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Background: Sugammadex rapidly reverses deep neuromuscular blockade, but owing to cost, questions remain about its opti-
mal utilization. After the unrestricted introduction of sugammadex at Emory University Hospital, we hypothesized that reduc-
tions would be demonstrated in the primary outcome of post-anesthesia care unit (PACU) mechanical ventilation (MV) and 
secondary outcomes of PACU length of stay (LOS) and emergence time (surgery end to anesthesia end time in the PACU).
Methods: This retrospective observational study included patients undergoing general anesthesia over a 12-month peri-
od. Using multiple variable penalized logistic regression in a one-group before-and-after design, we compared the catego-
rized rates of PACU MV to examine the effect of sugammadex introduction following a post-hoc chart review to ascer-
tain the reason for postoperative MV. Additionally, multiple variable linear regression was used to assess for differences 
in PACU LOS and emergence time within a propensity-matched set of patients receiving neostigmine or sugammadex.
Results: In total, 7,217 surgical cases met the inclusion criteria: 3,798 before and 3,419 after sugammadex introduction. 
The incidence of PACU MV was 2.3% before and 1.8% after (P = 0.118) sugammadex introduction. PACU MV due to re-
sidual neuromuscular blockade (rNMB) decreased from 0.63% to 0.20% (P = 0.005). Ventilation because of other causes 
was unchanged. PACU LOS and emergence time were unchanged in the propensity-matched set of 1,444 patients.
Conclusions: rNMB was an important contributor to PACU MV utilization and its incidence significantly decreased 
after sugammadex introduction. The selected efficiency measures may not have been sufficiently granular to identify im-
provements following introduction.
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Introduction

Sugammadex is capable of directly reversing the effects of 
aminosteroidal neuromuscular blocking agents (NMBAs, e.g., 
rocuronium and vecuronium), by forming tight water-solu-
ble complexes at a 1 : 1 ratio [1]. Compared to cholinesterase 
inhibitors, NMBA antagonism with sugammadex results in 
faster recovery and the ability to completely recover from even 
profound blockade, thus conferring the potential to eliminate 
residual neuromuscular blockade (rNMB) in routine practice 
[1–7]. Between 16–60% of patients reversed with neostigmine 
will demonstrate signs of rNMB, contributing to morbidity 
from postoperative pulmonary complications (PPCs), such as 
hypoxemia, airway obstruction, and pneumonia [5,6,8]. Owing 
to the limited efficacy of cholinesterase inhibitors, some patients 
cannot be safely extubated at the conclusion of surgery, either 
because of rNMB following attempted antagonism or blockade 
that is too profound to even attempt antagonism [9,10]. This 
could beget increased utilization of operating room time after 
the conclusion of surgery or the decision to unexpectedly em-
ploy mechanical ventilation (MV) in the post-anesthesia care 
unit (PACU).

Although sugammadex has been available globally since 
2008, it did not receive United States (US) Food and Drug Ad-
ministration approval until December 2015. As a result, US 
practitioners, practice groups, and hospitals must decide if and 
how to incorporate sugammadex during routine clinical prac-
tice, which is influenced in part by its high direct costs [11]. 
However, there may be opportunities for indirect savings. For 
example, postoperative MV is associated with longer PACU 
stays and increased financial burden [5,12,13]. A decrease in 
postoperative MV would be expected to result in lessened PACU 
length of stay (LOS) and decreased provider workload, favor-
ably impacting the pharmacoeconomic analyses underpinning 
sugammadex utilization decisions [10,14]. Similarly, the ability 
of sugammadex to completely reverse NMB at nearly any level 
could result in more rapid intraoperative recovery times.

We sought to examine practical outcomes after the introduc-
tion of sugammadex for unrestricted use by anesthesia providers 
at Emory University Hospital. We hypothesized that there would 
be a reduction in the primary outcome of PACU MV. Likewise, 
we anticipated reductions in the secondary outcomes of PACU 
LOS and the time from surgery stop to anesthesia stop (“emer-
gence time”).

