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Abstract
Purpose of Review The purpose of this review is to assess how residual neuromuscular block impacts postoperative pulmonary
complications and whether we can modify the risk by improving certain aspects in daily clinical care.
Recent findings Postoperative respiratory impairment may be due to various causes, such as age, surgery type, comorbidity,
smoking, preoperative anemia, and general anesthesia. However, increasing evidence suggests that residual neuromuscular block
is an important risk factor for postoperative pulmonary complications and may affect the outcome. Conflicting data from some
recent reports show that the use of quantitative neuromuscular monitoring alone does not preclude residual neuromuscular block
and that improvements in the interpretation of neuromuscular monitoring may be required. Pulmonary complications seem to be
reduced for train-of-four ratios > 0.95 before tracheal extubation compared with > 0.9.
Summary This review stresses the need for appropriate management of neuromuscular block in the prevention of postoperative
pulmonary complications but acknowledges that the causes are multifactorial.
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Introduction

Beecher et al. first reported in 1954 that the use of neuromus-
cular blocking agents (NMBAs) is associated with anesthesia-
related mortality [1]. Cooper and colleagues investigated
anesthesia-related complications leading to admission to an
intensive care unit. Nearly half of the cases were associated
with incomplete neuromuscular recovery [2]. In 1997, Berg
et al. demonstrated that if the train-of-four ratio (TOFR)was <
0.7 in the recovery room in patients who had received
pancuronium, there was a higher incidence of postoperative
pulmonary complications (PPCs) than when TOFRs had re-
covered to > 0.7 (at the time the study was performed, a TOFR
ratio of 0.7 was the accepted threshold for acceptable recov-
ery; that threshold is now recognized as a TOFR ratio of 0.9)
[3]. Multiple factors, including surgical, anesthetic, and

patient variables, contribute to the etiology of PPCs.
Surgical risk factors include emergency surgery, long duration
of surgery, and type of surgery. Anesthetic causes include the
use of opioids, NMBAs, and general anesthesia. Patient risk
factors include chronic obstructive pulmonary disease, diabe-
tes, obesity, and unmodifiable risk factors, such as advanced
age and male sex [4, 5]. For instance, PPCs are more common
in elderly patients, and hypoxemia and length of hospital stay
were significantly increased in the elderly [6].

Residual Neuromuscular Blockade and PPCs:
The Evidence From the Past

Mechanisms of PPCs

The partial impairment of muscular activity in the postopera-
tive period through residual effects of intraoperatively admin-
istered NMBAs can contribute to the development of PPCs
through different mechanisms: impaired contraction of venti-
latory muscles with atelectasis formation, inability to cough,
and impaired swallowing, with accumulation of airway secre-
tions and aspiration of gastric contents [7••, 8]. The effects of
NMBAs, reversal agents, and neuromuscular transmission
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(NMT) monitoring on the development of PPCs have often
been described only by registry-based retrospective studies
[9]. However, these studies, together with investigations in
volunteers and patients, provide enough evidence about the
causes of PPCs, e.g., Sundman et al. found that partial neuro-
muscular paralysis is associated with a 4-fold increase in the
incidence of misdirected swallowing [10]. Furthermore, Asai
and Isono concluded that residual neuromuscular block
(NMB) after anesthesia is a cause of postoperative aspiration
pneumonia [11], while other authors concluded that postoper-
ative residual NMB increased the incidence of oxygen
desaturation, postoperative pneumonia, airway obstruction,
and reintubation [6, 12–14]. Even mild residual NMB can
impair hypoxic respiratory drive and thus is a risk factor for
increased early postoperative mortality [15, 16]. Postoperative
hypoxemia through residual NMB may be produced by sev-
eral mechanisms: these include the deleterious effects on both
chemoreception and upper airway patency in addition to ef-
fects on the phrenic nerve-diaphragm neuromuscular junction
[17]. Indeed, several researchers have shown that partial NMB
disturbs upper airway patency [18]. As in the intensive care
unit where silent pulmonary aspiration is the main cause of
ventilator-associated pneumonia [19], postoperative pneumo-
nia may also be caused by silent aspiration. In addition, pul-
monary function is impaired with residual NMB, e.g., residual
NMB after the use of vecuronium, atracurium, or rocuronium
results in reductions in forced vital capacity and peak expira-
tory flow in the immediate postoperative period [20–22].

Effect of the Reversal of Residual Block on PPCs

In a large retrospective study of the effect of anesthetic man-
agement on perioperative morbidity and mortality in the
Netherlands in 2005, Arbous et al. demonstrated that the lack
of intraoperative reversal of residual NMB was an indepen-
dent risk factor for 24 h anesthesia-related postoperative mor-
bidity and mortality [23]. These findings were recently sub-
stantiated by a single-center study that also found that PPCs
were less frequent if neostigmine had been used [12]. Patients
who received an NMBA but not a reversal agent were 2.3
times more likely to develop PPCs than those who received
neostigmine. In 2017, a multicenter retrospective study of
11,355 adults in the USA also suggested that the use of neo-
stigmine reduces the risk of PPCs. Not administering neostig-
mine was associated with a 70% increase in the odds of respi-
ratory complications [24].

