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Abstract

Background: Optimal ventilation strategies and use of neuromuscular blocking agents (NMBAs) in neonates and small
infants undergoing anaesthesia remain unclear. We examined the association of perioperative ventilation strategies and
administration of NMBAs on respiratory adverse events in the NEonate-Children sTudy of Anaesthesia pRactice IN
Europe (NECTARINE) cohort.

Methods: We performed a secondary analysis of NECTARINE, which included infants up to 60 weeks’ postmenstrual age
undergoing anaesthesia for surgical or diagnostic procedures. The primary endpoint was the association between
ventilation mode and intraoperative respiratory adverse events. Secondary endpoints were use of NMBA, and 30-day
postoperative pulmonary complications (PPCs).

Results: The dataset comprised 5609 patients undergoing 6542 procedures. Pressure-controlled ventilation was the pri-
mary ventilation modality, accounting for 52.4% (n=3428) of cases. The incidence of intraoperative respiratory critical
events was 20.7% (95% confidence interval [CI] 19.7—21.7%), while PPCs were observed in 17% of cases (95% CI
16.0—18.1%). Preanaesthesia respiratory conditions and NMBA use after tracheal intubation were associated with higher
incidence of PPCs. Of the children receiving NMBAs, reversal was reported in 29.8%. The absence of reversal was asso-
ciated with a higher incidence of PPCs, with a relative risk of 1.50 (95% CI 1.17—1.93). Conversely, NMBA reversal was
associated with a reduced relative risk of 0.43 (95% CI 0.26—0.70).

Conclusions: Regardless of ventilation strategy used, mechanical ventilation and baseline respiratory conditions were
risk factors for a greater incidence of adverse respiratory events and PPCs. Reversal of NMBAs before tracheal extubation
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was significantly associated with reduced PPCs in neonates and should be routine clinical practice.

Clinical trial registration: ClinicalTrials.gov (NCT02350348).

Keywords: intraoperative respiration; mechanical ventilation; neonate; neuromuscular blocking agent; paediatric;
postoperative pulmonary complications; respiratory adverse events

Editor’s key points

e The impact of ventilation strategies and use of
neuromuscular blocking agents (NMBAs) in neonates
and small infants undergoing anaesthesia is unclear.

e This secondary analysis of the NECTARINE study
assessed associations between perioperative venti-
lation strategies and administration of NMBAs on
postoperative respiratory adverse events.

e Use of mechanical ventilation and baseline respira-

tory status were associated with a greater incidence

of adverse respiratory events and postoperative pul-
monary complications.

Reversal of NMBAs before tracheal extubation, re-

ported in only 30% of patients, was associated with

reduced postoperative pulmonary complications.

e These findings identify opportunities for clinical
practice guidelines for the systematic administration
of reversal agents to reduce the risk of adverse events
in neonates and infants.

Respiratory adverse events are the leading causes of perioper-
ative morbidity and mortality in children,’? the risk of which is
greater in neonates. In neonates, preanaesthesia respiratory
support or airway and respiratory problems were also associ-
ated with a higher rate of intervention for intraoperative crit-
ical events.® Given the significant efforts made in the last
decade to promote lung-protective ventilation in the paediatric
population, investigating the potential impact of intraoperative
mechanical ventilation on patient outcomes would be of clin-
ical relevance to optimise patient management.

Positive-pressure ventilation can be harmful to the lungs,
even in healthy children.*® Therefore, selection of a ventila-
tion modality that optimises gas exchange while safeguarding
the lungs from injury during general anaesthesia is paramount
in clinical practice. Modern anaesthesia ventilators now offer
various ventilation modes, facilitated by advanced software
systems that allow for sophisticated adjustments (e.g. pres-
sure support). These capabilities facilitate patient-tailored
ventilation strategies, optimising gas exchange and reducing
respiratory morbidity.® However, little is known about the
ventilation modalities applied across Europe.

