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Summary

Background: In adults, xenon has only minimal hemodynamic side effects when

compared with other anesthetics. Moreover, in preclinical experiments, xenon has

been demonstrated to possess cardio‐ and neuroprotective properties. Altogether, the

favorable hemodynamic profile combined with its potential for organ‐protection could

render xenon an attractive option for anesthesia in children with cardiovascular

compromise.

Aims: The aim of this study was to explore safety and feasibility of sevoflurane‐aug-
mented xenon anesthesia in school‐aged children and to assess early postoperative

neurocognitive effects of xenon‐sevoflurane and sevoflurane anesthesia when com-

pared to a control group that did not have anesthesia.

Methods: Forty children aged 4‐12 years, suffering from congenital heart disease,

undergoing diagnostic or interventional cardiac catheterization were randomized

to either xenon‐augmented sevoflurane anesthesia or sevoflurane alone. Safety

was assessed by the incidence of intraprocedural hemodynamic instability and

feasibility by anesthetic depth and respiratory profile. In addition, neurocognitive

performance was assessed preoperatively, 2 hours after discharge from PACU

and at 24 hours after anesthesia using the Amsterdam Neuropsychological Tasks

system. A healthy control group of 22 age‐ and gender‐matched children not

exposed to anesthesia underwent an identical neurocognitive test battery, at

comparable time intervals.

Results: Overall hemodynamics did not differ between groups. Xenon‐sevoflur-
ane anesthesia resulted in decreased intraoperative ephedrine requirements

(median [IQR]) (0.00 mg/kg [0.00‐0.00] vs 0.00 mg/kg [0.00‐0.01], P = 0.047).

Only neurocognitive tests in the domain of alertness were significantly impaired

2 hours postoperatively in both anesthesia groups in comparison with the control

group (alertness variability: P = 0.02, odds ratio 5.8), but recovered at 24 hours.

For working memory, inhibition, cognitive flexibility, and motor coordination
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tasks, no significant interaction effects of anesthesia were found in the early

postoperative period.

Conclusion: In this pilot trial, xenon‐augmented sevoflurane anesthesia in school‐
aged children was feasible, and associated with decreased ephedrine requirements.

All children exposed to anesthesia showed impaired neurocognitive performance in

the immediate postoperative period when compared to control children; however,

without significant differences between both treatment groups.
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anesthetics, child, hemodynamics, inhalation, postoperative neurocognitive outcome, recovery,

school, sevoflurane, xenon

1 | INTRODUCTION

In adults, the noble gas xenon has only minimal hemodynamic side

effects when compared with other anesthetics.1-3 Moreover, in pre-

clinical experiments, even subanesthetic doses of xenon have been

demonstrated to possess cardio‐ and neuroprotective properties4,5

and to protect from anesthetic neurotoxicity.6 Altogether, the favor-

able hemodynamic profile combined with its potential for organ‐pro-
tection could render xenon an attractive option for anesthesia in

children suffering from congenital heart disease (CHD). Unfortu-

nately, data on the use of xenon in pediatric anesthesia are scarce.

Owing to its low potency,7 xenon cannot be used as a mono‐
anesthetic in children and needs to be added to another anesthetic

to allow for an adequate depth of anesthesia. In line with this, our

group could recently demonstrate that xenon‐augmented sevoflurane

anesthesia in children aged 0‐4 years undergoing diagnostic or inter-

ventional cardiac catheterization was safe, feasible, and facilitated

hemodynamic management.8

To the best of our knowledge, there are no data available for the

effect of xenon anesthesia on children between 4 and 12 years of

age. Studying this age group also allows investigating postoperative

cognitive function, using validated age‐adjusted neuropsychological

tests.

In this randomized controlled trial, we studied the safety and the

feasibility of xenon‐augmented sevoflurane anesthesia in school‐aged
children. Moreover, we tested cognitive performance early after

xenon‐augmented‐ and mono‐sevoflurane anesthesia in comparison

to a healthy control group receiving no anesthesia.

2 | MATERIALS AND METHODS

2.1 | Study design and study subjects

The present study is a phase II mono‐center, prospective, single‐blind
randomized controlled pilot trial, performed according to the princi-

ples of good clinical practice and the International Declaration of

Helsinki. The study protocol was approved by the local ethics

committee (SR56902, Commissie Medische Ethiek, Universitaire

Ziekenhuizen Leuven, September 17th, 2014) and by the Federal

Agency for Medicines and Health Products, Brussels, Belgium

(AFMPS/R&D/CED/mm830076, September 5th, 2014). The study is

registered at the European Medicines Agency (EudraCT: 2014‐
002510‐23) and reported according to the CONSORT statement.

The study protocol has been described in detail.9 After obtaining

written informed parental consent and an age‐adjusted children's

assent, 62 (40 anesthesia‐exposed and 22 control) children were

enrolled in this trial.

