7 days (Table 5). The mean (± SD) change from baseline for the total number of problems successfully solved 
on first choice (out of 20) was -0.1 (2.6) in the Air/O2 group and 1.2 (2.1) in the N2O group. The mean (95% CI) 
between group difference was -1.3 (-2.7 to -0.1), P = 0.048 in favor of N2O. The mean (± SD) change from base-
line for the number of box choices made to correctly solve the problem was 0.01 (0.1) in the Air/O2 group and 
-0.1 (0.1) in the N2O group. Mean (95% CI) between group difference was 0.11 (0.01 to 0.20), P = 0.029 in favor 
of N2O. At Day 90, the between group differences disappeared showing marginal differences with preoperative 
values, particularly for the RTI test, suggesting a full recovery of preoperative function at 3 months.

Covariates analysis and secondary outcomes.  To adjust for confounding factors we selected covari-
ates that were imbalanced between treatment and control groups and likely to be significantly related to the 
outcome (cognitive function)27. Following multivariate adjustment for duration of surgery and the concentra-
tion of sevoflurane (higher in the Air/O2) group, we found a persisting difference for the OTS test (P = 0.042 and 
P = 0.026). Results are provided in Table 6. As-treated and intention to treat analyses did not meaningfully differ 
(Supplementary 2: Appendix 2).

Table 2.   Procedure and postoperative related data comparing patient in the N2O versus N2O-free anesthesia 
group. All data are presented as mean (± SD) except when specified N, (%). P < 0.05 following *t test for 
comparisons of means and Chi-2 test (or Fisher exact test) for comparisons of proportion. a Yes if intra-op 
fentanyl, morphine or other opioids.

Air/oxygen (n = 68) N2O (n = 72)

Lowest BIS 35.1 (9.0) 34.8 (8.8)

Highest BIS 71.3 (11.1) 69.9 (12.5)

SpO2 96.5 (3.1) 96.7 (2.4)

Lowest SBP 87.2 (13.9) 87.2 (13.4)

Duration of surgery, min 249 (123) 213 (79)*

Anaesthesic drugs, n(%)

Midazolam 6 (8.8) 10 (13.9)

Fentanyl 40 (58.8) 38 (52.8)

Morphine 16 (23.5) 15 (20.8)

Ketamine 7 (10.3) 9 (12.5)

Other opioid 33 (48.5) 35 (48.6)

Beta blockers 5 (7.4) 10 (13.9)

Alpha blockers 3 (4.4) 2 (2.8)

Dexamethasone 3 (4.4) 2 (2.8)

5HT3Antagonist 23 (33.8) 29 (40.3)

Droperidol 2 (2.9) 1 (1.4)

Intra-Op opioida 68 (100) 72 (100)

FIO2 37.5 (6.5) 35.8 (8.3)

FE Sevoflurane, % 1.2 (0.6) 0.7 (0.5)*

FE Isoflurane, % 0.02 (0.1) 0.03 (0.1)

FE Desfluran, % 0.15 (0.8) 0 (0)

Postoperative data

Recovery room blood glucose, mmol/l 7.9 (1.8) 8 (2.0)

VRS Pain Score 1.4 (2.4) 1.2 (2.1)

Alcohol consumption, n% 17 (25.0) 25 (34.7)

Benzodiazepine, n% 2 (2.9) 7 (9.7)

Cortisone, n% 4 (5.9) 1 (1.4)

Insulin, n% 9 (13.2) 4 (5.6)

Oral hypoglycemic medications, n% 24 (35.3) 29 (40.3)

Nontricyclic antidepressants, n% 6 (8.8%) 6 (8.3%)

HAD Anxiety Score 4.1 (3.7) 4.2 (3.8)

HAD Depression Score 3.3 (3.6) 3.20 (3.2)
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In the analysis of secondary outcomes, we found that the number of unplanned ICU admissions was higher 
in the Air/O2 group than in the N2O group, 12 (17.6%) vs 5 (6.9%). This just not reach statistical significance 
(P = 0.05).

The duration of hospital stay, the number of patients with acute postoperative delirium, utility and pain scores 
for EuroQoL 5D were similar between both groups. The number of adverse events did not differ between both 
groups either, P = 0.66. (Table 7).

Discussion
Main results.  The study purpose was to compare postoperative neurocognitive recovery in patients receiv-
ing N2O or N2O-free anesthesia. For all outcome measures of the CANTAB tests used for episodic memory 
and decision making/processing speed assessment, there were no between group differences at 7 and 90 days 
following surgery, suggesting harmlessness of N2O. Surprisingly, outcome measures of executive function tests 
significantly differed at 7  days. Patients receiving N2O had improved postoperative neurocognitive recovery 
compared with patients receiving Air/Oxygen. This finding cannot be explained by preexisting differences in the 
level of preoperative anxiety and depression (HAD), age, cognitive reserve or education level28,29 since all were 
equal between groups. For secondary outcomes (duration of hospital stay, delirium, unplanned admissions to 
the ICU, utility and pain scores for EuroQoL 5D) no difference was found between the two groups.

