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A B S T R A C T

Study objective: To determine the incidence burden and associated risk factors of residual neuromuscular block
(rNMB) during routine U.S. hospital care.
Design: Blinded multicenter cohort study.
Setting: Operating and recovery rooms of ten community and academic U.S. hospitals.
Patients: Two-hundred fifty-five adults, ASA PS 1–3, underwent elective abdominal surgery with general an-
esthesia and ≥1 dose of non-depolarizing neuromuscular blocking agent (NMBA) for endotracheal intubation
and/or maintenance of NMB between August 2012 and April 2013.
Interventions: TOF measurements using acceleromyography were performed on patients already receiving rou-
tine anesthetic care for elective open or laparoscopic abdominal surgery. Measurements allowed assessment of
the presence of residual neuromuscular block (rNMB), defined as a train-of-four (TOF) ratio< 0.9 at tracheal
extubation. We recorded patient and procedural characteristics and assessed TOF ratios (T4/T1) at various times
throughout the procedure and at tracheal extubation. Differences in patient and clinical characteristics were
compared using Fisher's exact test for categorical variables and t-test for continuous variables. Multivariate
logistic regression assessed risk factors associated with rNMB at extubation.
Main results: Most of the study population, 64.7% (n= 165) had rNMB (TOF ratio < 0.9), among them, 31.0%
with TOF ratio< 0.6. Among those receiving neostigmine and/or qualitative peripheral nerve stimulation per
clinical decision, 65.0% had rNMB. After controlling for confounders, we observed male gender (odds ratio:
2.60, P=0.008), higher BMI (odds ratio: 1.04/unit, P=0.043), and surgery at a community hospital (odds
ratio: 3.15, P=0.006) to be independently associated with increased odds of rNMB.
Conclusions: Assessing TOF ratios blinded to the care team, we found that the majority of patients (64.7%) in this
study had rNMB at tracheal extubation, despite neostigmine administration and qualitative peripheral nerve
stimulation used for routine clinical care. Qualitative neuromuscular monitoring and clinical judgement often
fails to detect rNMB after neostigmine reversal with potential severe consequences to the patient. Our data
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suggests that clinical care could be improved by considering quantitative neuromuscular monitoring for routine
care.

1. Introduction

Pharmacological neuromuscular blocking agents (NMBAs) are often
used during surgical procedures to induce muscle paralysis, allowing
the procedure to be performed safely under favorable operating con-
ditions. Delayed or partial recovery of muscle function in the post-op-
erative period due to residual neuromuscular block (rNMB) is asso-
ciated with respiratory and other complications, including hypoxemia,
difficulty breathing and swallowing, upper airway problems, hy-
percapnia, slurred speech, blurred vision and impaired clinical recovery
after surgery [1–7]. Randomized studies have shown an association
between rNMB and various respiratory complications including im-
paired pharyngeal function, leading to difficulty swallowing, main-
taining a clear airway and breathing comfortably, increased risk of
aspirating contrast medium and/or stomach contents with the resultant
risk of pneumonia, impaired inspiratory airflow leading to potential
hypoxia, and reduced hypoxic ventilatory drive [1,8]. Although lit-
erature on resource utilization associated with rNMB is scant, a few
studies have demonstrated significantly longer lengths of stay in the
Post-Anesthesia Care Unit (PACU) in patients with rNMB [2,9].

Depth of neuromuscular block (NMB) can be assessed qualitatively
by counting twitches, or quantified using train-of-four (TOF) nerve
stimulation [10]. Although early studies proposed a TOF ratio (T4/T1)
of< 0.7 as an indicator of rNMB, current data and consensus support a
minimum TOF ratio of 0.9 for extubation to ensure optimal patient
safety [1,4,6,11]. In studies conducted more than three decades ago,
nearly half of patients receiving long-acting NMB and standard doses of
neostigmine (2.5 mg) had rNMB [12]. It was thought that the shorter
half-life of the intermediate-acting NMBAs used in recent years would
reduce this rate [1,13]. However, a review of studies published between
2000 and 2008 indicated that many patients continued to arrive in the
PACU with significant rNMB, with reported frequencies ranging from
2% to 64% [1–3,14–23]. Studies during the past 15 years, utilizing the
0.9 TOF ratio threshold, have estimated that the proportion of patients
with rNMB ranges from 16.8% to 88% at extubation [1,17,23], findings
that have been confirmed in many countries [5,15,19–21,24].