Another paradigm that has emerged recently and is rein-
forced in recent recommendations is the use of neuromuscular
blocking agents (NMBAs) to facilitate tracheal intubation and
ensure effective airway management.”® However, the inci-
dence of residual neuromuscular block was found to be high in
children, particularly when no reversal was administered.’
This raises questions about the role of reversing neuromus-
cular block in the occurrence of postoperative pulmonary
complications (PPCs). This is even more concerning in neo-
nates and infants, given their reduced functional residual ca-
pacity and respiratory reserve. Therefore, antagonism of
nondepolarising NMBAs becomes paramount, particularly in
this age group.'®!! Therefore, our aim was to delineate current

clinical practices regarding ventilation strategies and use of
NMBAs in neonates enrolled in the NECTARINE study. We also
report associated respiratory critical events, morbidity, and
mortality and attempted to identify potential associations with
intraoperative ventilation modality or use of NMBA reversal.

Methods

The ‘NEonate-Children sTudy of Anaesthesia pRactice IN
Europe’ (NECTARINE) has been registered (ClinicalTrials.gov,
identifier: NCT02350348) and the study protocol is available.?
NECTARINE was a multicentre prospective observational
study in 165 centres in 31 European countries. After obtaining
ethics approval for each centre, between March 2016 and
January 2017, infants up to 60 weeks’ postmenstrual age un-
dergoing anaesthesia for surgical or diagnostic procedures
were recruited. Further details have been published.>'* This
report follows the Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) guidelines.'*

Variables

We screened the NECTARINE database and included all
procedures with a documented perioperative ventilation
strategy in the case report form (CRF). Preanaesthesia
breathing conditions and concurrent respiratory and airway
problems were recorded. Ventilation was recorded as either
spontaneous, assisted, or controlled. For controlled ventila-
tion, further classification was volume-controlled, pressure-
controlled, pressure-regulated volume-controlled, or high-
frequency oscillatory ventilation.

Respiratory critical events were defined in the CRF as either
poor oxygenation (triggered by low SpO, or PaO; hypoxaemia)
or hypocapnia or hypercapnia triggering an intervention. The
intervention required to improve poor oxygenation or to cor-
rect end-tidal CO,, the time of occurrence (induction, main-
tenance, awakening or in PACU), number of events, SpO,
threshold triggering intervention (<90%, <85%, <80%), PaO,
value, and duration of hypoxaemia (in min) were recorded.

In the follow-up of 30 days after the last procedure, PPCs
were captured in the CRF. PPCs included respiratory compli-
cations such as failure of weaning with prolonged ventilator
support, need for re-intubation after being extubated, pleural
effusion, pneumonia, pneumothorax or need for extracorpo-
real membrane oxygenation (ECMO). Mortality was recorded
30 days and 90 days after the last procedure.

Outcomes

The primary outcome was the intraoperative ventilation strat-
egy associated with intraoperative respiratory critical events.
Secondary outcomes included use of NMBAs, NMBA reversal
before tracheal extubation, 30-day PPCs, and 90-day mortality.

Statistical methods

The primary study size determination for NECTARINE was
based on the estimation of ~5000 patients assuming an
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expected rate of severe perioperative critical events of ~11%
with a drop-out rate of 15%. The current secondary analysis
was conducted on all available data from the NECTARINE
database that included all procedures with a documented
perioperative ventilation strategy in the CRF. Descriptive ana-
lyses were performed reporting categorical variables as abso-
lute frequencies and valid percentages. Incidences are reported
as percentages and 95% exact binomial confidence intervals
(CIs). To control for several confounders, propensity score
modelling was applied for intervention variables using
adjustment with propensity scores. For binary variables, pro-
pensity score was calculated by a binary logistic regression
with the given binary variable as dependent variable and many
possible covariates measured before the intervention (sex,
corrected age [gestational age + chronological age], weight,
type of procedure, type of surgery, current respiratory and
airway problems on day of anaesthesia, current respiratory
condition at day of anaesthesia). For variables with multiple
categories, propensity scores were calculated by multinomial
logistic regression.'>!® After calculation of propensity scores,
the potential overlap of their distributions was visually
checked. Subsequently, we checked whether balance in the
distribution of all covariates was achieved across intervention
categories using statistical methods (analysis of covariance
[ancova), logistic, and multinomial regression). Details of the
propensity score analysis methods are provided in the
Supplementary material.