Materials and Methods

We conducted a retrospective observational study of rou-
tinely recorded data between October 1, 2015 and October 1, 
2016 to examine the clinical and efficiency outcomes following 

the unrestricted introduction of sugammadex into practice at 
Emory University Hospital. This study was approved by the 
Emory University Institutional Review Board (#IRB00092068), 
including a waiver of informed consent given minimal risk. This 
manuscript conforms with the applicable EQUATOR checklist 
for observational studies (STROBE).

Outcomes

One primary outcome was specified a priori: (1) the rate of 
PACU MV. Three secondary outcomes were analyzed. The first 
two were specified a priori: (2) PACU LOS and (3) emergence 
time. As discussed subsequently, an additional secondary out-
come was specified post-hoc: (4) rate of PACU MV by cause. 
PACU LOS was defined as the time between anesthesia end time 
and readiness for PACU discharge as is routinely documented.

Design 

The design was quasi-experimental with a one-group pre/
post design for outcomes (1) and (4) and multiple variable re-
gression with propensity score matching for outcomes (2) and 
(3). The study period was chosen to allow for the assessment of 
a sufficient number of ventilated patients while maintaining the 
feasibility of manual chart review to identify a cohort for out-
comes (1) and (4); a formal power analysis was not performed.

The study was divided into two time periods: six and a half 
months before (P1, October 1, 2015 to April 12, 2016) and five 
and a half months after (P2, April 13, 2016 through October 1, 
2016) sugammadex was made available. Once added to the hos-
pital formulary, sugammadex was supplied as part of a standard 
medication tray for every surgical case without restrictions on 
provider use. Prior to introduction, providers were educated 
about its use. Neostigmine and glycopyrrolate were included in 
the same tray. Choice of NMBA antagonist was at the discretion 
of the care team. Qualitative nerve monitors were available for 
all surgical cases, and quantitative monitors (i.e., accelerometers) 
were available on request.

Data acquisition

Using structured queries against the Emory Healthcare 
Clinical Data Warehouse (CDW), we identified for inclusion all 
surgical cases performed using general endotracheal anesthesia 
(GETA), had an electronic anesthesia record during the study 
period, and had recovered in the PACU. Patients who were al-
ready intubated prior to their procedure and those who did not 
recover in the PACU (direct ICU admission) were excluded. For 
each patient, age, sex, height, weight, American Society of Anes-
thesiologists physical status classification (ASA-PS), glomerular 
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filtration rate, and surgical specialty data were extracted from 
the CDW. NMBAs and antagonists used, as well as timestamps 
for anesthesia and surgery start/stop, PACU admission time, and 
routinely recorded readiness for PACU discharge were also ex-
tracted. For outcome (2), PACU LOS reflected the span of time 
between admission to the PACU and readiness for discharge, 
not the time when patients physically left the PACU. With re-
gards to outcome (3), some patients were ready for transport 
from the operating room to the PACU, but PACU staff were not 
available to assume care of the patient. The cases of such patients 
are flagged with a “PACU hold” time per protocol at our insti-
tution. The time between surgery end and the PACU hold time 
was used for outcome (3) in these instances.

Data validation and review

First-pass identification of patients with possible mechanical 
ventilation in the PACU was performed by identifying within 
the CDW respiratory therapy interventions (i.e., documented 
ventilation mode) during the PACU phase of care. This ap-
proach was validated against known cases of PACU mechanical 
ventilation. Further confirmation of PACU mechanical venti-
lation was made using a detailed manual chart review by two 
investigators (CM and MM). After obtaining the results from 
the analysis of outcome (1), a post-hoc determination of the 
reason for PACU MV was undertaken on a per-case basis by 
two investigators (CM and MM). These causes were assigned to 
categories, subject to review and confirmation by two additional 
investigators (GL and VO), who also refereed disagreements. 
This analysis led to the examination of secondary outcome (4). 
In addition to a major category assignment, one or more sub-
categories were assigned to each. Specifically, for categorization 
of PACU MV due to rNMB, which was defined as any of the 
following: documentation of train-of-four (TOF) < 4 at case 
end, documentation of TOF with subjective fade at case end, 
documentation of TOF ratio < 0.9 (by accelerometry) at case 
end, or free-text documentation of rNMB by the intraoperative 
or PACU anesthesia providers.