Despite the number of studies examining the incidence of rNMB,
limited data are available from U.S. hospitals and few studies have used
a standardized clinical definition of rNMB making comparison difficult.
Clinical practice patterns vary in both use of NMB, neuromuscular
monitoring, and its reversal, by not just surgical procedure and in-
dividual patient, but also by region, hospital and practitioner. We in-
itiated the prospective multicenter observational blinded RECITE
(Residual Curarization and its Incidence at Tracheal Extubation) study
to evaluate the degree to which rNMB remains an issue among U.S.
hospitals by utilizing a standardized clinical definition and quantitative
neuromuscular monitoring to assess the incidence of rNMB at tracheal
extubation. In addition to assessing the burden of rNMB, we also assess
the associated clinical complications and healthcare resource use in
adults undergoing elective abdominal surgery. The primary objective of
the RECITE study was to estimate the incidence of post-operative rNMB
at tracheal extubation in the operating room, and secondly to assess the
potential association of rNMB with patient, surgical and hospital fac-
tors, and healthcare resource use associated with rNMB in this popu-
lation.

2. Materials and methods

2.1. Study design

RECITE US was a multicenter, prospective, blinded cohort study of

adult patients receiving routine anesthetic care for elective open or
laparoscopic abdominal surgery in a sample of ten U.S. academic
(n= 8) and community (n=2) hospitals. The RECITE study was con-
ducted in accordance with principles of Good Clinical Practice.
Institutional Review Board approval was obtained at each institution
prior to initiating data collection and written informed consent was
obtained from subjects prior to enrollment in the study. At the time of
study initiation, clinical trial registration was not required or routinely
done, but study methodology, outcomes and statistical analysis plan
were defined and documented a priori. Between August 2012 and April
2013, a cohort of patients scheduled for open or laparoscopic abdom-
inal surgery that was anticipated to last< 4 h with at least one dose of
non-depolarizing NMBA was enrolled if they were at least 18 years old,
American Society of Anesthesia (ASA) physical status (PS) 1–3, and had
planned extubation in the operating room. Subjects were excluded if
they underwent surgery in the outpatient setting, received repeat sur-
gery during the same hospital admission, were expected to require post-
operative mechanical ventilation, or had an existing medical condition
or required a surgical procedure or positioning that could interfere with
the accuracy of the TOF monitoring system. Subjects were also excluded
if they were enrolled in any other clinical trial, or if the anesthesiologist
routinely used quantitative neuromuscular monitoring during surgery
(e.g. mechanomyography, electromyography, or related methods) per
clinical routine. All study subjects received general anesthesia at the
discretion of the anesthesiologist and post-operative care as prescribed
by the anesthesiology and post-operative care teams, thereby re-
presenting a “real-life” cohort of current care.

2.2. Study procedures

Patient characteristics and relevant clinical history, including ASA
PS, type of surgical procedure, and Apfel's post-operative nausea and
vomiting (PONV) risk assessment [25] were recorded prior to surgery.
A chart review was performed by trained study personnel at the time of
hospital discharge to capture anesthesia-related drugs (anesthetics,
opioids, neuromuscular blocking agents, reversal agents, anti-emetics,
benzodiazepines and other relevant medications) used pre-operatively
and in the operating room.

TOF measurements using acceleromyography were performed by
dedicated, trained and certified research staff not otherwise involved in
the clinical care of the patient, using the TOF-Watch SX® (Organon,
Inc., West Orange, NJ) calibrated in the operating room prior to the first
dose of NMB.

The TOF-Watch SX® was attached to the forearm and delivered
ulnar nerve stimulation of 4 pulses 0.2ms in duration at a frequency of
2 Hz. If surgical procedure required the patients arms to be tucked at
the side, immediate measurements were taken to ensure reliable data
acquisition and wrist position was corrected until sufficient data quality
for TOF Ratio measurements was achieved. If the two consecutive TOF
ratios differed by>10%, a third measurement was taken. The an-
esthesia caregivers were blinded to the study measurements but per-
mitted to monitor patients using their routine clinical method(s) as per
their routine clinical practice. No patient received quantitative neuro-
muscular monitoring for clinical purposes.

TOF measurements were continuously recorded during the case and
at 11 distinct time points to provide tracking of the level of NMB
throughout the procedure. Vital signs, use of oxygen, and use of qua-
litative neuromuscular monitoring to determine timing of extubation
were also captured. The TOF ratio at extubation was defined as the last
measurement taken immediately prior to extubation of the patient.

Research staff accompanied the patient during PACU stay and
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recorded the number of anesthesiologist bed visits and total active time
spent by the anesthesiologist at the bedside.

2.3. Study outcomes

The primary outcome of residual neuromuscular block at extubation
was defined a priori as a TOF ratio< 0.9, with secondary outcome
categories also established a priori to determine the degree of rNMB
(TOF ratio thresholds of< 0.6, 0.6–0.69, 0.7–0.79 and 0.8–0.89).