Calculation of relative risk (RR) was done by a generalised
linear model for repeated measures design using Poisson dis-
tribution for the dependent variable with log-link function,
corrected for the propensity score. Results are presented as RR
with 95% CI. Level of significance was set at 0.05. Statistical
analysis was performed with R and SPSS version 29 (IBM,
Armonk, NY, USA).

Results
Ventilation strategy

Of 6542 procedures screened, 6537 were included in the anal-
ysis. The main intraoperative ventilation strategy was
pressure-controlled ventilation (52.4%, n=3428), followed
by spontaneous ventilation without airway management
(14.5%, n=950), volume-controlled ventilation (11.7%, n=764),
pressure-regulated volume-controlled ventilation (7.0%,
n=458), and spontaneous ventilation with airway manage-
ment (5.8%, n=384).

Risk factors for intraoperative respiratory critical
events

Intraoperative respiratory critical events triggering an inter-
vention were recorded in 1351 procedures (20.7%; 95% CI
19.7-21.7%). Most (61.4%, n=829) were attributable to hypo-
xaemia, and 38.6% (n=522) to hypocapnia or hypercapnia.
Table 1 summarises risk factors for intraoperative respiratory
critical events. Independent of the ventilation strategy, there
was a strong association between all mechanical positive
ventilation strategies through a tracheal tube and a higher
incidence of hypoxaemia, hypocapnia, or hypercapnia.
Administration of an NMBA after tracheal intubation was
associated with alterations in hypocapnia or hypercapnia.
Preanaesthesia respiratory conditions, including a condition

on the day of anaesthesia requiring supplemental oxygen or
invasive or noninvasive ventilation were also significantly
associated with respiratory critical events. This association
was also detected if the child had concomitant respiratory and
airway problems.

Postoperative pulmonary complications

The incidence of PPCs in the current cohort was 17% (95% CI
16.0—18.1%). Table 2 summarises the risk factors associated
with respiratory complications encountered on follow-up 30
days after the procedure. While the incidence was lower dur-
ing spontaneous and assisted ventilation than during any
positive-pressure ventilation modality, any positive-pressure
ventilation strategy with an airway device was associated
with higher risk for occurrence of PPCs. Similar to intra-
operative respiratory critical events, administration of an
NMBA after tracheal intubation and a positive history of res-
piratory problems were associated with a higher risk for
occurrence of PPCs. There was no evidence for a difference in
PPCs based on positive end-expiratory pressure (RR 1.071 [95%
CI 0.990—1.158]). Nevertheless, neonates and small infants
who were left intubated after the anaesthesia procedure had a
higher incidence of PPCs 27.4% vus 3.6% (RR 7.66 [95% CI
6.19—9.46]).

Neuromuscular blocking agent reversal

An NMBA was used in 58.7% (n=3840/6537) of all procedures.
Of note, in 78% of the cases, an NMBA was administered before
tracheal intubation, while in 22% of the cases, an NMBA was
administered afterwards. Table 3 summarises the different
NMBAs administered in the cohort; rocuronium (33.5%) and
atracurium (32.0%) were the most frequently used NMBAs.

For further analysis, we excluded patients already intu-
bated at the time of anaesthesia, those who received airway
management other than tracheal intubation, those who
received suxamethonium for tracheal intubation, and those
who remained intubated at the end of the procedure. Of these
eligible 3183 children with a tracheal tube, 75.6% (n=2407/3183)
received a nondepolarising NMBA intraoperatively, while
24.4% (n=776/3183) did not (Table 4). Only 29.8% of children
receiving a nondepolarising NMBA received a reversal agent
(n=716/2407), with neostigmine administered in most cases
(85.6%), and sugammadex in only 14.4%.

The incidence of PPCs at 30 days for patients extubated at
the end of the procedure and receiving an NMBA is shown in
Table 5. There was a higher incidence of PPCs in children who
did not receive reversal. In contrast, a protective effect was
observed for reversal of nondepolarising neuromuscular block
with an RR of 0.43 (95% CI 0.26—0.70).

Ancillary analyses

Table 5 shows the postoperative discharge follow-up at 30 and
90 days and the mortality rate associated with different
ventilation strategies. At 30 days, 10% of children were still in
the hospital with half of them in an ICU. A higher mortality
rate was found in infants who were ventilated with high-
frequency oscillatory ventilation, demonstrating greater
severity of illness of these neonates.