Possible explanations for associations identified or not between cognitive tests results and 
N2O administration.  Our study findings significantly differ from those from animal studies which describe 
impaired memory and learning as well as neuro behavioral disturbances following anesthesia with N2O. A det-
rimental effect of nitrous oxide on brain function is advocated in these studies to explain these findings13,30–32. 
However, in these animal studies, subjects were submitted to long durations of exposure to N2O (between 4 to 
8 h) and to the combined administration of several different anesthetic drugs and gases such as isoflurane. As a 
result the specific contribution of N2O to cognitive changes following anesthesia is difficult to demonstrate33. In 
studies on humans, only a limited number of studies (cases reports and small size studies) seem to support the 
evidence of the noxious effect of N2O on brain function14,34,35. These studies find modified psychomotor perfor-
mance after surgery, particularly reduced reaction time and short term memory in patients having received N2O 
during their anesthesia. In one case report, severe lesions of the brain with nerve demyelination following the 
administration of N2O is even described36. However, large observational studies and randomized trials do not 
seem to confirm these findings, including in the long term (i.e. 3 months)16,18–20,37. Likewise in our trial, we did 
not find evidence of a detrimental effect of N2O on memory or reaction time, including at 90 days. In contrast, 
we found that patients receiving N2O compared with patients receiving Air/O2 had an improved recovery pro-
cess of executive functions at seven days after surgery.

Some other authors in animal studies describe a neuroprotective effect of N2O21 and Leung JM et al19, 
found in a randomized trial involving 228 elderly patients a higher (but non-significant, P = 0.59) incidence of 

Table 3.   Group differences for outcome measures of the pattern recognition memory test (PRM). PCI, 
proportion of correct answers immediate or the mean proportion of correct answers in the immediate test; 
TCI, time to correct answers immediate or the mean time to provide correct answers in the immediate test; 
PCD, proportion of correct answers delayed or the mean proportion of correct answers in the delayed test; 
TCD, time to correct answers delayed or the mean time to provide correct answer in the delayed test. **Change 
from baseline was compared between trial groups with t tests. In addition, a modification of the effect from 
day 7 to day 90 was tested with an interaction term in a linear regression model with mixed effects and was not 
found statistically significant (p-values from 0.16 to 0.51). a All data are presented as mean (± SD).

Air/oxygena (n = 68) N2Oa (n = 72) Mean difference (95%CI) P value**

PRM pci, mean %

Preop (baseline) 81.2 (17.0) 83.2 (15.6) − 2.0 (− 7.4 to 3.5)

Change from baseline at day 7 − 1.4 (15.3) 0.1 (14.5) − 1.5 (− 7.1 to 4.0) 0.583

Change from baseline at day 90 − 2.5 (16.5) − 1.6 (14.6) − 0.9 (− 6.8 to 4.9) 0.744

PRM tci, msec

Preop (baseline) 2977 (1204) 2913 (1055) 64.0 (− 319.0 to 446.0)

Change from baseline at day 7 − 302.0 (1430.1) − 200.3 (1192.4) − 101.7 (− 577.2 to 373.8) 0.672

Change from baseline at day 90 − 350.1 (997.4) − 86.6 (2533.6) − 263.5 (− 1014.8 to 487.8) 0.486

PRM pcd, mean %

Preop (baseline) 76.0 (16.3) 79.4 (14.8) − 3.4 (− 8.6 to 1.8)

Change from baseline at day 7 2.8 (19.9) − 0.1 (17.4) 2.9 (− 4.1 to 10.0) 0.406

Change from baseline at day 90 0 (15.8) − 4.4 (19.1) 4.4 (− 2.1 to 11.0) 0.182

PRM tcd, msec

Preop (baseline) 3273 (1240) 3234 (1321) 39 (− 392 to 470)

Change from baseline at day 7 − 350 (978) − 460 (1032) 110 (− 439 to 660) 0.688

Change from baseline at day 90 − 276 (955) − 579 (1226) 303 (− 289 to 894) 0.310
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Table 4.   Group differences for outcome measures of the reaction time test (RTI). RTIsrt, simple reaction 
time (msec) or speed of press pad release following single stimulus; RTIsmt, simple movement time (msec) 
or time to press a single stimulus after press pad release, RTI sascore, simple accuracy score or total number 
of correct trials out of 15 for a single stimulus; RTI 5rt, five choice reaction time (msec) or speed of press pad 
release following five different stimulus; RTI 5mt, five choice movement time (msec) or time to press one out 
of five stimulus after press pad release, RTI 5sacore, five choice accuracy score or total number of correct trials 
out of 15 for a five choice stimulus. **Change from baseline was compared between trial groups with t tests. 
In addition, a modification of the effect from day 7 to day 90 was tested with an interaction term in a linear 
regression model with mixed effects and was not found statistically significant (p-values from 0.16 to 0.95). 
a All data are presented as mean (± SD).