Children were eligible if they were between 4 and 12 years of

age. The intervention groups had to be scheduled for a diagnostic or

interventional cardiac catheterization. Exclusion criteria were: an

expected intraprocedural oxygen requirement above 40%, necessity

to undergo a high‐risk interventional procedure (as defined by the

pediatric interventional cardiologist), psychomotoric retardation (as

What is already known

• In adults, xenon has only minimal hemodynamic side

effects when compared to other anesthetics.

• Xenon conveys neuroprotective properties in experimen-

tal models mimicking neonatal neuronal injury, and pro-

tects against developmental neurotoxicity induced by

other anesthetics.

• Experience with xenon anesthesia in children is scarce.

What this article adds

• Combining xenon with sevoflurane in children between 4

and 12 years of age is safe and feasible.

• In children between 4 and 12 years of age with congeni-

tal heart disease undergoing cardiac catheterization,

xenon-augmented sevoflurane anesthesia does not

improve hemodynamic stability but reduces ephedrine

requirements.

• sevoflurane anesthesia results in short-lasting neurocog-

nitive deficits, which cannot be ameliorated by xenon.
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determined by the nonachievement of age‐specific developmental

milestones), and a lack of written parental informed consent or

patients’ assent. The children were randomized using a software‐
generated permuted block randomization sequence (Sealed Envelo-

peTM, London, UK) to receive anesthesia with either sevoflurane

alone (sevoflurane group) or xenon as an adjuvant to sevoflurane

(xenon group). They were allocated based on a closed envelope

method [1:1 ratio, stratified by age (stratum I: age 4‐7 years; stratum

II: 8‐12 years)]. Two types of investigators conducted the trial. Inves-

tigator I accomplished the enrollment on the day before the inter-

vention and performed all postoperative visits. He was, similar to the

patient and his parents, blinded to treatment allocation. Investigator

II conducted the GA and was necessarily unblinded to the treatment

due to the treatment conditions (management of either one or two

inhalational anesthetics).

Twenty‐two healthy children matched for age and gender were

included as control group for the neurocognitive assessments.

2.2 | Anesthesia, intervention, and
postinterventional follow‐up

Preoperative anxiolytic drugs were omitted (to avoid interference

with recovery characteristics), but parents were encouraged to

accompany their children at the induction of anesthesia. Noninvasive

cardiorespiratory and bispectral index (BIS) (pediatric sensor, Medtro-

nic‐Covidien, Minneapolis, US) monitoring were established accord-

ing to institutional standards. For the induction of anesthesia,

fentanyl (2 μg/kg), propofol (3 mg/kg), and rocuronium (0.3 mg/kg)

were administered intravenously (IV). All children were endotra-

cheally intubated. Dexamethasone (0.15 mg/kg) was given to prevent

postoperative nausea and vomiting (PONV). If an IV line was not

available, anesthesia was induced by sevoflurane inhalation. Then,

the randomization envelope was opened, and GA was maintained

with either 50%‐65% xenon (LENOXe™, AirLiquide Santé Interna-

tional, Paris, France) in oxygen (FiO2 = 0.25‐0.4) as an adjuvant to

sevoflurane (xenon group), or sevoflurane (Sevorane, AbbVie, Wavre,

Belgium) alone (FiO2 = 0.25‐0.4) (sevoflurane group), using a closed‐
circuit respirator (FelixDual™, AirLiquide Medical Systems, Paris,

France). To achieve a comparable depth of anesthesia in both

groups, sevoflurane concentrations were titrated to achieve BIS val-

ues of 40‐60 and physiological signs suggestive for an appropriate

depth of anesthesia. Investigator II decided on the administration of

additional opioids or muscle relaxants. The treatment of hemody-

namic instability was standardized but left at the discretion of inves-

tigator II. Isolated blood pressure declines >20% from baseline were

treated with a bolus of phenylephrine (2‐3 μg/kg) and/or a bolus of

fluid (crystalloid 10 mL/kg), isolated bradycardia with a bolus of atro-

pine (10‐20 μg/kg), and the combination of bradycardia with

hypotension with a bolus of ephedrine (50‐100 μg/kg). Fluid manage-

ment was performed according to the “4/2/1‐rule” (mL/kg/h) using a

balanced crystalloid solution. All children received paracetamol

(15 mg/kg) for postoperative analgesia. After the end of the proce-

dure, the children were extubated and transferred to the

postanesthesia care unit (PACU). Cardiopulmonary and safety param-

eters were assessed at the PACU, 1 hour after discharge from the

PACU and on the following morning.

2.3 | Outcome

The primary outcome of this clinical trial was to evaluate safety and

feasibility of xenon anesthesia in children.

1. Safety was assessed by the incidence of intraprocedural hemody-

namic adverse events (not caused by obvious interventional

manipulation), defined by a > 20% change from baseline for HR

or MAP or by the need for fluid boluses, vasopressors, inotropes,

or chronotropes.