While there was no evidence for an association between
time of surgery and intraoperative respiratory events, there



Table 1 Univariable analysis of risk factors associated with intraoperative respiratory critical events adjusted for propensity score. Data are n (%) or relative risk (RR) with corresponding
95% confidence interval (95% CI). ASA, American Society of Anesthesiologists; CPAP, continuous positive airway pressure; HFOV, high-frequency oscillatory ventilation; NIV, noninvasive
ventilation; NMBA, neuromuscular blocking agent.

Hypoxaemia Hypocapnia or hypercapnia
Yes No RR (95% CI) Yes No RR (95% CI)
Total  Value Total  Value Total  Value Total  Value
ASA physical status >3 2342  388(16.6) 3877  355(9.2)  1.19(0.99-1.42) 2342 294 (12.6) 3877 188 (4.8) 1.62 (1.17—2.25)
Ventilation strategy (spontaneous without airway management as reference)
Spontaneous with airway management 383 31(8.1) 947 46 (4.9) 1.84 (1.18-2.88) 383 13 (3.4) 947 3(0.3) 11.97 (3.09—46.45)
Assisted ventilation 516 67 (13.0) 947 46 (4.9) 2.72 (1.90-3.90) 516 20 (3.9) 947 3(0.3) 12.86 (3.50—47.04)
Volume-controlled (VC) 762 99 (13.0) 947 46 (4.9) 249 (1.76-3.54) 762 69 (9.1) 947 3(0.3) 26.24 (7.57—90.98)
Pressure-controlled (PC) 3414 504 (14.8) 947 46 (4.9) 2.61 (1.92—-3.55) 3415 346 (10.1) 947 3(0.3) 28.65 (8.41-97.62)
Pressure-regulated volume-controlled (PRVC) 457 69 (14.9) 947 46 (4.9) 2.78 (1.93—4.00) 457 67 (14.7) 947 3(0.3) 41.35 (11.91-143.56)
Airway management (face mask as reference)
Tracheal tube 4266 625 (14.7) 726 43 (5.9) 2.14 (1.50—2.92) 4266  432(10.1) 726 4(0.6) 14.91 (5.50—40.38)
Supraglottic airway 719 51 (7.1) 726 43 (5.9) 1.35(0.92—2.00) 719 25 (3.5) 726 4 (0.6) 6.77 (2.33—19.60)
NMBA used (no NMBA as reference)
NMBA before tracheal intubation 2831 376 (13.3) 2669 276 (10.3) 1.2(0.997-1.44) 2831 287 (10.1) 2669  105(3.9)  2.01 (1.66—2.67)
NMBA after tracheal intubation 801 166 (20.7) 2669 276 (10.3) 1.3 (0.944-1.79) 801 127 (15.9) 2669  105(3.9)  2.76 (1.99—3.82)
Current respiratory and airway problems 1189 285 (24.0) 5234 535(10.2)  1.99 (1.70—2.32) 1186 158 (13.3) 5022 354 (7.0) 1.76 (1.44—2.16)

(no problems as reference)
Breathing condition at day of anaesthesia (no oxygen, no ventilation as reference)

Supplemental oxygen 407 85(20.9) 5027 497 (9.9)  1.665(1.31-2.12) 407 56 (13.8) 5027 302 (6.0) 1.80 (1.33—2.42)
NIV with CPAP 173 48 (27.8) 5027 497 (9.9)  1.98(1.44—2.71) 173 31(17.9) 5027 302 (6.0)  2.23 (1.50—3.29)
Intubated, conventional ventilated 801 172 (21.5) 5027 497 (9.9) 1.49 (1.21-1.84) 802 122 (15.2) 5027 302 (6.0) 1.99 (1.55—-2.55)
Intubated, ventilated with HFOV 58 21 (36.8) 5027 497 (9.9) 1.92 (1.15-3.19) 57 3(5.3) 5027 302 (6.0)  0.73 (0.22—2.40)
ECMO (extracorporeal membrane oxygenation) 19 1(5.3) 5027 497 (9.9) 0.38 (0.05—-2.72) 19 0 (0.0) 5027 302 (6.0)
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Table 2 Risk factors associated with postoperative pulmonary complications at 30 days follow-up after the procedure adjusted for
propensity score. Data are n (%) or relative risk (RR) with corresponding 95% confidence interval (95% CI). ASA, American Society of
Anesthesiologists; CPAP, continuous positive airway pressure; HFOV, high-frequency oscillatory ventilation; NIV, noninvasive

ventilation.
Yes No RR (95% CI)
Total n Value n (%) Total n Value n (%)