Air/oxygena (n = 68) N2Oa (n = 72) Mean difference (95%CI) P-value**

RTI srt, msec

Preop (baseline) 377.2 (168.2) 367.0 (106.3) 10.2 (− 38.6 to 59.2)

Change from baseline at day 7 19.4 (85.5) 43.3 (164.7) − 23.9 (− 75.2 to 27.4) 0.356

Change from baseline at day 90 − 24.8 (202.6) − 5.0 (148.2) − 19.8 (− 89.5 to 49.7) 0.572

RTI smt, msec

Preop (baseline) 573.9 (163.5) 571.8 (231.4) 2.1 (− 67.6 to 71.7))

Change from baseline at day 7 64.5 (200.4) 17.4 (211.7) 47.1 (− 34.3 to 128.5) 0.253

Change from baseline at day 90 − 30.6 (176.2) 5.3 (300.8) − 25.3 (− 132.3 to 60.5) 0.460

RTI sascore, mean

Preop (baseline) 10.8 (3.3) 11.2 (3.5) − 0.4 (− 1.5 to 0.7)

Change from baseline at day 7 0.1 (1.63) 0.19 (1.3) − 0.09 (− 0.6 to 0.5) 0.950

Change from baseline at day 90 −  0.04 (1.61) 0.13 (1.21) − 0.17 (− 0.7 to 0.3) 0.537

RTI 5rt, msec

Preop (baseline) 409.3 (122.1) 384.8 (73.8) 24.5 (− 10.8 to 59.7)

Change from baseline at day 7 23.8 (140.1) 34.9 (155.9) − 11.1 (− 69.6 to 47.3) 0.706

Change from baseline at day 90 − 22.8 (135.5) − 6.7 (103.4) − 16.1 (− 64.13 to 32.0) 0.507

RTI 5mt, msec

Preop (baseline) 552.0 (180.7) 533.2 (242.3) 18.8 (− 56.0 to 93.6)

Change from baseline at day 7 27.9 (145.4) − 1.2 (252.2) 29.1 (− 52.3 to 110.5) 0.148

Change from baseline at day 90 − 50.6 (239.3) 1.4 (334.2) − 49.2 (− 167.5 to 63.6) 0.569

RTI 5sacore, mean

Preop (baseline) 10.4 (3.8) 10.8 (3.9) −  0.4 (− 1.7 to 0.9)

Change from baseline at day 7 0.19 (1.7) 0.09 (1.6) 0.10 (− 0.5 to 0.7) 0.778

Change from baseline at day 90 0.18 (1.6) 0.29 (1.5) − 0.11 (− 0.7 to 0.5) 0.729

Table 5.   Group differences for outcome measures of the one touch stocking test (OTS). OTS N1C, Mean 
Number first choice or the mean of the total number of problems out of 20 solved on first choice; OTS M1C, 
Mean first choice or the total mean number of unique box choices made on each of the 6 problems to find 
correct solution; OTS L1C, Latency first choice or the mean latency time between ball appearance and screen 
touch for unique box choices made on each of the 6 problems to find correct solution. **Change from baseline 
was compared between trial groups with t tests. In addition, a modification of the effect from day 7 to day 
90 was tested with an interaction term in a linear regression model with mixed effects and was not found 
statistically significant (p-values from 0.12 to 0.46). a All data are presented as mean (± SD).

Air/oxygena (n = 68) N2Oa (n = 72) Mean difference (95%CI) P-value**

OTS mn1c, mean

Preop (baseline) 15.4 (2.0) 13.8 (2.7) 1.6 (0.6 to 3.1)

Change from baseline at day 7 − 0.1 (2.6) 1.2 (2.1) − 1.3 (− 2.7 to − 0.1) 0.048

Change from baseline at day 90 0.5 (2.2) 0.9 (2.5) − 0.4 (− 1.7 to 0.9) 0.547

OTS m1c, mean

Preop (baseline) 1.3 (0.1) 1.4 (0.2) − 0.1 (− 0.2 to 0.01)

Change from baseline at day 7 0.01 (0.1) − 0.10 (0.1) 0.11 (0.01 to 0.2) 0.029

Change from baseline at day 90 − 0.05 (0.1) − 0.08 (0.1) 0.03 (− 0.07 to 0.1) 0.405

OTS L1c, msec

Preop (baseline) 30,164 (18,195) 41,283 (33,489) − 11,119 (− 28,438 to 461)

Change from baseline at day 7 −  5409  (7801) − 10,169 (14,437) 4760 (− 1523 to 11,042) 0.134

Change from baseline at day 90 − 10,829 (9650) − 12,812 (17,721) 1983 (− 5853 to 9819) 0.612
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postoperative cognitive disorder in the Air/ O2 group compared with the N2O group (18.6% vs 14.8%). This find-
ing similar to the one in our study requires further discussion. The association between an improved recovery 
process of executive functions following surgery and the use of N2O for anesthesia is quite unexpected.

Several hypotheses can be formulated to explain this finding. One is the sparing effect of N2O when used in 
combination with other anesthetic agents such as isoflurane or sevoflurane. It allows the use of lower concen-
trations of volatile anesthetics and consequently decreases the risk of detrimental cognitive side effects often 
observed when high doses of isoflurane or sevoflurane are used38,39. However, this cannot explain our study find-
ings. Following multivariate adjustment for volatile anesthetic concentration and duration of surgery, a significant 
difference could still be observed for the OTS test. This suggests an independent effect of N2O on the recovery 

Table 6.   Adjusted Group differences for outcome measures of the OTS. *Adjusted for sevoflurane 
(concentration per unit) and duration of surgery (per hour) in multiple regression linear models. In addition, a 
modification of the effect from day 7 to day 90 was tested with an interaction term in a linear regression model 
with mixed effects and was not found statistically significant (p-values from 0.12 to 0.45).