2. Feasibility was assessed by:

i. Depth of anesthesia, assessed by BIS values and clinical signs

(movements or sudden changes in HR or MAP).

ii. Intraoperative respiratory profile [measured by arterial oxy-

gen saturation (SpO2) and endtidal CO2 concentrations].

2.4 | Secondary endpoints

2.4.1 | Cognitive assessment

Computerized tasks of the Amsterdam Neuropsychological Tasks

(ANT) system10 were administered the day before the intervention,

2 and 24 hours postoperatively by investigators blinded to the treat-

ment allocation. The selection of ANT tasks covers a variety of cog-

nitive functions: alertness, divided attention, working memory,

inhibitory control, cognitive flexibility, and motor coordination. Alert-

ness is measured with the baseline tasks of the ANT. Reaction time

(RT) and variability of RT are used as outcome measures for alert-

ness. Divided attention is measured with the subtest memory search

objects or letters. Both speed and accuracy measures are recorded.

Working memory is assessed with the same tasks, but memory load

is increased. The response organization objects task is used to mea-

sure inhibition and cognitive flexibility and speed and accuracy

scores are used. Difference scores between tests of increasing

demand are calculated to obtain pure measures of working memory,

inhibition or cognitive flexibility. Finally, the subtest finger tapping is

used to assess motor coordination. The number of correct taps on

four conditions is recorded: (non)‐dominant hand, bimanual alternat-

ing, and bimanual synchronous.

To check whether the three groups were comparable for general

intelligence and psychosocial functioning the following baseline mea-

sures were performed: First, all patients performed a baseline intel-

lectual testing with the short version of the Wechsler Preschool

Primary Scale of Intelligence‐III (WPPSI‐III) for children <6 years, and

the Wechsler Intelligence Scale of Children (WISC‐III) for patients

between 6 and 16 years. Second, two questionnaires were com-

pleted at the first visit by one of the parents. The Behavioral Rating

Inventory of Executive Functions (BRIEF) assesses different execu-

tive functions of children, such as inhibition, cognitive flexibility,
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emotion regulation, taking initiative, working memory, planning and

organizing, orderliness, and monitoring of behavior. The Child Behav-

ior Checklist (CBCL) 1.5‐5 and 6‐18 years is a standardized question-

naire for evaluating psychosocial problems.

2.4.2 | Recovery parameters

1. Time to extubation and to open eyes (measured from discontinu-

ation of the investigational treatment).

2. Aldrete score, at 5, 10, 15, 30, 45, and 60 minutes after extuba-

tion.

3. Recovery index: RI ¼ 1þAldrete score at T5
ð2�time to extubationÞþ time to open eyes.

11

4. Readiness for discharge from the PACU (defined by the time to

reach an Aldrete score of ≥9).

5. Duration of PACU stay.

6. Incidence of emergence delirium (ED), assessed by the “Pediatric
Anesthesia Emergence Delirium Scale” (PAED-scale) and the “4-
point Agitation Scale” (Watcha scale), every 5 minutes from the

moment of extubation until discharge from the PACU. ED was

diagnosed if patients had a score of ≥3 on the Watcha scale or

≥12 on the PAED-scale.12

7. Incidence of PONV. PON was assessed by a visual analog score

(0-100) and POV by the number of emetic episodes.

2.4.3 | Other

1. Blood levels of serum protein 100β (S100β), IL-6, and IL-10.

2. Intraoperative consumption of xenon, sevoflurane, and fentanyl.

3. The incidence of (serious) adverse events [(S)AEs].

2.5 | Statistical analysis

The sample size was based on convenience because data on the

hemodynamic and neurocognitive effects of xenon in children were

not available in the literature when planning this trial. Based on vari-

ous xenon trials of our group3,13 and other investigators14 in adults

suffering from cardiac disease, a number of 40 children was

expected to be sufficient to detect statistically significant differences

in safety and efficacy parameters. A comparable sample size has also

been used in several studies investigating postoperative cognitive

functioning in children.15-17

Statistical analysis was performed using SPSS 24 software (SPSS

Statistics version 24 for Windows, IBM, Armonk, New York, United

states) according to the intention‐to‐treat principle. Data were tested

for normality using the Shapiro‐Wilk test. Continuous variables are

reported using median and interquartile range (IQR) and were com-

pared using the Mann‐Whitney U test. Categorical data are summa-

rized by observed frequencies and percentages and compared using

Fisher's exact test. Treatment effects were compared between both

groups using differences in medians for continuous variables and

odd ratios for categorical data (both with 95% confidence intervals).

In case of multiple comparisons, a Bonferroni correction was per-

formed. For the time to reach an Aldrete score ≥9, the Kaplan‐Meier

method was used.