ASA physical status >3 1603 309 3178 56 2.86 (1.96 4.19)

Ventilation strategy (spontaneous without airway management as reference)

Spontaneous with airway management 312
Assisted 423
Volume-controlled 610
Pressure-controlled 2528
Pressure-regulated volume-controlled 347

Airway management (face mask as reference)
Tracheal tube 3189
Supraglottic airway 594

12 (3.8) 740 16 (2.2) 2.5 (1.21-5.16)

29 (6.9) 740 16 (2.2) 3.13 (1.73-5.66)
61 (10.0) 740 16 (2.2) 3.62 (2.12—6.18)
282 (11.2) 740 16 (2.2) 3.62 (2.21-5.92)
45 (13.0) 740 16 (2.2) 4.71 (2.87-8.18)
317 (9.9) 581 13 (2.2) 3.26 (1.88—5.67)
20 (3.4) 581 13 (2.2) 2.48 (1.26—4.91)

Neuromuscular blocking agent (NMBA) used (not used as reference)

NMBA provided before tracheal intubation 2215
NMBA provided after tracheal intubation 530

176 (7.9)
166 (31.3)

2054
2054

1.05 (0.84—1.31)
2.25 (1.70—2.98)

Current respiratory and airway problems at the day of anaesthesia (no problems as reference)
Breathing condition at the day of anaesthesia (no oxygen, no ventilation as reference)

Supplemental oxygen 286
NIV with CPAP 117
Intubated, conventional ventilated 519
Intubated, ventilated with HFOV 31
ECMO (extracorporeal membrane oxygenation) 5

62 (21.7) 4038 122 (3.0) 5.81 (4.32—7.83)

45 (38.5) 4038 122 (3.0) 10.22 (7.52—13.89)
206 (36.7) 4038 122 (3.0) 10.12 (7.84—13.07)
18 (58.1) 4038 122 (3.0) 11.91 (7.81-18.17)
4 (80.0) 4038 122 (3.0) 20.19 (12.26—33.25)

Table 3 Number of patients receiving a neuromuscular
blocking agent and nondepolarising NMBA reversal for
extubation.

n %
Patients receiving a 3840  100.0
neuromuscular blocking agent (NMBA)
Rocuronium 958 335
Atracurium 914 32.0
Cisatracurium 471 16.5
Succinylcholine 255 8.9
Mivacurium 147 5.1
Vecuronium 114 4.0
Patients receiving 3585  100.0
NMBA reversal
No NMBA reversal 1894 711
Neostigmine 660 24.8
Sugammadex 111 4.2

was a higher incidence of PPCs in children operated as emer-
gency cases or at nighttime (data not shown). A modestbut not
clinically significant association was found between length of
surgery or length of anaesthesia and presence of intraoperative
respiratory adverse events, RR 1.002 (95% CI 1.002—1.003) and
RR 1.001 (95% CI 1.001—1.001) for oxygen desaturation, and RR
1.004 (95% CI 1.003—1.005) and RR 1.002 (95% CI 1.001—1.002) for
hypocapnia or hypercapnia, respectively.

A subanalysis was performed to investigate the potential
difference between infants who had minimally invasive sur-
gery and those who had open abdominal, thoracic or genito-
urinary surgery (Supplementary material, Supplementary
Table S8). Laparoscopy for abdominal surgery was associated
with higher incidence of interventions for hypoxaemia and

alterations in CO,. Minimally invasive thoracic surgery was
associated with higher incidence of interventions for hypo-
xaemia. However, there was no evidence for a difference in the
incidence of PPCs at 30 days between the two surgical
techniques.