Exploratory outcomes related to discharge from OR, PACU stay, and
hospital discharge were designated a priori and recorded by trained
study personnel at the time of outcome or from the patient's medical
chart within one week of hospital discharge.

2.4. Discharge from operating room

The modified Aldrete score was performed when the subject was
deemed ready for discharge from the operating room, as per usual
practice at each institution.

2.5. PACU stay

The number of anesthesiologist bed visits and total active time spent
by the anesthesiologist at the bedside were recorded. Vital signs and use
of supplemental oxygen were captured during transfer from the oper-
ating room, at PACU arrival, and 2, 5, 10, 15, 30 and 60min post-PACU
arrival. PONV assessments were conducted on arrival and throughout
the PACU stay until PACU discharge. Respiratory complications (in-
cluding upper airway obstruction requiring intervention, hypoxia

Excluded eligible population due to violation of 
eligibility criteria (n=12)
- Surgery would impede TOF Watch use (n=8)
- Subjects not considered ASA PS 1-3 (n=1)
- Surgery / anesthesia unsuitable for study (n=3)

Excluded due to screen failure (n=25)

Excluded from per protocol population due 
to further protocol violations (n=55) and due 
to non-evaluable TOF at both tracheal 
extubation and at PACU arrival (n=3).

Excluded due to non-evaluable TOF 
at tracheal extubation (n=15)

Consent to participate in study
(n=365)

Eligible analysis population
(n=328)

Per protocol population
(n=270)

Pre-operative study visit
(n=340)

Tracheal extubation per protocol 
population (TEP) (n=255)

Fig. 1. Subject disposition and analysis populations.
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[‘mild to moderate’ defined as SpO2 90–93% on ≥3 L O2 and ‘severe’
defined as SpO2 < 90% on ≥3 L O2]), respiratory rate and patient
complaints of discomfort on breathing, swallowing or speaking were
recorded from the time of extubation in the operating room, during
transfer from the OR to the PACU, and for the duration of the PACU
stay.

2.6. Post-PACU

Post-PACU exploratory outcomes included Intensive Care Unit ad-
missions, unanticipated hospital procedures and pulmonary complica-
tions, imaging required (chest X-ray, computerized tomography scan,
etc.), blood tests, antibiotics (prophylactic and treatment-related);
spirometry; respiratory therapy (supplemental oxygen, continuous po-
sitive airway pressure, bi-level positive airway pressure, nebulizer
treatment, incentive spirometry) and consultation and/or intervention
with other health care professionals.

2.7. Statistical analysis

Statistical analyses were conducted on the per-protocol population,
defined as all participants who met the eligibility criteria and who had
successful TOF calibration and a valid TOF ratio at extubation or PACU
arrival. The total target sample size was 300 eligible participants, based
on a conservatively expected incidence of residual blockade of ap-
proximately 30%, with a 95% confidence interval [26,27]. Tests of
hypotheses were two-sided unless otherwise indicated and a P-value
of< 0.05 was considered statistically significant. All statistical analyses
were conducted using SAS statistical packages (2012).

Differences in patient characteristics, baseline, and clinical char-
acteristics for primary and secondary outcomes were compared using
Fisher's exact test for categorical variables and t-test for continuous
variables. Exploratory outcomes were analyzed using Chi-squared or
Fisher's exact test for categorical variables, or t-tests or standardized
differences where appropriate.

Multivariate logistic regression models were used to further explore

Table 1
Patient characteristics among those subjects overall, with or without residual neuromuscular block.

Variables At Baseline At Tracheal Extubation: P value

Overall per protocol population rNMB No rNMB

TOF ratio < 0.9 TOF ratio≥ 0.9

(n= 255) (n= 165) (n=90)

Age, y (mean ± SD) 50.6 ± 13.6 51.7 ± 14.0 48.5 ± 12.7 0.07
Category (n, %)
20–40 57 (22.4%) 32 (19.4%) 25 (27.8%) 0.43
41–49 68 (26.7%) 44 (26.7%) 24 (26.7%)
50–60 66 (25.9%) 44 (26.7%) 22 (24.4%)
61–100 64 (25.1%) 45 (27.3%) 19 (21.1%)

Gender (n, %)
Male 69 (27.1%) 53 (32.1%) 16 (17.8%) 0.018
Female 186 (72.9%) 112 (67.9%) 74 (82.2%)