Statistical analysis

Following the identification of surgical cases with complete 
data from P1 and P2, further statistical analysis was performed 
using R v 3.3 (R Core Team, Austria) [15]. A significance level α 
of 0.05 was used for all statistical tests. For single variable analy-
sis, categorical data were analyzed using chi-squared tests, while 
continuous data were analyzed using t-tests (except for case 
length, which was analyzed using the Wilcoxon rank-sum test), 
using functions included in the base installation of R.

The dependent variables included (1) a binomial categori-

zation PACU MV, (2) the logarithm of PACU LOS time, (3) the 
logarithm of emergence time, and (4) binomial categorization of 
PACU MV by cause. The independent variables included patient 
age, sex, height, log weight, categorized ASA-PS (1/2, 3, 4/5, or 
Emergency [any]), categorized estimated glomerular filtration 
rate (< 30, 30–60, or > 60 ml/min/m2), surgical specialty type, 
and log case length (time from surgery start to surgery stop as 
documented in the intraoperative record). Data were manually 
inspected, transformed to normality if necessary, and outlier 
cases were removed. Baseline distribution and transformation to 
normality, if performed, were assessed graphically by inspecting 
quantile-quantile plots generated using a normal distribution to 
model theoretical quantiles. The exclusion criteria and number 
of cases excluded are shown in Fig. 1. Height displayed satisfac-
tory characteristics of normal distribution without transforma-
tion. Age was not normal in distribution, and uncomplicated 
transformations via root or logarithm did not yield improve-
ment. Age was therefore left untransformed for regression anal-
ysis [16]. Cases with missing data for any of the dependent vari-
ables were excluded from the complete case regression analysis. 
A dummy dependent variable (Era) was included in both types 
of regression modeling described below, where Era = 0 was as-
signed for P1 and Era = 1 was assigned for P2.

Owing to the relatively low incidence of the binomial out-
comes of interest (1) and (4), resulting in complete separation in 
some of the categorical control variables, a penalized-likelihood 
logistic regression analysis was performed using Firth’s method 
via the “logistf ” package in R [17–19]. Sensitivity analysis was 
performed using standard logistic regression by collapsing cer-
tain categorical control variables that had complete separation 
without this combination of categories. Interrupted time series 
analysis including the time factor was not attempted because of 
the rarity of the events in the time series. Likelihood ratio tests 
were performed to determine the significance of the contribu-
tion of each dependent variable included in the model.

For outcomes (2) and (3), we analyzed only cases in P2. We 
assigned an additional dummy variable to each of these cases 
to indicate whether they had received only neostigmine or only 
sugammadex. Cases not administered either of these drugs, or 
both, were excluded. We then performed propensity matching 
using the genetic algorithm within the “MatchIt” R package 
[20,21]. As described by Ho et al. [21], this approach uses “a 
genetic search algorithm to find a set of weights for each co-
variate such that optimal balance is achieved after matching.” 
This methodology samples with replacement to optimize the 
global propensity score, and searches for an optimal matched 
pool from both the “treatment” group (sugammadex) and the 
“control” group (neostigmine) rather than finding a 1 : m ratio 
matched group. For sensitivity analysis, other algorithms for 
matching were also employed (greedy nearest neighbor, optimal, 
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and coarsened exact matching). Matching was performed on 
the following independent variables: age, sex, weight, ASA-PS, 
renal function categorization, case length, and surgical specialty. 
Owing to residual imbalance, we performed multiple variable 
ordinary least squares linear regression by using the entire co-
hort as well as the matched samples. This was performed using 
the glm function of the “stats” package in R, included in the base 
installation. The dependent variables in these analyses were 
outcomes (2) and (3). The independent variables were those de-
scribed for matching as well as the dummy variable for neostig-
mine/sugammadex. Emergence times between 2 min and 150 
min were included in that regression analysis. Because we were 
working with log-transformed outcomes of interest, following 
linear regression, the resultant coefficients were exponentiated 
and adjusted as 𝛽𝛽𝛽𝛽, 𝑎𝑎𝑎𝑎𝑎𝑎̂  = 100 ∗ (exp(𝛽𝛽𝛽̂𝛽)  −  1) to determine 
the estimate of the percentage change associated with (a) each 
categorical independent variable compared to the referent or (b) 
with a one-unit change in continuous independent variables [22]. 
This was a reasonable approximation for a 1% change in our 
log-transformed dependent variables as well.