Discussion

This secondary analysis explored ventilation strategies used
in neonates and small infants in Europe to examine the po-
tential association of perioperative ventilation strategies and
administration of NMBAs on respiratory adverse events and
PPCs. There was high variability in ventilation strategies used.
Independent of the ventilation modality, mechanical ventila-
tion was associated with a high rate of intraoperative respi-
ratory critical events and PPCs, confirming respiratory system
involvement in the high morbidity observed in this age group.
Baseline respiratory condition was associated with a higher
risk ratio for intraoperative respiratory critical events and
PPCs. Administering an NMBA after tracheal intubation was
associated with more interventions and a higher incidence of
PPCs if not reversed at the end of the procedure. However,
reversing neuromuscular block before tracheal extubation led
to a reduced risk ratio for PPCs at 30 days.

Ventilation modalities

The respiratory system of neonates and infants is characterised
by stiff lungs with low compliance and increased airway resis-
tance.'® In the present study, more than half of the children
were ventilated with a pressure-controlled mode, characterised
by a decelerating gas flow pattern that avoids increases in
driving pressure with the subsequent increase in strain and
potentially improves intrapulmonary gas distribution.'
Nevertheless, considering the changes in lung compliance
that occur during anaesthesia and surgery, pressure-regulated



Perioperative ventilation and NMBA in neonates |

1533

Table 4 Respiratory complications at 30 days after the procedure for patients with tracheal intubation* adjusted for propensity score.
Data are n (%) or relative risk (RR) and corresponding 95% confidence interval (95% CI). *Excluded patients who were left intubated after
the procedure (n=99) and patients receiving succinylcholine as NMBA (n=255).

Total Yes No RR (95% CI)
All patients with tracheal intubation 3183 368 (11.6) 2815 (88.4) —
No NMBA given (reference) 776 65 (8.4) 711 (91.6) —
Nondepolarising NMBA without reversal 1691 285 (16.9) 1406 (83.1) 1.50 (1.17—-1.93)
Nondepolarising NMBA with reversal 716 18 (2.5) 698 (97.5) 0.43 (0.26—0.70)

volume control (PRVC) has been recommended as it combines
the benefits of a decelerating flow with a targeted stable tidal
volume, reducing the risk for lung damage and maintaining
normocarbia.’ A meta-analysis including randomised
controlled trials comparing both modes in neonates demon-
strated a clinical benefit of PRVC over pressure-controlled
ventilation with decreased incidence of bronchopulmonary
dysplasia, pneumothorax, hypocarbia, and death.?®

Perioperative respiratory critical events and
ventilation mode

We observed a high rate of intraoperative respiratory critical
events with all positive-pressure ventilation modes, with the
highest incidence observed during high-frequency oscillatory
ventilation, reflecting a severe respiratory precondition before
anaesthesia, which led to the choice of this ventilation mode.
The RR for intraoperative hypoxaemia, hypocapnia, or hy-
percapnia was higher with all ventilation modalities than
spontaneous ventilation without an airway device. Many fac-
tors might contribute to this increase as identified in the uni-
variate analysis as potential predictors, such as the presence
of an airway device (tracheal tube or supraglottic airway),
history of respiratory problems after birth, concomitant res-
piratory or airway problems, use of NMBAs, type of surgical
procedure, and whether the child was in hospital (admitted
from the ward or ICU), reflecting the presence of comorbid-
ities. These findings are in line with previous studies high-
lighting the higher incidence of severe intraoperative
respiratory complications in neonates and infants”’! as a
consequence of their developmental respiratory physiology
with low oxygen reserve and higher vulnerability for gas ex-
change impairment. The association between minimally
invasive abdominal surgery and the incidence of interventions
for hypoxaemia and CO: alterations further underscores the
importance of adapting intraoperative mechanical ventilation
to infants’ lung physiology.