OTS MN1C OTS M1C OTS L1C

Problem solved on 1st 
choice Mean choice to correct Mean latency to correct

Estimate (se) p Estimate (se) p Estimate (se) p

Change from baseline to day 7

Intercept − 0.5 (1.1) 0.657 0.04 (0.08) 0.616 − 4656 (5754) 0.422

Group Air/oxygen 0 (ref) 0 (ref) 0 (ref)

N2O 1.4 (0.7) 0.042* − 0.1 (0.05) 0.026* − 4894 (3570) 0.176*

Change from baseline to day 90

Intercept 1.6 (1.1) 0.176 − 0.09 (0.09) 0.321 − 14,658 (7601) 0.059

Group Air/oxygen 0 (ref) 0 (ref) 0 (ref)

N2O − 0.03 (0.7) 0.962* − 0.01 (0.05) 0.845* − 39 (4576) 0.993*

Table 7.   Group differences for secondary outcomes and adverse events. *Mann-Whitney U test for 
comparisons of means (non parametric) and Chi-2 test (or Fisher exact test) for comparisons of proportions.

Air/oxygen N = 68 N2O n = 72 OR (95%CI) p value

Unexpected ICU admissions, n(%) 12 (17.6) 5 (6.9) 0.3 (0.1–1.0) 0.05

Duration of hospital stay, days 7.5 (5.7) 6.9 (3.9) NA 0.52 *

Postoperative confusion (DSM V), n(%)

At least 1 symptom 11 (16.2) 8 (11.1) 1.4 (0.6 to 3.6) 0.53

All symptoms 1 (1.5) 0 (0) ∞ 0.48

QoL(EQ-5D)

Utility score 58.4 (10.3) 56.7 (10.4) NA 0.35

EQ-VAS (pain) 72.4 (19.7) 73.4 (16.8) NA 0.76

Any adverse event , n(%)

Mild 4 (5.8) 9 (12.5) 1.0 0.66

Moderate 5 (7.3) 5 (6.9) 2.2 [0.4—10.8]

Severe 7 (10.2) 7 (9.7) 1.0 [0.1—5.0]

Details of categories of adverse events

Neurological 0 0

Respiratory 1 6

Gastrointestinal 1 1

Cardiovascular 4 2

Renal failure/dysfunction 1 0

Bleeding complications 1 2

Skin 1 0

Musculoskeletal/arthritis 0 0

Local infection-sepsis 2 0

Unplanned reoperation 4 0

Anaemia 5 4

Metabolic or electrolyte disturbances 0 1

Hospital readmission 2 1
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of executive functions after anesthesia. Another possible explanation is a regression to the mean phenomenon. 
Patients in the N2O group started with lower preoperative scores for the OTS test compared with patients receiv-
ing Air/O2. Their postoperative improvement could be simply explained by a natural variation following repeated 
testing. Another explanation could be the selective blockage of N-methyl-D-aspartate (NMDA) receptors and a 
possible neuroprotective effect of N2O. The NMDA channel allows the influx of Ca2+ into specific brain cells. This 
mechanism is considered as critical for synaptic plasticity and it can affect both circuit and brain function40,41. 
When extra synaptic NMDA receptors are over-activated by high glutamate secretion (i.e. stroke, brain ischemia) 
an excessive influx of Ca2+occurs, leading to excitotoxicity and progressive cellular death42. Blocking NMDA 
receptors could therefore protect ischemic neurons from cellular death and promote functional recovery43,44.

Since a high number of NMDA receptors are located in the prefrontal cortex involved in executive functions, 
their selective blockade by N2O may have protected this cerebral area from the effect of intraoperative stress or 
hypoxemia. Subgroup analyses of the IHAST Trial45 show that patients in the N2O group could be discharged 
home earlier and had improved recovery46. However further studies are needed to confirm this hypothesis. 
Another interesting finding of our study, although just not statistically significant, is the lower number of ICU 
admissions in patients receiving N2O. While this may be due to chance, it could also be the result of a lower 
number of postoperative complications in patients receiving N2O47. The mechanism to explain this finding is 
however unclear.

Strengths and limitations.  A limitation of our study is the premature discontinuation of patient recruit-
ment at first interim analysis. The trial fell in the futility margins of the Pocock boundaries for outcome measures 
of the PRM test, with no difference identifiable in episodic memory change between the two groups compared. 
There was however a significant difference in cognitive function recovery, using the OTS test. Yet this outcome 
had not been used for sample size and interim analysis boundaries estimations. Thus this result may be due to 
chance following interim result analysis and a fully completed trial may possibly not confirm this finding. Fur-
thermore, we found that patients in the N2O group not only recovered better but even significantly improved 
their OTS score following surgery. This may seem counterintuitive and lead to the conclusion of an incorrect 
finding. This cannot be excluded. However a meta-analysis of patients having Coronary By Pass Graft (CABG) 
surgery48 confirms that cognitive performance can improve following surgery. This may be due to the beneficial 
effect of surgery on overall inflammatory status (once diseased organs have been removed) or to a learning effect 
of the cognitive tests administered29. This is particularly true when using tests sensitive to changes in the speed 
of psychomotor function. The OTS test used in our study is very sensitive to such changes. It assesses a fine set 
of cognitive abilities such as planning, decision making and impulse control. These functions involve for a large 
portion brain cells that are located in the pre-frontal cortex and that can easily be altered by perioperative stress, 
inflammation or transitory hypoxemia49,50. Significant improvement may be observed, particularly in patients 
receiving N2O. A third limitation of the trial is the confounding effect of the learning phenomenon when the 
same tests are performed several times. Participants’ performance automatically improves by learning. Score 
differences in cognitive testing may therefore reflect a learning effect rather than a true difference in cognitive 
function. But since we used, whenever possible, parallel versions of the CANTAB cognitive tests, a learning phe-
nomenon is quite unlikely to explain our study results. The fourth limitation is the “ceiling effect”. It is observed 
in tests based on relatively easy tasks to perform. Patients can easily achieve a high score during the initial phase 
of the testing (for example preoperatively in our study) and a slight change in further testing may consequently 
not be detected since initial scores are already quite high. This increases the risk of type 2 errors in studies. In 
our trial, preoperative results of the reaction time test (RTI) were relatively high with a simple accuracy score 
of respectively 10.8 (3.3) and 11.2 (3.5) in the Air/O2 and N2O groups. This is however quite unlikely to have 
had an impact on our study results since we used several different outcome measures to compare each group. 
Many of these outcome measures are unlikely to be affected by a “ceiling effect” since they include no predefined 
upper limits (i.e. processing speed, latency time). A ceiling effect cannot occur since no maximum score can be 
reached.