Results

Patient characteristics

There were 4,778 cases in P1 and 4,337 in P2 who received 
GETA. After excluding cases not recovered in the PACU and 
those with missing data, 3,798 cases in P1 and 3,419 in P2 were 
included in the final analytic dataset. Characteristics of the cases 
analyzed are summarized in Table 1. The majority of patients 
were female, had ASA-PS 3, and represented a range of surgi-
cal specialties, the most common being general and oncologic 
surgery. The patient populations and case characteristics were 
similar in both time periods for all of the examined characteris-
tics except median height (167.6 cm vs. 170.2 cm, P = 0.035) and 
case length (109 min vs. 105 min, P = 0.008). 

NMBA and antagonist agents 

Nearly all patients undergoing GETA received a NMBA in 
P1 and P2, with rocuronium being used in a majority of cases 
in both P1 and P2. The use of vecuronium and succinylcholine 
was lower in P2 by a small but statistically significant margin 
(Table 1). Some cases received more than one NMBA, includ-

Patients not receiving
GETA, not recovered in
PACU, or with missing

data
(n = 2,546)

Total cases 10/01/2015 10/01/2016
(n = 12,170)

Cases manually reviewed
for postoperative mechanical

ventilation etiology
(n = 222)

Postoperative mechanical ventilation
(n = 86)

Cases secondary to rNMB
(n = 24)

P2
4/13/2016 10/01/201

(n = 5,826)

Patients receiving
GETA + recovery in

PACU
(n = 3,419)

Patients not receiving
GETA, not recovered in
PACU, or with missing

data
(n = 2,407)

Cases excluded due to
NIPPV
(n = 76)

Postoperative mechanical ventilation
(n = 60)

Cases secondary to rNMB
(n = 7)

P1
10/01/2015 4/12/2016

(n = 6,344)

Patients receiving
GETA + recovery in

PACU
(n = 3,798)

Fig. 1. Study profile with case numbers, exclusions, and main findings related to mechanical ventilation in the post-anesthesia care unit. All patients 
to the left of center are from P1, and all patients to the right of center are from P2. GETA: general endotracheal anesthesia, PACU: post-anesthesia 
care unit, NIPPV: non-invasive positive pressure ventilation, rNMB: residual neuromuscular blockade.



378 Online access in http://ekja.org

VOL. 71, NO. 5, October 2018Sugammadex and postoperative ventilation

ing multiple nondepolarizing agents. While the percentage of 
cases given any antagonist (neostigmine, sugammadex, or both) 
following a nondepolarizing NMBA was > 90% in both P1 and 
P2, neostigmine use dropped from 90.6% to 30.7% (P < 0.001), 
representing a two-thirds decrease following the introduction 
of sugammadex. Sugammadex became the antagonist of choice 
after its introduction and was used in 61.5% of cases receiving 
NMBA during P2. A small number of cases (n = 14) received 
both neostigmine and sugammadex during P2, suggesting 
sugammadex was used as a rescue agent following attempted 
NMBA antagonism with neostigmine.

MV in the PACU

The rates and causes of PACU MV are shown in Table 2. Ma-
jor causes included respiratory/airway, hemodynamic, neuro-
logical, or iatrogenic ones, as well as rNMB and lack of intensive 
care bed (did not plan to extubate) (See Supplemental Appendix, 
Table S1, for additional detail). The overall incidence of PACU 
MV was 86 of 3,798 cases (2.3%) in P1 and 60 of 3,419 (1.8%) 
in P2. Multiple variable penalized-likelihood logistic regression 
using Firth’s method demonstrated no overall difference after 
accounting for the control variables. We proceeded to perform 
an analogous multiple variable regression analysis against each 
of the identified overall reasons for PACU MV. The results of 
these regression analyses, reporting only the significance of the 
difference between P1 and P2, are also shown in Table 2. The 