Height, cm 168 ± 9 168 ± 9 167 ± 9 0.13
Body weight, kg 89.7 ± 25.6 93.1 ± 26.5 83.5 ± 22.7 0.004
BMI, kg/m2, (mean ± SD) 31.9 ± 9.0 32.9 ± 9.5 30.1 ± 7.9 0.02
Underweight (< 18.50) 1 (0.4%) 0 (0.0%) 1 (1.1%) 0.071
Normal (18.50–24.99) 65 (25.5%) 38 (23.0%) 27 (30.0%)
Overweight (25.00–29.99) 66 (25.9%) 39 (23.6%) 27 (30.0%)
Obese (≥30.00) 123 (48.2%) 88 (53.3%) 35 (38.9%)

Non-smoker (n, %) 220 (86.3%) 141 (85.5%) 79 (87.8%) 0.705
Comorbidities (n, %)
Cardiovascular 106 (41.6%) 73 (44.2%) 33 (36.7%) 0.283
Pulmonary 72 (28.2%) 51 (30.9%) 21 (23.3%) 0.49
Renal 8 (3.1%) 7 (4.2%) 1 (1.1%) 0.27
Diabetes 31 (12.2%) 20 (12.1%) 11 (12.2%) 1.00
Hx of Cancer 63 (24.7%) 42 (25.5%) 21 (23.3%) 0.76

Number of comorbidities per patient (n, %)
None 91 (35.7%) 52 (31.5%) 39 (43.3%) 0.403
1 78 (30.6%) 52 (31.5%) 26 (28.9%)
2 50 (19.6%) 36 (21.8%) 14 (15.6%)
3 24 (9.4%) 17 (10.3%) 7 (7.8%)
4 8 (3.1%) 6 (3.6%) 2 (2.2%)
5 3 (1.2%) 2 (1.2%) 1 (1.1%)
6 1 (0.4%) 0 (0.0%) 1 (1.1%)

ASA PS (n, %)
1 29 (11.4%) 18 (10.9%) 11 (12.2%) 0.018
2 129 (50.6%) 74 (44.8%) 55 (61.1%)
3 97 (38.0%) 73 (44.2%) 24 (26.7%)

Apfel's PONV risk factor (n, %)
1 2 (2.2%) 6 (3.6%) 2 (2.2%) 0.2
2 19 (21.1%) 54 (32.7%) 19 (21.1%)
3 50 (55.6%) 78 (47.3%) 50 (55.6%)
4 19 (21.1%) 27 (16.4%) 19 (21.1%)

ASA, American Society of Anesthesia; PONV, post-operative nausea and vomiting; Apfel's PONV Risk factor: The simplified Apfel-score includes the four factors
female gender, no smoking, postoperative use of opioids and previous PONV or motion-sickness in patients' history, where each increases risk of PONV by 20%, here
1=21%, 2= 39%, 3= 61%, 4=79% risk; BMI, body mass index; NMBA, neuromuscular blocking agent; PNS, peripheral nerve stimulation. Categories showing
statistically significant differences are in bold.
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risk factors associated with residual block at extubation (e.g. patient
and hospital characteristics). Multicollinearity was assessed, and vari-
ables were selected into the multivariate logistic regression model using
a backward elimination process where a P-value of 0.15 was considered
for a stay significance level. Post-operative clinical outcomes and post-
operative healthcare resource use were not explored in the multivariate
logistic model because the model was designed to describe factors that
could influence the incidence of, rather than outcomes related to, of
rNMB. To be included in the healthcare resource analysis, outcomes
had to have occurred in at least 2% of the study population.

2.8. Role of the funding source

This study was funded by Merck Sharp & Dohme Corp., a subsidiary
of Merck & Co., Inc., Kenilworth, NJ, United States. The sponsor was
involved in study design, in the collection, analysis and interpretation
of data, in the writing of the report, and in the decision to submit the
article for publication.

3. Results

A total of 365 subjects provided consent to participate in the study,
of whom 255 ultimately met eligibility criteria and comprised the per
protocol population (Fig. 1). Mean age was 51 years, ranging from 20 to
100, and approximately three quarters of patients were female
(Table 1). Mean and median body mass index (BMI) were both in the
obese range, as were nearly half (48%) of all patients, most (86%)
patients were non-smokers, and the vast majority (89%) with an ASA PS
of 2 or 3. Ninety-one (36%) patients had no comorbidities, and most
had at least one major comorbidity including cancer (25%), pulmonary
(28%) or cardiovascular disease (42%). The majority of patients were
treated in academic (79%) rather than community hospitals. A majority
of patients (67.1%) received both neostigmine (the only reversal agent
found to be used) and qualitative peripheral nerve stimulation (PNS),
while 81 (31.8%) received neostigmine only, and 2 (0.8%) qualitative
nerve stimulation only.