In order to check for intellectual and psychosocial differences at

baseline that could influence the neurocognitive outcome variables,

a one‐way ANOVA was performed.

For the neurocognitive tests, repeated measure analyses with

group (control, xenon, and sevoflurane) as between‐ and time (base-

line, 2 and 24 hours postoperatively) as within‐variable were per-

formed. Intelligence was entered as covariate because the control

group scored significantly higher for IQ than both anesthesia groups.

For significant interaction effects post hoc tests (Fisher's least signifi-

cant differences) were performed. As a next step, logistic regression

analyses were planned for the significant interaction effects to test

whether these significant effects are clinical relevant. IQ and the use

of anesthesia were used as predictors for clinical deviant perfor-

mance (≥2SD than age reference norms). Statistical significance was

reached when the exact P‐values were <0.05.

3 | RESULTS

3.1 | Study flow, baseline characteristics,
procedural characteristics, and risk category

From November 2014 to November 2016, 40 children aged

between 4 and 12 years old were included in this trial and random-

ized to receive either xenon‐augmented sevoflurane (xenon group)

or mono‐sevoflurane (sevoflurane group) for the maintenance of the

anesthesia (Figure 1). No significant differences were observed for

demographic data (Table 1) or baseline clinical parameters except for

SpO2, which was significantly lower in the xenon group (Table S1).

There was no difference between both groups for the prevalence of

PONV risk factors as published by Eberhart (including the following

items: age > 3 years, surgery >30 minutes, strabism surgery, history

of PONV, or PONV in relatives).18

All patients underwent baseline testing and received the allo-

cated intervention. Groups did not differ regarding the type of pro-

cedure (diagnostic or interventional), the procedural risk category (as

defined by the “Congenital Cardiac Catheterization Project on Out-

comes”19) or the duration of the procedure (Table 2). Twenty‐two

age‐ and gender‐matched healthy and nonhospitalized children

underwent the same neurocognitive tests at comparable time

intervals.

3.2 | Primary outcome

3.2.1 | Safety

Between groups, intraprocedural HR and MAP were comparable.

MAP in both groups differed significantly from BL throughout the

procedure (Figure S1). The number of children that developed a

change in HR or MAP of 20% (Table 2) and 30%(data not shown) at

least once during the procedure did not differ statistically. Likewise,

DEVROE ET AL. | 729



the time‐weighted hypotensive episodes were comparable between

both groups (Table 2). While there was no significant difference for

the administration of phenylephrine, atropine, or fluids, ephedrine

was required significantly less frequently and in significantly lower

doses in the xenon group (Table 2).

3.2.2 | Feasibility

Median [IQR] BIS values at each time‐point during the procedure

and the overall mean BIS values (P‐value: <0.0001) were higher in

the xenon group (48 [42‐57]) compared to the sevoflurane group (44
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Assessed for eligibility (n = 72)

Screening failure (n = 32)

Refusal (n = 7)

Met exclusion criteria (n = 14)

o Developmental disorder (n = 10)

o < 4years or >12years (n = 4)

Others (n = 11)

o No Dutch speaking (n = 6)

o Day hospitalization (n = 1)

o NO need during procedure (n = 1)

o Procedure cancelled (n = 1)

o Scheduled for lungTx (n = 1)

o Multiple cardiac interventions in history (n = 1)

Xenon-group 

(Xenon + Sevoflurane)

(n = 20)

Received intervention:
• Xenon + sevoflurane 

Sevoflurane-group

(Sevoflurane)

(n = 20)

Received intervention:
• Sevoflurane 

Preoperative BL testing (n = 20)
Intra-procedural parameters (n = 20)
Postoperative parameters (n = 19*)
2 hrs neurocognitive testing (n = 19*)
Day 1 neurocognitive testing (n = 19*)

*Lost to follow-up (n = 1) (urgent surgical intervention)

Preoperative BL testing (n = 20)
Intra-procedural parameters (n = 20)
Postoperative parameters (n = 19*)
2 hrs neurocognitive testing (n = 19*)
Day 1 neurocognitive testing (n = 19*)

*Lost to follow-up (n = 1) (urgent surgical intervention)

Analysed (n = 20) Analysed (n = 20)

Control-group 

(No anesthesia)

(n = 22)

Day -1 BL testing (n = 22) 
Day 0 neurocognitive testing (n = 22)
Day 1 neurocognitive testing (n = 22)

Analysed (n = 20)

Randomized (n = 40)

F IGURE 1 Flow diagram according to the CONSORT statement [Colour figure can be viewed at wileyonlinelibrary.com]
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[36‐49]) but remained within the limits of adequate depth of anes-

thesia (40‐60) (Figure S2). No patients developed clinical signs of

inappropriate depth of anesthesia.