Table 1. Patient, Surgical Case, and Neuromuscular Blocking/Reversal Agent Use Characteristics before (P1) and after (P2) Sugammadex Availability 
amongst those Receiving General Endotracheal Anesthesia with Recovery in the PACU

P1 (n = 3,798) P2 (n = 3,419) P value

Age (yr)* 55.1 ± 16.1 54.4 ± 15.9 0.062
Sex (Female)‡ 2,151 (56.6%) 1,925 (56.3%) 0.795
Height (cm)* 167.6 (131.2–208.3) 170.2 (134.5–203.2) 0.035
Weight (kg)* 79.4 (31.3–198.6) 79.5 (30–231.8) 0.245
GFR (ml/min/m2)‡ 0.442

< 30 313 (8.2%) 285 (8.3%)
30–60 451 (11.9%) 439 (12.8%)
> 60 3,034 (79.9%) 2,695 (78.8%)

ASA classification‡ 0.059
1/2 1,227 (32.3%) 1,070 (31.3%)
3 2,089 (55%) 1,882 (55%)
4/5 307 (8.1%) 316 (9.2%)
Emergency (any) 175 (4.6%) 151 (4.4%)

Case length (min)† 109 (56–177) 105 (50–176) 0.034
Surgical specialty‡ 0.094

Cardiac/thoracic/vascular 481 (12.7%) 439 (12.8%)
General/oncology 1,281 (33.7%) 1,111 (32.5%)
Neurosurgery 614 (16.2%) 494 (14.4%)
Urology 518 (13.6%) 488 (14.3%)
Gynecology 224 (5.9%) 208 (6.1%)
Gastroenterology 410 (10.8%) 436 (12.8%)
Other 270 (7.1%) 243 (7.1%)

Neuromuscular blocking agents‡ 3,713 (97.8%) 3,330 (97.4%) 0.351
Rocuronium 2,917 (76.8%) 2,623 (76.7%) 0.954
Vecuronium 431 (11.3%) 334 (9.8%) 0.033
Cisatracurium 265 (7.0%) 219 (6.4%) 0.356
Succinylcholine 1,091 (28.7%) 892 (26.1%) 0.013
None 85 (2.2%) 89 (2.6%) 0.351

Received any NMBA‡ 3,185 (83.9%) 2,874 (84.1%) 0.842
NMBA and neostigmine 2,886 (90.6%) 883 (30.7%) < 0.001
NMBA and sugammadex 0 (0%) 1,767 (61.5%) < 0.001
NMBA and no reversal 299 (9.4%) 238 (8.3%) 0.142

Values are expressed as mean ± SD or number (%) or median (IQR). GFR: glomerular filtration rate, ASA: American Society of Anesthesiologists, 
NMBA: nondepolarizing neuromuscular blocking agent. P values calculated using t-tests (*continuous), Wilcoxon rank-sum (†case length), or chi-
squared analysis (‡categorical). Totals may exceed 100% as some patients received multiple agents. 
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Table 2. Rates and Causes of Post-anesthesia Care Unit Mechanical Ventilation before (P1) and after (P2) the Introduction of Sugammadex into 
Clinical Care

Cause of PACU  
mechanical ventilation Total Pre (P1) Post (P2)

Odds ratio of PACU  
mechanical ventilation in the 

post-introduction era versus the 
pre-introduction era (95% CI)

P value

Did not plan to extubate 32 (21.9%) 19 (22.1%) 13 (21.7%) 0.772 (0.373–1.551) 0.469
Hemodynamic 18 (12.3%) 6 (7.0%) 12 (20.0%) 2.030 (0.807–5.616) 0.134
Iatrogenic 16 (11.0%) 11 (12.8%) 5 (8.3%) 0.546 (0.182–1.451) 0.230
Neurological 18 (12.3%) 11 (12.8%) 7 (11.7%) 0.792 (0.297–1.992) 0.622
Respiratory 31 (21.2%) 15 (17.4%) 16 (26.7%) 1.124 (0.557–2.282) 0.108
rNMB 31 (21.2%) 24 (27.9%) 7 (11.7%) 0.339 (0.139–0.736) 0.005
All except rNMB 115 (78.8%) 62 (72.1%) 53 (88.3%) 0.938 (0.645–1.358) 0.733
All causes 146 86 60 0.767 (0.547–1.069) 0.118

Values are expressed as number (%). PACU: post-anesthesia care unit, rNMB: residual neuromuscular blockade. P values were derived by performing 
multiple variable logistic regression as described.