Postoperative pulmonary complications at 30 days

The incidence of PPCs at 30 days associated with positive-
pressure ventilation independent of the modality applied
intraoperatively was high in the entire NECTARINE cohort.
Conversely, the low rate observed with spontaneous ventila-
tion without an airway device could be attributed to patient
medical condition (i.e. fewer respiratory problems), or to the
diagnostic or surgical procedure necessitating minimal or no
respiratory support. Nevertheless, even in infants undergoing
anaesthesia, positive-pressure ventilation was associated with
a higher risk of ventilation-related complications along with
other risk factors related to anaesthesia management, such as

use of a tracheal tube and administration of NMBAs. Infants
who remained intubated at the end of the procedure were more
likely to experience PPCs. This suggests that if mechanical
ventilation is necessary, the least invasive mode should be set
according to the clinical status. A common procedure in the
studied age cohort was inguinal hernial repair. A recent rand-
omised controlled trial investigated sedation vs general
anaesthesia for inguinal hernial repair with caudal block in
small infants up to 3 months of age.?” Using caudal block with
dexmedetomidine sedation, in 96.1% of patients in the sedation
group, tracheal intubation could be avoided.

Another major finding of the present study is the strong
association between an increase in PPCs at 30 days and res-
piratory system condition on the day of anaesthesia. This
finding, along with identification of other risk factors such as
emergency procedures and operating in the ICU, indicates
that these children pose a challenge for anaesthesia
management.

Neuromuscular blocking agents and reversal

The association between NMBA use and increased incidence
of intraoperative interventions and PPCs if not reversed should
be viewed in the context of variable reports in adults. Use of
NMBAs in patients with supraglottic airways can elevate the
risk of PPCs. This finding suggests that NMBA use, rather than
tracheal intubation, might be a significant factor influencing
the incidence of PPCs in adults.?®?* There are mixed results in
adults regarding the effectiveness of NMBA reversal in pre-
venting PPCs.”>"?’ These inconsistencies could stem from
limitations in study design or from pharmacological differ-
ences between neostigmine and sugammadex.?®

In neonates and small infants, NMBAs are recommended to
facilitate airway management and tracheal intubation.”® The
results of this study revealed that only children who received
an NMBA after tracheal intubation had a higher risk for intra-
operative respiratory critical events and PPCs at 30 days. As a
greater rate of intraoperative respiratory events and intra-
operative interventions was observed in those who received an
NMBA after intubation, the severity of their clinical condition
and underlying respiratory conditions might have contributed
to their increased susceptibility to complications. Nevertheless,
we cannot exclude that the act of tracheal intubation itself,
rather than the use of any drug, increases the risk of PPCs.*
This hypothesis is further corroborated by the higher risk for
intraoperative respiratory adverse events and PPCs observed
independently of the ventilation modality.

One of the most important findings of the present study is
the beneficial effect of NMBA reversal on reducing the risk for
PPCs at 30 days. While early reports emphasised the impor-
tance of reversing neuromuscular block in neonates and small
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Table 5 Ventilation strategy and post-discharge follow-up at 30 and 90 days.

4685)

Controlled ventilation (n

Assisted

Spontaneous ventilation

(n

Total

Variable

ventilation

(n

1334)

518)

Volume-controlled Pressure-controlled Pressure-regulated High-frequency

With airway

No airway

oscillatory
ventilation

volume-controlled

management

management

2658 (100.0) 364 (100.0) 26 (100.0)

629 (100.0)

330 (100.0) 448 (100.0)

760 (100.0)

5215 (100.0)

Data available for follow-up

at Day 30

3(11.5

279 (76.6)
32 (8.8)

1976 (74.3)
267 (10.0)
169 (6.4)
176 (6.6)
70 (2.6)

508 (80.8)
50 (7.9)

392 (87.5)
25 (5.6)
15 (3.3)
12 (2.7)
4(0.9)

306 (92.7)
8 (2.4)
9(2.7

7 (2.