Another limitation is the relatively low level of education of participants (two thirds had lower secondary 
or elementary school level). This may be responsible of performance limitations at the lower ranges of the tests, 
making decline more difficult to detect, particularly for tests that are less sensitive such as the PRM test. To 
minimize this effect we chose to define cognitive change following administration of N2O as a within individuals 
and between groups difference of either 1 SD or at least 25% difference in 1 or 2 tests. We also compared group 
differences using t tests for statistical differences 51.

Despite these limitations we found that N2O had no impact on postoperative episodic memory and process-
ing speed functions at 7 days and 3 months following surgery. Patients who received N2O appeared even to have 
improved recovery of executive function at seven days. Due to the limitations of this interim study analysis 
finding, further studies are however needed to confirm a possible neuroprotective effect of N2O administered 
during anesthesia.

In conclusion, while confirming the harmlessness of N2O on executive memory and processing speed function 
this study opens interesting clinical and research perspectives on a possible use of N2O for high risk surgery, for 
patients with brain trauma or those having prolonged sedation in ICU care units and requiring neuroprotection.

Received: 15 December 2020; Accepted: 12 May 2021



11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:11631  | https://doi.org/10.1038/s41598-021-91014-8

www.nature.com/scientificreports/

References
	 1.	 Weiser, T. G. et al. Estimate of the global volume of surgery in 2012: an assessment supporting improved health outcomes. Lancet 

1, 1. https://​doi.​org/​10.​1016/​S0140-​6736(15)​60806-6 (2015).
	 2.	 Dutton, R. P. Personal Communication. Anaesthesia Quality Institute. (2010).
	 3.	 Myles, P. S., Silbert, B., Paech, M. & Peyton, P. A review of the risks and benefits of nitrous oxide in current anaesthetic practice. 

Anaesth. Intensive Care 32, 165–172 (2004).
	 4.	 Parbrook, G. D. Leucopenic effects of prolonged nitrous oxide treatment. Br. J. Anaesth. 39, 119–127. https://​doi.​org/​10.​1093/​bja/​

39.2.​119 (1967).
	 5.	 Tramer, M., Moore, A. & McQuay, H. Omitting nitrous oxide in general anaesthesia: meta-analysis of intraoperative awareness 

and postoperative emesis in randomized controlled trials. Br. J. Anaesth. 76, 186–193 (1996).
	 6.	 Badner, N. H., Drader, K., Freeman, D. & Spence, J. D. The use of intraoperative nitrous oxide leads to postoperative increases in 

plasma homocysteine. Anesth. Anal. 87, 711–713. https://​doi.​org/​10.​1097/​00000​539-​19980​9000-​00041 (1998).
	 7.	 Ermens, A. A. et al. Monitoring cobalamin inactivation during nitrous oxide anesthesia by determination of homocysteine and 

folate in plasma and urine. Clin. Pharmacol. Ther. 49, 385–393 (1991).
	 8.	 Myles, P. S. et al. Effect of nitrous oxide anesthesia on plasma homocysteine and endothelial function. Anesthesiology 109, 657–663. 

https://​doi.​org/​10.​1097/​ALN.​0b013​e3181​8629db (2008).
	 9.	 Braun, D. J. et al. Blood flow deficits and cerebrovascular changes in a dietary model of hyperhomocysteinemia. ASN Neuro 11, 

1759091419865788. https://​doi.​org/​10.​1177/​17590​91419​865788 (2019).
	10.	 Newman, S., Hirani, S., Shaefi, S. & Maze, M. Postoperative cognitive dysfunction after noncardiac surgery: a systematic review. 

Anesthesiology 3, 572–590 (2007).
	11.	 Culley, D. J., Baxter, M. G., Crosby, C. A., Yukhananov, R. & Crosby, G. Impaired acquisition of spatial memory 2 weeks after 

isoflurane and isoflurane-nitrous oxide anesthesia in aged rats. Anesth. Analg. 99, 1393–1397 (2004).
	12.	 Culley, D. J., Baxter, M. G., Yukhananov, R. & Crosby, G. Long-term impairment of acquisition of a spatial memory task follow-

ing isoflurane-nitrous oxide anesthesia in rats. Anesthesiology 100, 309–314. https://​doi.​org/​10.​1097/​00000​542-​20040​2000-​00020 
(2004).