Table 3. Linear Regression on a Propensity-matched Sample Examining the Percentage Change in the Post-anesthesia Care Unit Length of Stay 
Associated with Neostigmine Versus Sugammadex Administration

OLS regression on  
the propensity-matched cohort  

(n = 1,444)

Percentage change in PACU LOS and 95% CI Univariable 
P value 

(Overall LR per ind. var. 
/vs. reference category)

% Change 95% CI (low) 95% CI (high)

Reversal agent LR P = 0.701
   Neostigmine Referent Referent Referent Referent
   Sugammadex 1.2% −5.0% 7.9% 0.702
Age (yr) LR P = 0.023
   Age at visit 0.25% 0.04% 0.47% 0.023
Sex LR P = 0.017
   Female Referent Referent Referent Referent
   Male −8.0% −14.1% −1.5% 0.017
Weight LR P = 0.014
   log Weight (kg) 17.37% 3.26% 33.40% 0.014
Renal function category (ml/min/m2) LR P = 0.036
   GFR < 30 Referent Referent Referent Referent
   GFR 30–60 1.5% −10.3% 14.9% 0.813
   GFR > 60 −9.1% −18.0% 0.81% 0.071
ASA-PS LR P < 0.001
   ASA-PS 1/2 Referent Referent Referent Referent
   ASA-PS 3 5.1% −2.5% 13.3% 0.198
   ASA-PS 4/5 5.8% −7.0% 20.3% 0.396
   ASA-PS Emergency (any) −24.6% −36.5% −10.5% 0.001
Case length LR P < 0.001
   log Case length (min) 24.2% 18.8% 29.9% < 0.001
Procedure type LR P < 0.001
   Cardio/thorac/vasc Referent Referent Referent Referent
   General/onc −4.6% −13.4% 5.3% 0.350
   Neurosurgery 15.1% 3.1% 28.5% 0.013
   Urology 1.3% −9.6% 13.4% 0.827
   Ob/gyn −4.3% −16.9% 10.4% 0.548
   Gastroenterology −28.8% −40.0% −15.6% < 0.001
   Other −19.2% −29.4% −7.6% 0.002

OLS: ordinary least-squares, PACU: post-anesthesia care unit, LR: likelihood ratio, ind var: independent variable, GFR: glomerular filtration rate, 
ASA-PS: American Society of Anesthesiologists physical status, LOS: length of stay, Cardio/thorac/vasc: cardiac, thoracic and vascular surgery, 
General/one: general and oncologic surgery, and oncologic surgery, Ob/gyn: obstetric and gynecologic surgery.
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rate of PACU MV due to rNMB decreased significantly, from 24 
cases in P1 (0.63%) to 7 in P2 (0.20%; P = 0.005). MV because of 
other causes was not statistically significant. Sensitivity analysis 
performed with standard logistic regression yielded virtually 
identical results, with a significant change in PACU MV rate due 
to rNMB (P = 0.008), and none of the other causes yielded a sta-
tistically significant change in PACU MV (not shown). 

PACU LOS and emergence times

We developed a propensity-matched cohort of patients from 
P2 who were reversed with either neostigmine or sugammadex 
(n = 1,444 patients; characteristics summarized in Supplemental 
Appendix, Table S2). We performed linear regression to test for 

an independent association of sugammadex with a difference in 
PACU LOS and emergence time. The results of these analyses 
are presented in Tables 3 and 4, respectively. Owing to residual 
imbalance, factors independently associated with longer PACU 
LOS included female sex, increasing age, increasing weight, bet-
ter renal function, non-emergency surgery, longer case length, 
and certain procedural categories. Factors associated with longer 
emergence times included longer surgical duration and certain 
procedural categories. No difference was observed in either 
outcome between reversal with neostigmine or reversal with 
sugammadex, in either the propensity-matched cohort or in the 
unadjusted cohort (not shown). We chose a genetic propensi-
ty-matching algorithm as it resulted in the best balance of pre-
served sample size and matched profile as measured by distance 