The xenon group required significantly lower sevoflurane con-

centrations than the sevoflurane group to attain a comparable depth

of anesthesia (Table 2). Mean inspiratory xenon concentrations were

within the target range (50‐65%). Intraoperative opioid use was com-

parable in both groups (Table 2). Intraoperative respiratory parame-

ters (endtidal CO2 and SpO2) remained within normal limits

according to the child's pathology (data not shown).

3.3 | Secondary outcomes

3.3.1 | Neurocognitive outcome

The control group differed significantly from both anesthesia groups

for intelligence (P = 0.014). No significant group differences for psy-

chosocial and executive functions were found (Table 1). Significant

interaction effects were found for alertness (speed and variability),

2 hours after recovery from anesthesia: the two anesthesia groups

performed worse for both measures of alertness than control sub-

jects who had not been exposed to anesthesia: RT and variability of

RT. For working memory, inhibition, cognitive flexibility, and all four

motor coordination tasks, no significant interaction effects of anes-

thesia were found (Table 3). In order to investigate the clinical rele-

vance of these significant effects, we used logistic regression

analyses to predict clinical deviant performance (≥2SD than age ref-

erence norms). IQ and the use of anesthesia were used as predictors.

The use of anesthesia was not a significant predictor for clinical

deviant performance at baseline and 24 hours postoperatively. How-

ever, 2 hours postoperatively a borderline significant effect of anes-

thesia on alertness speed (P = 0.065, odds ratio 4.1) and a significant

effect on alertness variability (P = 0.02, odds ratio 5.8) were found.

This effect was indifferent for both anesthesia regimens. Our data

suggest a selective, temporarily, and clinically relevant impairment of

alertness 2 hours after the intervention.

3.3.2 | Recovery parameters

Enhanced recovery was observed in the xenon group as indicated by

a higher recovery index and shorter times to open eyes and to extu-

bation (Table 4). Readiness for discharge and length of PACU stay

were not statistically different for sevoflurane and xenon‐augmented

sevoflurane (Table 4).

Both treatment groups did not differ with respect to the inci-

dence of ED. Neither the use of antiemetics nor the incidence of

PONV was statistically different between both groups (Table 4).

3.3.3 | (S)AE

Intraprocedural loss of intravascular device necessitating urgent sur-

gery occurred during the procedure in two patients (one per group)

and postoperatively in one patient (sevoflurane group). Likewise, the

incidence of all other AEs was not statistically different between the

groups.

3.3.4 | Laboratory results

When compared to baseline, both groups showed a similar and sta-

tistically significant elevation of S100β and IL‐10 at the end of the

procedure (Figure 2). Blood levels of IL‐6 remained unchanged (Fig-

ure 2).

4 | DISCUSSION

The present trial shows that the adjuvant administration of 50‐65vol‐
% xenon to sevoflurane anesthesia is feasible in school‐aged children

suffering from CHD and undergoing heart catheterization. While the

addition of xenon was unable to reduce the incidence of periprocedu-

ral hemodynamic instability, there was a significant reduction in the

use of ephedrine and a faster recovery. sevoflurane anesthesia

resulted in a decreased alertness early after recovery, an effect from

TABLE 1 Demographic data

Xenon + Sevoflurane Sevoflurane Control group

Demographic data

Age y 7.5 [4‐10] 7.5 [5‐9] 8.0 [5‐10]

Weight kg 21.6 [18.4‐31.1] 22.5 [18.6‐25] NA

Height cm 122.7 [110.2‐143.8] 127.5 [113.2‐133.5] NA

Gender (Female/male) n (%) 8/12 (40/60) 9/11 (45/55) 11/11 (50/50)

Cognitive and psychosocial functioning

Intelligence IQ‐score 108 [102‐115] 92 [78‐106] 106 [90‐122]

Executive functioning (BRIEF) T‐value 47 [40‐54] 50 [42‐58] 47 [40‐55]

Internalizing problems (CBCL) T‐value 56 [48‐65] 52 [46‐59] 48 [36‐60]

Externalizing problems (CBCL) T‐value 47 [38‐57] 48 [40‐57] 44 [37‐51]

Total problem scale (CBCL) T‐value 51 [41‐61] 49 [42‐57] 45 [39‐51]

BRIEF, Behavioral Rating Inventory of Executive Functioning; CBCL, Child Behavior Checklist.
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which the patients fully recovered 24 hours postoperatively and that

could not be countered by the addition of xenon.

The results of this study largely confirm our previous findings in

younger children that xenon‐augmented sevoflurane anesthesia is

feasible in the pediatric population.8 In line with our observations in

younger children and data from the adult population,20 the addition

of xenon allows to reduce the concentrations of anesthetics to

which xenon is added in order to attain a comparable depth of

anesthesia, suggesting an additive or even synergistic anesthetic

effect. Acknowledging the ongoing controversies regarding the relia-

bility of BIS‐monitoring in children,21 we titrated sevoflurane con-

centrations not only according to the obtained BIS values but also

evaluated clinical signs suggestive for an inadequate depth of anes-

thesia (like increases in HR or movements).