3.1. Incidence of rNMB

At extubation, 64.7% of the study population (165 subjects) had a
TOF ratio < 0.9, including 31.0% (79 subjects) with a ratio as low
as<0.6 (Fig. 2). Differences in baseline patient and hospital/proce-
dural characteristics among patients with (TOF < 0.9) and without
(TOF≥0.9) residual NMB at time of extubation are reported in Tables 1
and 2, respectively. There were no statistically significant differences in
residual block groups by age or height, although rNMB was sig-
nificantly more common in males than females and those with greater

body weight and BMI. There were no significant differences in the
proportion of smokers or patients with comorbidities, but patients with
rNMB tended to be in a higher ASA PS. The incidence of rNMB was
greater in subjects in ASA PS 3 than ASA PS 2 or 1. The proportion of
subjects with rNMB at extubation was similar despite use of neos-
tigmine alone (64%) or combined with PNS (65%), or type of abdom-
inal surgery performed (open or laparoscopic) but was significantly
greater in patients undergoing surgery at a community compared to an
academic hospital. Among community hospitals, residual NMB oc-
curred most often in, and was present among 83% of patients. Duration
of tracheal intubation, length of stay in the operating room, time from
neostigmine administration to extubation, and time from administra-
tion of the last dose of the NMBA to extubation were all significantly
shorter in subjects with rNMB.

3.2. Multivariate analysis of risk factors associated with residual block

Results of the multivariate analysis are provided in Table 3. While
power was limited, our analysis found several factors to be trending to
an increased likelihood of having rNMB at tracheal extubation, in-
cluding male gender [odds ratio (OR) 2.60 (1.28, 5.27)], increased BMI
[OR 1.04 (1.00, 1.07)], and surgery performed at a community hospital
[OR 3.15 (1.39, 7.15)]. Increased time (h) between tracheal intubation
and extubation was independently associated with decreased likelihood
of rNMB (OR 0.67, 0.48–0.92). Neither ASA PS nor time from NMBA
administration to extubation was statistically significantly associated
with likelihood of rNMB at extubation.

3.3. Exploratory outcomes

Modified Aldrete score on discharge from the OR was significantly
lower among subjects with rNMB at extubation (P=0.017,
Supplemental Table 1). Among the components of the modified Aldrete
score, movement on command, respiration, circulation and O2 satura-
tion were comparable in patients with and without rNMB; however,
fewer patients with rNMB were fully awake during examination (45%
vs 63%, P=0.015). Patients with rNMB had higher systolic blood
pressure at extubation and following extubation and at all points in
time post-PACU arrival. Patients also had significantly higher diastolic
blood pressure post-PACU arrival. There were no statistically significant
differences between residual block groups for Apfel's PONV risk at ex-
tubation or on PACU arrival. Intensive Care Unit admissions were rare
in both groups (two in rNMB patients vs zero in non-rNMB group).

Among the clinical complications assessed, only the need for un-
anticipated hospital procedures reached statistical significance and was
greater in subjects with rNMB than those without rNMB (8.5% vs 1.1%,
P=0.022); this difference was confirmed in the unadjusted logistic

Fig. 2. Incidence of residual neuromuscular block at tracheal extubation.
Train-of-four (TOF) ratio (T4/T1); Per protocol population (n=255);
Data are n with [%; 95% confidence intervals].
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regression (odd ratio: 8.25; P=0.043). Specifically, unanticipated
procedures included additional chest or abdominal imaging studies (10
procedures in 7 patients), further abdominal surgery (7 procedures in 5
patients), insertion of a nasogastric tube (n=4), electrocardiogram
(n=3), blood transfusion (n=2) or blood tests (n= 3).

Patients stayed in the PACU for a median of 2.8 h (range 0.7–21.8),
received a median of 0 bed visits (range 0 to 3) by an anesthesiologist
with a total median bedside visitation time of 5min (range 0–31). The

group with rNMB had marginally shorter length of PACU stay (2.7 vs
2.9 h) and similar anesthesiologist bed visits (median (range) of 0 (0–3)
vs 0 (0–2) visits) although anesthesiologists spent slightly longer time at
the bedside (median (range) of 5 (0−31) vs 3 (0–15) min). None of
these differences reached statistical or clinical significance.

While sample sizes were small, limiting power to detect differences,
few were observed in exploratory outcomes. There was no difference
between patients with and without rNMB with respect to the require-
ment for imaging studies (CXR, CR, scan, etc., occurring in ~17% of
patients), blood work (blood culture ABG, required by ~31% of pa-
tients), antibiotics (including both prophylactic and treatment asso-
ciated, used by ~27% of patients), spirometry(needed by ~43%) or
intervention required from other healthcare professionals (needed by
~29%). In PACU, oxygen was administered more often in patients with
rNMB than those without (median of 1 (range 0–8) vs median of 0
(range 0–10) P=0.009) but after PACU discharge the need for sup-
plemental oxygen became equivalent in the two outcome groups.