	13.	 Culley, D. J. et al. Nitrous oxide decreases cortical methionine synthase transiently but produces lasting memory impairment in 
aged rats. Anesth. Analg. 105, 83–88. https://​doi.​org/​10.​1213/​01.​ane.​00002​66491.​53318.​20 (2007).

	14.	 Block, R. I., Ghoneim, M. M., Pathak, D., Kumar, V. & Hinrichs, J. V. Effects of a subanesthetic concentration of nitrous oxide on 
overt and covert assessments of memory and associative processes. Psychopharmacology 96, 324–331. https://​doi.​org/​10.​1007/​
bf002​16058 (1988).

	15.	 El Otmani, H. et al. Postoperative dementia: toxicity of nitrous oxide. Encephale 33, 95–97 (2007).
	16.	 Johnson, T. et al. Postoperative cognitive dysfunction in middle-aged patients. Anesthesiology 96, 1351–1357. https://​doi.​org/​10.​

1097/​00000​542-​20020​6000-​00014 (2002).
	17.	 Krenk, L., Rasmussen, L. S. & Kehlet, H. New insights into the pathophysiology of postoperative cognitive dysfunction. Acta 

Anaesth. Scand. 54, 951–956. https://​doi.​org/​10.​1111/j.​1399-​6576.​2010.​02268.x (2010).
	18.	 Rasmussen, L. S. et al. Does anaesthesia cause postoperative cognitive dysfunction? A randomised study of regional versus general 

anaesthesia in 438 elderly patients. Acta Anaesth. Scand. 47, 260–266. https://​doi.​org/​10.​1034/j.​1399-​6576.​2003.​00057.x (2003).
	19.	 Leung, J. M., Sands, L. P., Vaurio, L. E. & Wang, Y. Nitrous oxide does not change the incidence of postoperative delirium or cogni-

tive decline in elderly surgical patients. Br. J. Anaesth. 96, 754–760 (2006).
	20.	 Sprung, J. et al. Anesthesia with and without nitrous oxide and long-term cognitive trajectories in older adults. Anesth. Analg. 131, 

594–604. https://​doi.​org/​10.​1213/​ANE.​00000​00000​004490 (2020).
	21.	 Haelewyn, B. et al. Neuroprotection by nitrous oxide: facts and evidence. Crit. Care Med. 36, 2651–2659. https://​doi.​org/​10.​1097/​

CCM.​0b013​e3181​83f646 (2008).
	22.	 Myles, P. S. et al. The safety of addition of nitrous oxide to general anaesthesia in at-risk patients having major non-cardiac surgery 

(ENIGMA-II): a randomised, single-blind trial. Lancet 384, 1446–1454. https://​doi.​org/​10.​1016/​S0140-​6736(14)​60893-X (2014).
	23.	 Cambridge Neuropsychological Test Automated Battery (CANTAB). https://​www.​cambr​idgec​ognit​ion.​com/​canta​b/.
	24.	 Deiner, S. & Silverstein, J. H. Postoperative delirium and cognitive dysfunction. Br. J. Anaesth. 103, 41–46 (2009).
	25.	 Williams, A.  In: Kind, P., Brooks, R., Rabin, R, edited by, The EuroQol Instrument EQ-5D Concepts and Methods, 1st edn. Amster-

dam, Springer publishers, pp 1–17 (2005).
	26.	 Pocock, S. J. Interim analyses for randomized clinical-trials—the group sequential approach. Biometrics 38, 153–162. https://​doi.​

org/​10.​2307/​25302​98 (1982).
	27.	 Assmann, S. F., Pocock, S. J., Enos, L. E. & Kasten, L. E. Subgroup analysis and other (mis)uses of baseline data in clinical trials. 

Lancet 355, 1064–1069. https://​doi.​org/​10.​1016/​S0140-​6736(00)​02039-0 (2000).
	28.	 Berger, M. et al. Postoperative cognitive dysfunction: minding the gaps in our knowledge of a common postoperative complication 

in the elderly. Anesthesiol. Clin. 33, 517–550. https://​doi.​org/​10.​1016/j.​anclin.​2015.​05.​008 (2015).
	29.	 Nadelson, M. R., Sanders, R. D. & Avidan, M. S. Perioperative cognitive trajectory in adults. Br. J. Anaesth. 112, 440–451. https://​

doi.​org/​10.​1093/​bja/​aet420 (2014).
	30.	 Beals, J. K., Carter, L. B. & Jevtovic-Todorovic, V. Neurotoxicity of nitrous oxide and ketamine is more severe in aged than in young 

rat brain. Ann. N. Y. Acad. Sci. 993, 115–115. https://​doi.​org/​10.​1111/j.​1749-​6632.​2003.​tb075​18.x (2003).
	31.	 Mawhinney, L. J. et al. Isoflurane/nitrous oxide anesthesia induces increases in NMDA receptor subunit NR2B protein expression 

in the aged rat brain. Brain Res. 1431, 23–34. https://​doi.​org/​10.​1016/j.​brain​res.​2011.​11.​004 (2012).
	32.	 Zou, X. J. et al. Inhalation anesthetic-induced neuronal damage in the developing rhesus monkey. Neurotoxicol. Teratol. 33, 

592–597. https://​doi.​org/​10.​1016/j.​ntt.​2011.​06.​003 (2011).
	33.	 Jevtovic-Todorovic, V. et al. Nitrous oxide (laughing gas) is an NMDA antagonist, neuroprotectant and neurotoxin. Nat. Med. 4, 

460–463. https://​doi.​org/​10.​1038/​nm0498-​460 (1998).
	34.	 Singer, M. A., Lazaridis, C., Nations, S. P. & Wolfe, G. I. Reversible nitrous oxide-induced myeloneuropathy with pernicious anemia: 

case report and literature review. Muscle Nerve 37, 125–129. https://​doi.​org/​10.​1002/​mus.​20840 (2008).
	35.	 Mewaldt, S. P., Ghoneim, M. M., Choi, W. W., Korttila, K. & Peterson, R. C. Nitrous oxide and human state-dependent memory. 