Nearly all children of this trial developed at least one episode

of hemodynamic instability (as defined by a > 20% change in HR

TABLE 2 Intraoperative data

Xenon + Sevoflurane Sevoflurane
Difference in median
(95% CI) OR (95% CI) P‐value

Procedural characteristics

Type of procedure: Diagnostic/
interventional

n (%) 2/18 (10/90) 2/18 (10/90) ‐ 1.00 (0.13‐7.89) 1.000

Risk categorya: 1/2/3/4 n (%) 2/7/7/4 (10/35/35/20) 4/7/9/0 (20/35/45/0) ‐ ‐ 0.210

Duration of procedure min 69.0 [46.2‐88.7] 53.5 [46.0‐72.7] −11 (−28 to 5) ‐ 0.203

Duration of treatment min 80.5 [63.5‐108.7] 67.0 [60.5‐88.7] −10 (−27 to 4) ‐ 0.184

Intraprocedural medication

Propofol mg/kg 2.99 [2.76‐3.12] 3.00 [2.87‐3.04] 0.00 (−0.12 to 0.21) ‐ 0.962

Total fentanyl μg/kg 2.11 [2.01‐2.94] 2.68 [2.01‐3.00] 0.125 (−0.14 to 0.72) ‐ 0.429

Rocuronium mg/kg 0.30 [0.30‐0.33] 0.31 [0.30‐0.33] 0.003 (−0.01 to 0.02) ‐ 0.682

Phenylephrine n (%) 2 (10) 6 (30) ‐ 0.296 (0.05‐1.91) 0.235

μg/kg 0.00 [0.00‐0.00] 0.00 [0.00‐3.12] 0.00 (0‐0) ‐ 0.071

Ephedrine n (%) 0 (0) 5 (25) - - 0.047

mg/kg 0.00 [0.00-0.00] 0.00 [0.00-0.02] 0.00 (0-0) - 0.047

Atropine n (%) 1 (5) 1 (5) ‐ 0.900 (0.05‐16.59) 1.000

μg/kg 0.00 [0.00‐0.00] 0.00 [0.00‐0.00] 0.00 (0‐0) ‐ 1.000

Xenon consumption L 10.20 [9.02‐12.57] ‐ ‐ ‐ ‐

Mean inspiratory xenon

concentration

% 55.35 [50.45‐58.07] ‐ ‐ ‐ ‐

Sevoflurane consumption g 2.43 [1.26-3.35] 5.02 [2.87-8.52] 2.385 (1.09-4.36) - 0.000

Mean inspiratory sevoflurane

concentration

% 0.96 [0.75-1.20] 2.04 [1.80-2.22] 1.067 (0.90-1.24) - 0.000

Mean expiratory sevoflurane

concentration

% 0.85 [0.69-1.07] 1.88 [1.69-1.99] 0.987 (0.82-1.16) - 0.000

Fluid management

Crystalloids mL/kg 9.81 [5.25‐14.20] 9.31 [6.79‐13.32] −0.506 (−3.56 to 3.30) ‐ 0.663

Time‐weighted number of intraoperative hypotensive/bradycardic episodes

# HR < BL—20% /min 0.04 [0.00‐0.17] 0.02 [0.00‐0.07] −0.01 (−0.06 to 0) ‐ 0.240

# MAP < BL—20% /min 0.17 [0.076‐0.24] 0.23 [0.15‐0.26] 0.035 (−0.02 to 0.11) ‐ 0.113

The incidence of hemodynamic instability

HR: >20% change from BL n (%) 16 (80) 16 (80) 1.000 (0.21‐4.71) ‐ 1.000

MAP: >20% change from BL n (%) 19 (95) 20 (100) ‐ ‐ 1.000

Vasopressors/inotropes/
chronotropes

n (%) 3 (15) 7(35) 0.328 (0.07‐1.52) ‐ 0.273

Patients fulfilling one of the

criteria

n (%) 19 (95) 20 (100) ‐ ‐ 1.000

BL, baseline; HR, heart rate; MAP, mean arterial pressure.

Data are presented as median [interquartile range] and as absolute numbers [n, with the percentage (%) of the whole].