Following discharge from the PACU, resource use was generally
similar between subjects with and without rNMB following surgery,
with the exception of a significantly greater need for respiratory
therapy in subjects with prior rNMB [n= 51 (30.9%) vs n=17
(18.9%); P=0.039].

4. Discussion

Our data confirm that rNMB in our study population remained a
common occurrence after administration of NMB in U.S. surgical
practice. Approximately 65% of patients had a TOF ratio< 0.9, and in
approximately one third (31%), neuromuscular recovery remained
markedly impaired at tracheal extubation, as evidenced by a TOF

Table 2
Hospital and surgical characteristics of subjects with or without residual neuromuscular block at tracheal extubation.

At Baseline At Tracheal Extubation P value

Overall per protocol
population

rNMB No rNMB

TOF ratio < 0.9 TOF ratio≥ 0.9

(n=255) (n= 165) (n= 90)

Hospital/surgical characteristics
Type of hospital performing index operation (n, %)
Academic 202 (79.2%) 121 (73.3%) 81 (90.0%) 0.003
Community teaching 31 (12.2%) 24 (14.5%) 7 (7.8%)
Community 22 (8.6%) 20 (12.1%) 2 (2.2%)

Type of surgical procedure admitted (n, %)
Laparoscopic 120 (47.1%) 81 (49.1%) 39 (43.3%) 0.67
Open abdominal 124 (48.6%) 77 (46.7%) 47 (52.2%)
Laparoscopic to open abdominal 11 (4.3%) 7 (4.2%) 4 (4.4%)

Duration of surgery, h, mean (95% CI) 1.97 (1.86, 2.07) 1.85 (1.72, 1.98) 2.18 (2.01, 2.35) 0.003
Length of stay in operating room, h, mean (95%CI) 2.92 (2.79, 3.05) 2.78 (2.62, 2.95) 3.17 (2.98, 3.37) 0.004
Duration of tracheal intubation, h, mean ± SD (95% CI) 2.46 ± 0.92 (2.18, 2.47) 2.32 ± 0.9 (2.18, 2.47) 2.72 ± 0.9 (2.53, 2.90) 0.01
Neostigmine and peripheral nerve stimulation
Neostigmine only 81 (31.8%) 52 (31.5%) 29 (32.2%) 0.58
PNS only 2 (0.8%) 1 (0.6%) 1 (1.1%)
Both 171 (67.1%) 112 (67.9%) 59 (65.6%)
Neither 1 (0.4%) 0 (0.0%) 1 (1.1%)

Time from NMBA administration to tracheal extubation [min, mean (95%
CI)]

72.1 (67.7, 76.4) 66.5 (61.3, 71.7) 82.3 (74.8, 89.7) 0.001

12 to 47min 63 (24.7%) 51 (30.9%) 12 (13.3%) 0.002
48 to 66min 62 (24.3%) 43 (26.1%) 19 (21.1%)
67 to 90min 65 (25.5%) 34 (20.6%) 31 (34.4%)
91 to 216min 65 (25.5%) 37 (22.4%) 28 (31.1%)

Time from neostigmine administration to tracheal extubation [min,
mean ± SD (95% CI)]

15.5 ± 9.79 (14.3, 16.7) 14.4 ± 8.6 (13.1, 15.7) 17.5 ± 11.5 (15.1, 20.0) 0.02

1 to 8min 51 (20.2%) 33 (20.1%) 18 (20.5%) 0.208
9 to 12min 65 (25.8%) 49 (29.9%) 16 (18.2%)
13 to 19min 72 (28.6%) 44 (26.8%) 28 (31.8%)
20 to 63min 64 (25.4%) 38 (23.2%) 26 (29.5%)

Categories showing statistically significant differences are in bold.

Table 3
Multivariate analysis of risk factors associated with residual blocka at extuba-
tion.