Residual NMB and PPCs: The Conflicting
Evidence

In 2012, a large observational cohort study by Grosse-Sundrup
et al. found that postoperative hypoxia (< 90% saturation) and

reintubation requiring unplanned admission to the intensive care
unit within 7 days of surgery were significantly increased in the
group receiving an NMBA; respective odds ratios were 1.36 and
1.40 [13]. Qualitative monitoring of NMT (use of a peripheral
nerve stimulator) did not decrease this risk, and neostigmine
reversal increased the risk of postoperative desaturation to less
than 90% (odds ratio 1.32) and reintubation (odds ratio 1.76).
The use of intermediate-acting NMBAs during anesthesia
seemed thus associated with an increased risk of clinically mean-
ingful respiratory complications. These authors attributed the in-
creased respiratory problems after reversal of NMBAs with neo-
stigmine to neostigmine-induced NMB. However, neostigmine-
induced “paradoxical weakness” is an uncommon occurrence
[25, 26].

A second large cohort study was reported byMcLean et al. in
2015 [9]. These authors found a statistically significant associa-
tion between NMBAs and PPCs and that risk seemed dose-de-
pendent. Another observational cohort study of the effects of
NMBAs on postoperative pneumonia in patients was reported
by Bulka et al. in 2016 [12]. They found that there was a statis-
tically significant increase in postoperative pneumonia for pa-
tients receiving an NMBA compared with patients who did not
(odds ratio 1.79) and for patients who received anNMBAbut did
not receive a reversal agent compared with patients who received
an NMBA and a reversal agent.

The most conflicting data came out in 2019 with a publi-
cation from the POPULAR study endorsed and funded by the
European Society of Anaesthesiology (ESA) [27]. These au-
thors concluded that “the use of neuromuscular blocking
drugs is associated with an increased risk of postoperative
pulmonary complications, and use of reversal agents or neu-
romuscular monitoring could not decrease this risk.”
However, the POPULAR study reported that 17,150 patients
received an NMBA, but in more than 10,000 of these patients,
NMT monitoring was not applied, and the extubation of their
tracheas was based solely on clinical criteria. Moreover, ap-
proximately one-third of the patients who received objective
NMT monitoring were extubated with a TOFR< 0.9. It is thus
difficult to state that the general conclusion of the POPULAR
study is supported by the data. A more relevant conclusion
should be to reinforce the fact that when inadequately man-
aged, NMBAs could lead to severe adverse events.
Nevertheless, in a subsequent reply to one of the multiple
responses that came to the POPULAR study [28], in the
Lancet Respir Med, the original authors presented an analysis
of bundles of neuromuscular management and reformulated
that the patients in their study receiving NMB without quan-
titative monitoring and without reversal did not have a worse
pulmonary outcome than those who did have monitoring and
reversal; even more, the use of quantitative NMT monitoring
in 4182 patients compared with qualitative NMT monitoring
in 2686 patients was seemingly not associated with a reduced
risk of PPCs [29].
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Another study shows that between 2012 and 2018, the
management of NMBAs in a single-center operating room
had substantially evolved: although NMT monitoring and
the reversal of NMB in the operating room had increased over
time, residual NMB remained apparent (14%) in the recovery
room [30]. Even if monitored, a considerable number of their
patients still had a TOFR< 0.9 and even < 0.7 in the recovery
room. The authors analyzed six subgroups in their study and
provided a complicated overview of the inappropriate practice
of NMB management in their institution. For instance, a sub-
group of patients was not monitored but received neostigmine
probably as routine practice. The limited predictability of neo-
stigmine reversal for moderate NMB has previously been con-
firmed by Blobner et al. [31]. Even patients who received
sugammadex had a TOFR between 0.7 and 0.9 in their study
[30]. As these patients’ NMBs were all monitored intraopera-
tively, the lack of appropriate dosing of sugammadex and the
lack of checking the TOFR before the extubation of the pa-
tients’ tracheas could be the only explanations for the residual
NMBs in the PACU in that particular study. As a consequence,
these authors concluded that the failure to recognize residual
NMB in their institution could ultimately be attributed to a
failure to monitor NMB or a lack of understanding of neuro-
muscular pharmacology [32]. Their findings suggest that the
use of quantitative NMT monitoring alone does not preclude
residual NMB and that improvements in the interpretation of
NMT monitoring may be required.

Residual NMB and PPCs: The Recent Evidence

The past evidence that PPCs are associated with the use of
NMBAs and even more with residual paralysis is clear in the
adult surgical population, as described in the first part of this
review. Very recently, a study in 6507 non-cardiac surgical
procedures was performed in children aged 0 to 10 years,
and a high intraoperative NMBA dose seemed to be signifi-
cantly associated with an increased risk of PPCs within 3 days
of surgery [33]. Furthermore, the NMBA dose was signifi-
cantly associated with an increased risk of intensive care ad-
mission, as well as increased costs and prolonged hospital
stay. These findings, indeed, align with previous results pub-
lished in adults [34] but add important considerations unique
to infants and children, a population traditionally less investi-
gated in regard to PPCs after NMB.