Bold indicates statistical significance.
aRisk of intervention assessed according to the ‘Congenital Cardiac Catheterization Project on Outcomes’.19
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or MAP) and/or required a pharmacological hemodynamic interven-

tion. This observation is in contrast with a variety of studies

reporting an increased hemodynamic stability observed during xenon

anesthesia in adults,1 but again in line with our findings in children

<4 years old.8 The discrepancy between the adults and children with

CHD may be due to several reasons. First, children with CHD under-

going cardiac catheterization are at increased risk for hemodynamic

instability due to their underlying pathology and the intervention.22

Second, anesthesia with xenon alone is impossible to achieve in chil-

dren. Notably, using a regression analysis of meta‐analytic data, the

MAC of xenon was fitted to be 92% in children at the age of 1 year.7

As a consequence, a maximum of approximately 2/3 MAC of xenon

can be administered when hypoxia is to be avoided. Therefore, rela-

tively high concentrations of other anesthetics (in our trial: sevoflu-

rane) are still needed to provide an adequate depth of anesthesia

when using xenon in children. We suggest that the beneficial hemo-

dynamic effects of xenon may have been masked by the concomitant

use of sevoflurane in our population. Interestingly, the adjuvant use

of xenon still resulted in reduced requirements for ephedrine, which

may facilitate intraoperative management of this vulnerable patient

population. This finding confirms previous reports from other set-

tings.2,3,8 While we are unable to completely rule out an interaction

between the depth of anesthesia and the occurrence of hypotension,

our data suggest that sevoflurane anesthesia is intrinsically associated

with an increased risk of hypotension as compared to the combina-

tion of sevoflurane with xenon (and this independently from the anes-

thetic plane). Interestingly, while sevoflurane patients required a total

of nine ephedrine administrations to maintain predefined hemody-

namic goals, only three of these administrations were necessary when

the BIS was significantly lower than in the xenon group (at T10, T20,

and T25, see Table S2). The other six ephedrine administrations were

performed at time‐points at which both groups did not differ with

respect to the BIS. Please also note that the majority of ephedrine

administrations had to be performed despite the BIS being >40, ie, in

the range of an appropriate depth of anesthesia. In contrast, not a sin-

gle xenon patient required ephedrine for the treatment of hypoten-

sion, even when the BIS was below 40 (as was the case in 10 out of

20 patients for at least one episode of 5 minutes).

In our study, addition of xenon resulted in an enhanced recovery

as demonstrated by several parameters established to quantify speed

and quality of recovery. This finding was expected from experience

in adults1 and in younger children8 and can be explained by the low

blood/gas partition coefficient of xenon. Rapid emergence (as seen

after sevoflurane anesthesia) has been suggested to play an impor-

tant role in the pathophysiology of ED.12 Despite the faster emer-

gence, children in the xenon group had no increased incidence of

ED. Remarkably, we could not confirm a statistically significantly

increased incidence of PONV in the xenon group, which is in con-

trast to the adult population.

The results of the neurocognitive tests performed in this study

replicate previous findings showing significant neurocognitive impair-

ments early after sevoflurane anesthesia. Several studies showed

that RT measures and tasks measuring alertness or psychomotor

speed were temporarily affected after anesthesia,15-17 but recovered

after 24 hours. While xenon has been demonstrated to exert neuro-

protection in various models of neuronal injury,5,23,24 our findings do

not support the hypothesis that xenon might protect from early

postoperative sevoflurane‐induced neurocognitive impairment. In our

TABLE 4 Postprocedural data

Xenon + sevoflurane Sevoflurane
Difference in median
(95% CI) P‐value

Recovery

Time to extubation min:s 05:15 [04:45-07:00] 11:20 [08:47-16-11] 5.91 (3.63-8.92) 0.000

Time to open eyes min:s 07:03 [04:51-09:00] 14:31 [11:50-17:58] 7.18 (4.50-9.83) 0.000

Recovery index /min 0.52 [0.41-0.78] 0.25 [0.20-0.33] −0.28 (−0.41 to −0.19) 0.000

Time to reach Aldrete score ≥ 9 n (%)

T5 15 (79) 8 (40) - 0.022

T10 1 (5.3) 3 (15.8) ‐ 0.604

T15 0 (0) 3 (15.8) ‐ 0.230

T30 2 (10.5) 2 (10.5) ‐ 1.000

T45 1 (5.3) 2 (10.5) ‐ 1.000

T60 0 (0) 1 (5.3) ‐ 1.000

Duration of PACU stay min 60 [47‐79] 50 [44‐70] −10 (−22 to 3) 0.114

Emergence delirium n (%)

Four‐point agitation scale ≥ 3 2 (10.5) 3 (15) ‐ 1.000

PAEDS ≥ 12 0 (0) 2 (10.5) ‐ 0.486

PONV n (%) 7 (36.8) 6 (31.6) ‐ 1.000

Data are presented as median [IQR] or as absolute numbers [n, with the percentage (%) of the whole].

PACU, postanesthesia care unit; PAEDS, pediatric anesthesia emergence delirium scale; PONV, postoperative nausea and vomiting.

Bold indicates statistical significance.
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patients, alertness was affected 2 hours, but not 24 hours postoper-

atively irrespective of the treatment allocation, suggesting that both

anesthesia regimens had a temporary and comparable effect on neu-

rocognitive performance. Alertness is a crucial attentional network,

necessary to achieve and maintain a state of sensitivity to incoming

information. Therefore, an unimpaired alerting network is pivotal for

efficient and quick responding to incoming information.