Covariates Odds
Ratio

95% Confidence
Internal

P-value

At tracheal extubation
Female

Male
1.00
2.60

References
(1.28, 5.27) 0.008

BMI 1.04 (1.00, 1.07) 0.043
ASA PS1 1.00 Reference
ASA PS2 0.51 (0.21, 1.26) 0.144
ASA PS3 0.98 (0.37, 2.61) 0.976
Time from NMBA admin to TE

(min)
0.99 (0.98, 1.00) 0.088

Hospital Type (community vs
academic)

3.15 (1.39, 7.15) 0.006

Time from tracheal intubation to
extubation (h)

0.67 (0.48, 0.92) 0.014

a Where residual block is defined as: TOF ratio < 0.9, without residual
block: TOF ratio≥ 0.9. ASA, American Society of Anethesia; PS, physical status;
BMI, body mass index; NMBA, neuromuscular blocking agent; TE, tracheal
extubation.
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ratio< 0.6, even though, by routine clinical judgement, they were
suitable for extubation. Observations suggest a need for improved
monitoring of neuromuscular function and recovery during surgery and
emergence from anesthesia. Current practice of clinical judgement and
counting twitches is unreliable in assessing adequate return of muscular
function and readiness for tracheal extubation.

The incidence of rNMB in the current study is somewhat lower than
that reported by Murphy et al. who observed that 88% of subjects had a
TOF ratio< 0.9 at extubation [1,17]. This might be explained by our
broad inclusion criteria, not targeting a specific high-risk population,
although other published studies have documented even lower rates,
from 17% upwards [17,22,23,28]. Alternatively, rates of observed
rNMB may be partially due to the Hawthorne effect, whereby physi-
cians being observed may be extra cautious, resulting in conservative
estimates of rNMB.

Our descriptive analyses showed that residual block at tracheal
extubation was more common in males, in patients with greater BMI,
and those classified as ASA PS 3. We also found a trend in community
(N= 2) versus academic (N=8) hospitals, but this should be inter-
preted with caution, due to the small number of community hospitals
participating. This was confirmed by a multivariate analysis showing
that rNMB on extubation was significantly associated with male gender,
incremental increase in BMI, surgery performed in a community hos-
pital, and shorter time from tracheal intubation to extubation such that
the odds of rNMB were reduced by 37% for every hour of anesthetic
duration. While power was limited in the analysis of secondary out-
comes, gender-related differences in the relationship between TOF ratio
and clinical measures used to assess recovery from neuromuscular block
are consistent with what have been demonstrated in other studies. One
might speculate that these differences could indicate differences in
dosing of muscle relaxants or metabolism thereof, by gender [29].
Furthermore, increasing BMI presents additional challenges for correct
dosing of neuromuscular blocking agents, making it difficult to achieve
and maintain a specific level of muscle relaxation. Similarly, adequate
dosing and timing of reversal medication can be trying. Although in-
itially perplexing, the higher incidence of rNMB in community hospitals
may reflect greater pressure for rapid OR turn-around times, shorter
procedure times, and/or differences in awareness of current re-
commendations among staff delivering anesthesia. However, while the
large difference in distribution of TOFR at tracheal extubation by type
of center is an interesting observation, it is unclear if this is reflective of
general practice common to these types of hospitals or given the limited
sample (10 hospitals overall), only reflects practice of these particular
sites, and cannot necessarily be generalized.

In our univariate analysis, rNMB was associated with shorter tra-
cheal intubation time, shorter duration of surgery, shorter time from
administration of the NMBA to extubation and shorter time from ad-
ministration of neostigmine to extubation. Our multivariate analysis
found shorter tracheal intubation time and shorter time from admin-
istration of the NMBA to extubation to be associated with rNMB. While
duration of stay in the OR yielded similar results, it was not included in
the multivariate analysis due to high multicollinearity with tracheal
intubation time. Our results are in line with the findings by Yip et al.
showing that patients with rNMB were more likely to have had a
shorter duration of anesthesia (66min vs 74min, P=0.017) [30].
These authors also demonstrated that patients with rNMB during their
PACU stay were more likely to be male (P=0.013), which our study
found at the time of extubation (P=0.018).

Fewer subjects with rNMB were fully awake on discharge from the
OR, and these patients required a higher number of post-operative
unanticipated hospital procedures. It is concerning that the use of
neostigmine, with or without PNS, did not reduce the incidence of
rNMB. This is consistent with our data demonstrating that administra-
tion of neostigmine does not guarantee sufficient neuromuscular re-
covery. Clinicians should not assume that neostigmine will effectively
reverse the effects of NMBAs. Clinical outcomes may instead be

improved through protocols and behavioral strategies that encourage
close patient monitoring of rNMB using quantitative monitoring de-
vices, which should be routinely available; awaiting full recovery after
surgery; and awareness and training programs that highlight the on-
going problem of rNMB and stress the appropriate use of reversal
agents.

A recent retrospective study demonstrated that case controlled pa-
tients who were given NMBAs were 1.79 times more likely to develop
pneumonia than those who were not administered NMBAs [31]. Of
those who received a NMBA, antagonising the block with neostigmine
reduced the incidence of postoperative pneumonia by more than half
(cases who were reversed), IRR (2.26, 95% CI (1.65–3.03)), but this did
not return the patient's risk of postoperative pneumonia to baseline
(those assumed to have a TOF of 100% because they did not receive
NMBAs).