Even more important is the recent work from Broens et al.
[35••]. These authors found that, despite full reversal of partial
NMB at the thumb, impairment of the peripheral chemoreflex
may persist at a TOFR greater than 0.9 following reversal with
neostigmine and sugammadex or spontaneous recovery of the
NMB. Eikermann et al. demonstrated that even when the
TOFR recovered to 0.95, respiratory function tests may still
be depressed in some patients [21]. There is now robust

evidence that NMBAs additionally influence ventilatory con-
trol by acting within the peripheral chemoreflex loop at the
carotid bodies [36, 37]. Indeed, a TOFR of 0.9 is not the
equivalent of full recovery, and we now know, from Broens’
work, that the chemoreflex is impaired even at this level of
recovery. Remembering that at a TOFR of 0.9, 75–80% of the
nicotinic receptors may be blocked, the patient may thus show
signs of some neuromuscular (or chemical) imbalance.
Perhaps our recommended threshold for neuromuscular re-
covery needs revision, and particularly in at-risk patients, we
should therefore preferably require a TOFR > 0.99 (by elec-
tromyography or mechanomyography—likely higher for
acceleromyography [38]). A post hoc analysis of the prospec-
tive observational European multicenter cohort study
(POPULAR) of PPCs now suggests that, in patients receiving
quantitative NMT monitoring, PPCs are reduced for TOFR >
0.95 before tracheal extubation compared with TOFR > 0.9
[39]. Second, in Broens’ results, there is also a suggestion that
patients receiving sugammadex had less blunting of the hyp-
oxic ventilatory response (45% of patients) than neostigmine
(64% of patients) and 83% of patients undergoing spontane-
ous recovery. This begs the question of whether sugammadex
at its recommended or even higher doses assures a better re-
covery of the chemoreflex.

Are PPCs Reduced with the Use of Sugammadex?

In recent years, numerous clinical trials analyzed in meta-
analyses have shown a decreased incidence of respiratory
events and residual curarization in patients treated with
sugammadex compared with neostigmine [40–43]. Since the
use of rocuronium-sugammadex significantly reduces the in-
cidence of residual NMB in the recovery room and residual
NMB is associated with a greater incidence of major and mi-
nor respiratory complications, sugammadex may be benefi-
cial. Fuchs-Buder et al. suggest that sugammadex may im-
prove postoperative pulmonary outcome in a population at
risk, most likely by a more efficient reversal of NMB with
less residual paralysis [44]. Ledowski et al. found a lower risk
for adverse pulmonary outcome in ASA 3 and 4 patients after
reversal with sugammadex compared with neostigmine or
none. This effect was more pronounced in elderly patients
[45]. There is some, albeit very limited, evidence that NMB
reversal with sugammadex may be associated with fewer
PPCs than neostigmine in patients with obstructive sleep ap-
nea [46]. Finally, Cappellini et al. performed a study in pa-
tients who, after rocuronium administration, received neostig-
mine or sugammadex: the authors found an early (0min) but
not long-lasting (30min) association between diaphragm fail-
ure and recovery drug treatment; a full recovery in baseline
diaphragm function was observed only in patients receiving
sugammadex [47]. In contrast to these favorable findings for
sugammadex and PPCs, another study found no differences in
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pulmonary function in 130 adult patients reversed with
sugammadex or neostigmine after major abdominal surgery
[48]. There was no difference in 30-day postoperative out-
comes following sugammadex and acetylcholinesterase inhib-
itor use in colorectal surgery patients [49]. In older adults
undergoing prolonged surgery, sugammadex was associated
with a 40% reduction in residual neuromuscular block, a 10%
reduction in 30-day hospital readmission rate, but no differ-
ence in the occurrence of postoperative pulmonary complica-
tions [50]. Since the introduction of sugammadex, there has
been renewed interest in the application of deep NMB in some
types of surgery. To the best of the author’s knowledge, no
study has identified that maintaining deep NMB improves
surgical outcome or reduces PPCs [51].

Conclusions

The pharmacokinetics of modern NMBAs suggest that they
should have little clinical effect a few hours after emergence,
yet PPCs occur more frequently for several days in patients
receiving them. Multiple factors, including surgical, anesthet-
ic, and patient variables, contribute to the etiology of PPCs.
There is, however, enough evidence that residual NMB after
anesthesia is a cause of increased oxygen desaturation, post-
operative pneumonia, airway obstruction, and reintubation. In
recent years, conflicting data have indicated that the use of
reversal agents or NMT monitoring could not decrease the
risk of PPCs. However, in these studies, guidelines for NMT
monitoring were insufficiently implemented, probably be-
cause the benefit of the reversal of residual NMB is still poorly
understood by clinicians. Sugammadex use might contribute
to a greater reduction of residual NMB after surgery compared
with neostigmine, and hence, it may possibly reduce postop-
erative respiratory morbidity. Quantitative NMT monitoring
and the correct interpretation of it preclude residual NMB and
may, through that mechanism, decrease the incidence of
PPCs. Recent data suggest that PPCs are reduced for a
TOFR > 0.95 before tracheal extubation compared with > 0.9.
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