Interestingly, the observed neurocognitive impairment was paral-

leled by an increase in blood levels of S100β. S100β is an astroglial

receptor protein involved in the regulation of different vital intracel-

lular processes such as neuronal differentiation, axonal growth, and

calcium homeostasis.25 The release of S100β into peripheral blood

has been linked to an increased permeability of the blood‐brain bar-

rier and was found to be significantly increased after neurotrauma,

cerebral ischemia, cardiac arrest, and cardiac surgery.26 Moreover, in

adult cardiac surgery, high S100β‐levels were found to be correlated

with adverse neurological and neuropsychological outcomes. In neo-

nates with CHD, S100β‐levels were demonstrated to be inversely

related to cerebral blood flow and to mortality.27 The mechanisms

underlying the S100β‐increase during surgery remain elusive but may

be related to neuroinflammatory processes with astrocytes releasing

S100β upon stimulation by cytokines originating from systemic

inflammation. We also observed a significant increase in IL‐10 levels

in all our patients. While these observations are certainly intriguing,

they merely describe associations and should not be misinterpreted

as a proof of causation.

We acknowledge that our study is subject to several limitations.

First, the anesthesiologist responsible for the conduct of anes-

thesia could not be blinded for the interventional treatment. Hemo-

dynamic treatment was at his discretion but had to be triggered by

a decrease in HR or MAP >20% from baseline. A more rigorous

algorithm to standardize these hemodynamic interventions would

have likely reduced the risk for treatment bias, but is nearly impos-

sible to design in children with diverse forms of CHD, especially

since there is not even a consensus of a ‘normal blood pressure’ in
a ‘normal’ child. The efficacy of xenon anesthesia in children

undergoing cardiac catheterization could be most explicitly tested

by comparing the number of hypotensive episodes and the degree

of hypotension in the control group. However, such a direct quan-

tification of hypotensive episodes would be unethical since

hypotension is associated with poor outcome and should be cor-

rected promptly. Consequently, we assessed hemodynamic stability

by the number of hemodynamic interventions and the average

dose of the atropine/ephedrine/phenylephrine that had to be

administered to maintain the predefined intraoperative hemody-

namic goals. This approach has been previously described and uses

vasopressor doses as a surrogate and quantitative marker for

hypotension.2 The fact that children treated with sevoflurane alone

received more ephedrine is consequently interpreted as an indicator

of less hemodynamic stability. It was exactly that increase in ephe-

drine administration that resulted in a hemodynamic profile indistin-

guishable from the xenon group.

Second, it is not justified to extrapolate the feasibility of xenon‐
anesthesia in school‐aged children undergoing cardiac catheterization

to surgical settings with severe stimulation.

Third, at the start of this trial, the evidence on the use of xenon‐
anesthesia in the pediatric population was scarce and no data for a

F IGURE 2 Intraoperative time course of (A) serum protein S100β,
(B) IL 6 and (C) IL 10
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power calculation were available. Consequently, this study was

planned as a pilot study for xenon anesthesia in school‐aged children

and the relatively small sample size could affect the power of all out-

come parameters.

Fourth, our control group for the neurocognitive evaluation was

healthy and not hospitalized. Although no differences in baseline

cognitive tests between the three groups were observed, the lack of

control for hospitalization or the perspective of a medical interven-

tion may present a significant bias.

Fifth, the validity of the BIS monitor has never been formally

tested in children undergoing combined anesthesia with xenon and

sevoflurane. However, we would like to note that the available evi-

dence suggests that the BIS is a suitable instrument for assessing

depth of xenon anesthesia. Fahlenkamp et al28 showed that during

balanced xenon anesthesia, BIS values correlated well with the clini-

cal assessment of hypnotic depth and were within the range recom-

mended for adequate anesthesia. Stoppe et al29 demonstrated that

the BIS showed a similar response to sevoflurane as to xenon

anesthesia. In this study, the depth of anesthesia was additionally

confirmed by the measurement of auditory evoked potentials. Last,

the profile of the EEG changes observed during xenon anesthesia

was found to closely resemble those caused by propofol.30 Further-

more, although age‐related changes in BIS values in children were

observed, it has been suggested that the BIS can be reliably used to

monitor depth of anesthesia in children older than 1 year of age,

showing better performance with increasing age.31,32 We therefore

consider the BIS (together with interpretations of clinical signs) a

valuable monitor of depth of anesthesia in our patient population.

In conclusion, xenon‐augmented sevoflurane anesthesia in this

small sample of school‐aged children was feasible and resulted in

faster emergence than sevoflurane anesthesia. sevoflurane anesthe-

sia was associated with decreased alertness 2 hours after recovery

from anesthesia and an increase in serum S100β and IL‐10 with the

addition of xenon however being unable to prevent this effect.
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