Pharmaco.l Biochem. Behav. 30, 83–87. https://​doi.​org/​10.​1016/​0091-​3057(88)​90428-5 (1988).
	36.	 Selzer, R. R., Rosenblatt, D. S., Laxova, R. & Hogan, K. Adverse effect of nitrous oxide in a child with 5,10-methylenetetrahydrofolate 

reductase deficiency. N. Engl. J. Med. 349, 45–50. https://​doi.​org/​10.​1056/​NEJMo​a0218​67 (2003).
	37.	 Pasternak, J. J. et al. Effect of nitrous oxide use on long-term neurologic and neuropsychological outcome in patients who received 

temporary proximal artery occlusion during cerebral aneurysm clipping surgery. Anesthesiology 110, 563–573. https://​doi.​org/​10.​
1097/​ALN.​0b013​e3181​97ff81 (2009).

	38.	 Jakobsson, I., Heidvall, M. & Davidson, S. The sevoflurane-sparing effect of nitrous oxide: a clinical study. Acta Anaesthesiol. Scand. 
43, 411–414. https://​doi.​org/​10.​1034/j.​1399-​6576.​1999.​430408.x (1999).

	39.	 Santos, M., Kuncar, V., Martinez-Taboada, F. & Tendillo, F. J. Large concentrations of nitrous oxide decrease the isoflurane minimum 
alveolar concentration sparing effect of morphine in the rat. Anesth. Analg. 100, 404–408. https://​doi.​org/​10.​1213/​01.​ANE.​00001​
42423.​87593.​CE (2005).

https://doi.org/10.1016/S0140-6736(15)60806-6
https://doi.org/10.1093/bja/39.2.119
https://doi.org/10.1093/bja/39.2.119
https://doi.org/10.1097/00000539-199809000-00041
https://doi.org/10.1097/ALN.0b013e31818629db
https://doi.org/10.1177/1759091419865788
https://doi.org/10.1097/00000542-200402000-00020
https://doi.org/10.1213/01.ane.0000266491.53318.20
https://doi.org/10.1007/bf00216058
https://doi.org/10.1007/bf00216058
https://doi.org/10.1097/00000542-200206000-00014
https://doi.org/10.1097/00000542-200206000-00014
https://doi.org/10.1111/j.1399-6576.2010.02268.x
https://doi.org/10.1034/j.1399-6576.2003.00057.x
https://doi.org/10.1213/ANE.0000000000004490
https://doi.org/10.1097/CCM.0b013e318183f646
https://doi.org/10.1097/CCM.0b013e318183f646
https://doi.org/10.1016/S0140-6736(14)60893-X
https://www.cambridgecognition.com/cantab/.
https://doi.org/10.2307/2530298
https://doi.org/10.2307/2530298
https://doi.org/10.1016/S0140-6736(00)02039-0
https://doi.org/10.1016/j.anclin.2015.05.008
https://doi.org/10.1093/bja/aet420
https://doi.org/10.1093/bja/aet420
https://doi.org/10.1111/j.1749-6632.2003.tb07518.x
https://doi.org/10.1016/j.brainres.2011.11.004
https://doi.org/10.1016/j.ntt.2011.06.003
https://doi.org/10.1038/nm0498-460
https://doi.org/10.1002/mus.20840
https://doi.org/10.1016/0091-3057(88)90428-5
https://doi.org/10.1056/NEJMoa021867
https://doi.org/10.1097/ALN.0b013e318197ff81
https://doi.org/10.1097/ALN.0b013e318197ff81
https://doi.org/10.1034/j.1399-6576.1999.430408.x
https://doi.org/10.1213/01.ANE.0000142423.87593.CE
https://doi.org/10.1213/01.ANE.0000142423.87593.CE


12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:11631  | https://doi.org/10.1038/s41598-021-91014-8

www.nature.com/scientificreports/

	40.	 Cull-Candy, S. G. & Leszkiewicz, D. N. Role of distinct NMDA receptor subtypes at central synapses. STKE Sci. https://​doi.​org/​
10.​1126/​stke.​25520​04re16 (2004).

	41.	 Zhou, Q. & Sheng, M. NMDA receptors in nervous system diseases. Neuropharmacology 74, 69–75. https://​doi.​org/​10.​1016/j.​neuro​
pharm.​2013.​03.​030 (2013).

	42.	 Rothman, S. M. & Olney, J. W. Excitotoxicity and the NMDA receptor–still lethal after eight years. Trends Neurosci. 18, 57–58. 
https://​doi.​org/​10.​1016/​0166-​2236(95)​93869-y (1995).