704 (92.6)
19 (2.5)
19 (2.5)
13 (1.7)
5(0.7)

4168 (79.9)
407 (7.8)
257(4.9)
278 (5

Discharged to home
Still in hospital

6(23.1

3(11.5

15 (3.3)
12 (2.7)
9 (1.4)

Discharged to another hospital

Still in intensive care unit

Death

10 (38.5)
4 (15.4)

3)

0(0.0

105 (2.0)

2035 (100.0) 301 (100.0) 18 (100.0)

535 (100.0)

240 (100.0) 372 (100.0)

625 (100.0)

4180 (100.0)

Data available for follow-up

at day 90
Discharged to home between

283 (9.9) 29 (9.6) 7 (38.9)

53 (9.9)

10 (3.9) 30 (8.1)

27 (4.1)

439 (10.5)

day 30 and 90
Still in hospital

Death

21

137 (4.8)
18 (0.9)

30 (5.6)
6 (1.1)

9 (2.4)
0(0.0)

4 (1.6)
2(0.8)

10 (1.5)
1(0.2)

219 (5.2)
31(0.7)

22 (100.0)
4 (18.2)

314 (100.0)
17 (5.4)

2105 (100.0)
88 (4.2)

544 (100.0)
15 (2.8)

376 (100.0)
4(1.1)

256 (100.0)
2(0.8)

668 (100.0)
6(0.9)

4285 (100.0)
136 (3.2)

Data available for overall mortality

Yes

infants because of their reduced respiratory reserve,'’ there
remains a lack of guidance on managing NMBA use in this
population.*

Clear evidence exists for the advantages of NMBA use in
adults,”® and perioperative NMBA management guidelines have
been established.?’ Despite the knowledge gap in this popula-
tion, adopting practices already established in adults such as
continuous monitoring of the depth of neuromuscular block
and routine administration of NMBA reversal agents is imper-
ative.””?” The safety of sugammadex administration and its
efficacy compared with neostigmine have been reported in in-
fants and toddlers.?° Reversing neuromuscular block is impor-
tant as it is well known that residual postoperative
neuromuscular block contributes to increased risk of PPCs,
including hypoxaemia, airway obstruction, and atelectasis,
which can lead to re-intubation.>’ Therefore, our results advo-
cate for systematic monitoring of the depth of neuromuscular
block and administration of NMBA reversal in neonates and
small infants as a sound clinical practice for safe extubation.

Mortality

The high mortality in this population is comparable to that
reported in previous studies over the last decade.?” There was
a difference in the incidence of mortality between the different
ventilation modalities used during anaesthesia management.
While a significant increase is expected in those ventilated
with high-frequency oscillatory ventilation given that these
children were extremely premature with low body weight and
thus likely to have impaired lung function, the difference
observed between spontaneous ventilation and positive-
pressure ventilation could be attributed to factors including
comorbidities, physical status, or complexity of the surgery.

Limitations

This is a secondary analysis of observational data. Although
we adjusted the data using propensity score analysis, there
remains a potential risk of confounding, and we did not
impute missing data. The identification of strong associations
does not imply causality, but our results have the potential for
identifying novel research questions with robust, high-quality
RCTs to confirm these findings. This is particularly relevant for
the association between reversal of neuromuscular block and
prevention of PPCs.

Another limitation could be the relatively high number of
missing values for 30-day morbidity and mortality. Although
we did not impute for missing data, we performed a complete
case analysis to decrease this bias, and thus the results ob-
tained are based solely on the available data and do not ac-
count for the potential biases introduced by missing data.
Nevertheless, the conclusions drawn remain of high clinical
relevance, and we believe these missing values did not affect
the validity of the results. Finally, it cannot be excluded that
clinical practice might have changed over the last few years.
Nevertheless, evidence for associations between ventilation
strategy, NMBA reversal, and adverse respiratory outcomes is
lacking in this high-risk population.

Conclusions

These results suggest higher incidence of intraoperative res-
piratory critical events for positive-pressure ventilation
compared with spontaneous ventilation with or without an
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airway device. The greater incidence of PPCs at 30 days and
mortality observed with positive-pressure ventilation un-
derscores the importance of tailoring ventilation strategy to
respiratory function and needs of neonates. Among the iden-
tified risk factors for PPCs at 30 days, the absence of NMBA
reversal in patients extubated directly after the procedure was
associated with increased morbidity. Conversely, administra-
tion of NMBA reversal reduced such complications. There is a
need to improve clinical practices related to monitoring depth
of neuromuscular block in neonates and infants, and to
establish clinical practice guidelines for the systematic
administration of reversal agents to reduce the risk of adverse
events in this vulnerable population.
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