Table 4. Linear Regression on a Propensity-matched Sample Examining the Percentage Change in the Emergence Time Associated with Neostigmine 
versus Sugammadex Administration

OLS regression on  
the propensity-matched cohort  

(n = 1,444)

Percentage change in emergence time and 95% CI Univariable 
P value 

(Overall LR per ind. var. 
/vs. reference category)

% Change 95% CI (low) 95% CI (high)

Reversal agent LR P = 0.194
Neostigmine Referent Referent Referent Referent
Sugammadex 3.2% −1.6% 8.2% 0.196

Age (yr) LR P = 0.221
Age at visit −0.10% −0.26% 0.06% 0.225

Sex LR P = 0.829
Female Referent Referent Referent Referent
Male −0.56% −5.5% 4.7% 0.830

Weight LR P = 0.089
log Weight (kg) −7.9% −16.4% 1.3% 0.091

Renal function category (ml/min/m2) LR P = 0.195
GFR < 30 Referent Referent Referent Referent
GFR 30–60 −6.4% −14.7% 2.7% 0.163
GFR > 60 −6.7% −13.6% 0.8% 0.078

ASA-PS LR P = 0.296
ASA-PS 1/2 Referent Referent Referent Referent
ASA-PS 3 2.5% −3.1% 8.4% 0.394
ASA-PS 4/5 9.8% −0.3% 21.0% 0.058
ASA-PS Emergency (any) 4.5% −8.1% 18.8% 0.505

Case length LR P < 0.001
log Case length (min) 5.9% 2.4% 9.5% 0.001

Procedure type LR P < 0.001
Cardio/thorac/vasc Referent Referent Referent Referent
General/onc −1.9% −8.9% 5.5% 0.599
Neurosurgery 22.6% 12.9% 33.2% < 0.001
Urology −2.1% −10.1% 6.6% 0.628
Ob/gyn −3.8% −13.5% 7.1% 0.481
Gastroenterology −6.2% −17.5% 6.6% 0.326
Other −9.1% −17.9% 0.5% 0.063

OLS: ordinary least-squares, LR: likelihood ratio, ind var: independent variable, GFR: glomerular filtration rate, ASA-PS: American Society of 
Anesthesiologists Physical Status, Cardio/thorac/vasc: cardiac, thoracic and vascular surgery, General/onc: general surgery and oncologic, Ob/gyn: 
obstetric and gynecologic surgery.
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reduction and balance improvement. The detected associations 
were not substantively different if alternative propensity-match-
ing algorithms were employed. These sensitivity analyses were 
performed to assess for improved balance over the genetic algo-
rithm and to ensure that the specific matching algorithm used 
was not a contributing factor to our findings.

Discussion

The introduction of sugammadex into unrestricted clinical 
use was associated with a significant reduction in PACU MV 
due to rNMB, but no change was observed in the studied effi-
ciency outcomes or overall utilization of MV in the PACU. Rates 
of PACU MV decreased from 0.63% to 0.20% following intro-
duction of sugammadex. Prior descriptions of causes for PACU 
MV have been scant. We found the causes of PACU MV to be 
diverse, and rNMB accounted for 27.9% of PACU MV in P1 
versus 11.7% in P2. The use of sugammadex likely enabled the 
reversal and extubation of patients who previously would have 
otherwise required postoperative MV.