In our exploratory analysis, resource use was higher following dis-
charge from the PACU in subjects with rNMB, and a significantly
greater proportion required respiratory therapy, supplemental oxygen,
antibiotics, and intervention by other healthcare professionals, such as
anesthesiologists. While our study was not powered to show a pro-
longation in PACU stay associated with rNMB, other authors have
shown a significant increase in PACU stay from 243min to 323min
(P=0.026) [9].

While it was beyond the scope of this study to explore additional
postsurgical cognitive or psychological outcomes, previous literature
[32,33] has demonstrated that conscious paralysis is also associated
with downstream health sequelae, and there is no reason to think si-
milar would not be true in this study population.

The current study was subject to certain limitations by virtue of its
observational design, and several measures were taken to try to address
this. Formal procedures were observed to minimize potential bias and
confounding effects. The clinical care team was blinded to all TOF ratio
measurements taken by research personnel for study purposes and were
instructed to follow their usual standard of measuring and maintaining
muscle relaxation. Nonetheless, our study is certainly susceptible to the
Hawthorne effect. This would have a conservative impact on the esti-
mated frequency of rNMB, which may be even higher in patients out-
side this research study setting. In addition, this study may not be
widely generalizable to practice across the U.S., though we do believe
clinical practice, and hence our findings would be typical to other U.S.
sites of similar characteristics. Information bias due to patient mis-
classification, treatment coding or reporting error was minimized by
auditing case report forms against source documentation (hospital
electronic medical record) and a series of computerized edit checks,
repeated cross-tabulation and data review for verification or correction
of the electronic data. Discrepancies were reviewed, and any resulting
queries were resolved with the investigator and amended in the data-
base. Detection bias was minimized using objective recording of sur-
gical procedures, times and outcomes, and repeated measures of TOF
values, since the TOF-Watch SX® is highly user-dependent and sensitive
to accidental movement of the patient's arm, which presented another
challenge of the study.

The a priori primary endpoint for the study was to determine the
incidence of rNMB at the time of tracheal extubation in surgeries where
quantitative neuromuscular monitoring is not routinely used. We con-
ducted a series of additional exploratory analyses, but it is important to
note that our sample size was not powered to detect a difference in
these clinical outcomes and any finding should therefore be considered
as exploratory. Previous literature has established a clear link between
residual neuromuscular block and adverse patient outcomes and we
have little reason to believe this would be different in our study po-
pulation. Unfortunately, granular information on type, dose and timing
of NMB administration or dose and timing of reversal agent was not
collected. Anesthesiologists were not bound by study protocol and the
anesthetic management reflects clinical judgement and practice.

Nonetheless, this study demonstrates that despite qualitative
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neuromuscular monitoring, administering neostigmine, and clinical
judgement to assess readiness for extubation, nearly two-thirds of pa-
tients experienced rNMB with a TOF ratio< 0.9 at the time of ex-
tubation, and nearly one-third had severe rNMB (TOF ratio < 0.6).
While this study is limited in that it preceded the introduction of su-
gammadex into clinical practice in the U.S., it is still relevant in de-
monstrating the burden of residual neuromuscular block among centers
where quantitative monitoring is not routinely measured. Quantitative
monitoring is still not routinely utilized and most cases in the U.S. do
not receive sugammadex. We therefore believe our concerning findings
still apply broadly today. Residual neuromuscular block remains a risk
with high clinical relevance and current practice is inadequate to
monitor safe emergence from anesthesia. Our observations suggest
current practice of monitoring of NMB and its reversal can be improved.
Technology to measure neuromuscular function quantitatively has been
available for years but has yet to reach the threshold of routine appli-
cation. Several barriers to implementation, such as education and
problem awareness, technical difficulties or availability, seem to pre-
vent routine clinical application. The recent introduction of a novel
NMB reversal agent (i.e., sugammadex) has the potential to reduce the
incidence of rNMB. Recent literature demonstrates a reduced incidence
of rNMB when novel NMB reversal agents (i.e., sugammadex) are used
[34–36]. This further supports that rNMB is a preventable event. One
might speculate that if carried out today, in centers where sugammadex
is routinely used, a similar study may show improvements in the in-
cidence rNMB. However, sugammadex is only indicated for the reversal
of rocuronium and vecuronium and should not be considered in place of
quantitative neuromuscular monitoring nor as a replacement for efforts
to improve neuromuscular monitoring practice.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jclinane.2018.12.042.
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