	43.	 Chen, M. et al. Differential roles of NMDA receptor subtypes in ischemic neuronal cell death and ischemic tolerance. Stroke 39, 
3042–3048. https://​doi.​org/​10.​1161/​STROK​EAHA.​108.​521898 (2008).

	44.	 Liu, Y. et al. NMDA receptor subunits have differential roles in mediating excitotoxic neuronal death both in vitro and in vivo. J. 
Neurosci. 27, 2846–2857. https://​doi.​org/​10.​1523/​jneur​osci.​0116-​07.​2007 (2007).

	45.	 Todd, M. M., Hindman, B. J., Clarke, W. R. & Torner, J. C. Intraoperative hypothermia for aneurysm surgery trial, I: mild intra-
operative hypothermia during surgery for intracranial aneurysm. N. Engl. J. Med. 352, 135–145. https://​doi.​org/​10.​1056/​NEJMo​
a0409​75 (2005).

	46.	 McGregor, D. G. et al. Effect of nitrous oxide on neurologic and neuropsychological function after intracranial aneurysm surgery. 
Anesthesiology 108, 568–579. https://​doi.​org/​10.​1097/​ALN.​0b013​e3181​6721fa (2008).

	47.	 Turan, A. et al. The association between nitrous oxide and postoperative mortality and morbidity after noncardiac surgery. Anesth. 
Analg. 116, 1026–1033. https://​doi.​org/​10.​1213/​ANE.​0b013​e3182​4590a5 (2013).

	48.	 Cormack, F. et al. A meta-analysis of cognitive outcome following coronary artery bypass graft surgery. Neurosci. Biobehav. Rev. 
36, 2118–2129. https://​doi.​org/​10.​1016/j.​neubi​orev.​2012.​06.​002 (2012).

	49.	 Ochi, G. et al. Hypoxia-induced lowered executive function depends on arterial oxygen desaturation. J. Physiol. Sci. 68, 847–853. 
https://​doi.​org/​10.​1007/​s12576-​018-​0603-y (2018).

	50.	 Arnsten, A. F. T. & Li, B.-M. Neurobiology of executive functions: catecholamine influences on prefrontal cortical functions. Biol. 
Psychiat. 57, 1377–1384. https://​doi.​org/​10.​1016/j.​biops​ych.​2004.​08.​019 (2005).

	51.	 Rasmussen, L. S. et al. The assessment of postoperative cognitive function. Acta Anaesth. Scand. 45, 275–289. https://​doi.​org/​10.​
1034/j.​1399-​6576.​2001.​04500​3275.x (2001).

Acknowledgements
The authors would like to thank Mrs Yolanda Hornero, neuropsychologists-and Dr Bernard Cerutti, statistician, 
Geneva University Hospitals, for their contribution to respectively data collection and interim study results 
analysis and interpretation.

Author contributions
G.H., M.C., P.M., U.L.: Designed the study and prepared the study protocol. G.H., M.C., M.L., R.F., I.P.: Performed 
data collection and cross checking of data with chart review. G.H., C.C.: Performed statistical analysis. G.H., 
M.C., C.C., U.L., P.M.: Performed data interpretation. G.H., M.C., C.C., U.L., I.P., M.L., R.F., P.M.: Prepared and 
wrote the manuscript. G.H., M.C., C.C., U.L., I.P., M.L., R.F., P.M.: Revised the manuscript.

Funding
Support was provided by institutional sources of the Geneva University Hospitals, Switzerland ((Grant No. 
CI-73356)); the Australian National Health and Medical Research Council (Grant No. 435015); the Australian 
and New Zealand College of Anaesthetists; the General Research Fund of the Research Grant Council (Grant 
No. 461409), Hong Kong Special Administrative Region, China.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​91014-8.

Correspondence and requests for materials should be addressed to G.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1126/stke.2552004re16
https://doi.org/10.1126/stke.2552004re16
https://doi.org/10.1016/j.neuropharm.2013.03.030
https://doi.org/10.1016/j.neuropharm.2013.03.030
https://doi.org/10.1016/0166-2236(95)93869-y
https://doi.org/10.1161/STROKEAHA.108.521898
https://doi.org/10.1523/jneurosci.0116-07.2007
https://doi.org/10.1056/NEJMoa040975
https://doi.org/10.1056/NEJMoa040975
https://doi.org/10.1097/ALN.0b013e31816721fa
https://doi.org/10.1213/ANE.0b013e31824590a5
https://doi.org/10.1016/j.neubiorev.2012.06.002
https://doi.org/10.1007/s12576-018-0603-y
https://doi.org/10.1016/j.biopsych.2004.08.019
https://doi.org/10.1034/j.1399-6576.2001.045003275.x
https://doi.org/10.1034/j.1399-6576.2001.045003275.x
https://doi.org/10.1038/s41598-021-91014-8
https://doi.org/10.1038/s41598-021-91014-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The international ENIGMA-II substudy on postoperative cognitive disorders (ISEP)
	Methods
	Study design and participants. 
	Randomization, treatment allocation, blinding and data collection. 
	Study outcomes. 
	Sample size calculation. 
	Statistical analysis. 

	Results
	Study course. 
	Study participants’ characteristics. 
	Between group difference for primary outcomes. 
	Covariates analysis and secondary outcomes. 

	Discussion
	Main results. 
	Possible explanations for associations identified or not between cognitive tests results and N2O administration. 
	Strengths and limitations. 

	References
	Acknowledgements