Impact of sugammadex availability on PACU and 
efficiency measures

Broadly speaking, any rNMB carries a risk of patient discom-
fort, morbidity, and PPCs [8]. These complications have been 
well described, and a review of these complications, and the de-
bate surrounding them, are beyond the scope of this report. We 
studied one of the more extreme consequence of rNMB, namely 
the need for mechanical ventilation in the PACU. When relying 
on anticholinesterases for NMBA antagonism, rNMB necessi-
tating PACU MV can occur when a procedure is much shorter 
than expected, when deep NMB is required until case end, and 
in patients with unexpectedly prolonged TOF suppression. Re-
lated factors may include inexperience or errors with NMBA 
dosing and monitoring. Previous studies showing that sugam-
madex has the potential to eliminate rNMB had not reported on 
its effect on PACU MV [5,23]. Olesnicky et al. [24] recently pub-
lished an observational study of unrestricted sugammadex use 
in Australia, reporting a decrease in respiratory diagnoses with 
sugammadex availability. While they did observe a decrease in 
PACU MV, from 0.88% to 0.18%, this was not statistically signif-
icant, perhaps because of the sample size.

Avoiding PACU MV reduces the workload for PACU staff 
(nurses, respiratory therapists, and physicians), hastens postop-
erative recovery, improves PACU efficiency, and avoids excess 
costs. These implications align with other work identifying 
earlier discharge readiness in patients who received sugam-
madex versus anticholinesterases for NMBA antagonism [25]. 
Although we studied a severe manifestation of rNMB, sugam-

madex may hasten postoperative recovery and avoid more 
subtle types of PPCs [10,26,27]. Although we failed to identify 
improvements in the studied efficiency metrics, these and sim-
ilar benefits should factor into pharmacoeconomic decisions 
regarding sugammadex deployment and implementation. Direct 
costs may be partially or fully offset through indirect savings in 
certain practice settings. PACU LOS and emergence time are 
highly complex, multifactorial outcomes that might be better 
assessed with a prospective observational design to standardize 
their assessment and allow more granular comparisons in future 
investigations.

As could be expected, sugammadex was not a panacea for all 
causes of rNMB. We identified prolonged NMB after succinyl-
choline administration, renal failure, and failure to administer 
sugammadex when appropriate as additional factors resulting in 
the need for PACU MV due to rNMB. Sugammadex is currently 
not recommended in patients with severe renal impairment 
owing to concerns related to delayed drug clearance and lack of 
safety data in this population, and for this reason, providers may 
rely on anticholinesterases for NMBA antagonism in this patient 
population [28]. Several studies of sugammadex use in patients 
with renal failure have demonstrated efficacy without major ad-
verse events, but further study is required to determine whether 
sugammadex can indeed be used safely in this patient popula-
tion [26,29,30]. Missed opportunities to prevent PACU MV via 
sugammadex administration may require education regarding 
the apparent risk/benefit ratio of sugammadex usage and the 
system-level improvement in care and value that accompanies 
avoidance of PACU MV [11].

PACU MV is a rare outcome, and our results should therefore 
be interpreted with caution, as the study may have been under-
powered with regard to the primary outcome and MV-by-cause 
secondary outcome. Therefore, the findings related to rNMB, 
while intuitive, should still be considered exploratory. Our study 
is also subject to limitations inherent to retrospective designs, 
including the potential for unmeasured confounding. Linear 
regression of a propensity-matched cohort was used to reduce 
the selection bias from known covariates of interest in the an-
alyzed sample. We attempted to minimize information bias 
with respect to misclassification of the causes of PACU MV by 
ensuring concurrence between multiple investigators. Although 
these determinations were made by retrospective chart review, a 
clear trail of evidence from the documentation was present in all 
cases reviewed. A form of confounding by indication cannot be 
excluded as patients with greater or lesser likelihood to develop 
rNMB may have been differentially represented in P1 and P2. 
This was at least partially addressed through the examination 
of relevant available covariates, such as case length and renal 
function. We also cannot fully exclude certain types of cyclic or 
seasonal influences. For example, the introduction of new train-
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ees into the operating room environment in July 2016 may have 
influenced the rates of PACU MV in P2. However, this would be 
expected to contribute, if anything, to an upward bias in MV re-
lated to rNMB resulting from the actions of inexperienced care 
providers in the period from July through October 2016 (P2).

In conclusion, the introduction of sugammadex did not 
decrease the rate of PACU MV, nor did it decrease the amount 
of time between surgery end and emergence. However, the in-
troduction of sugammadex did reduce PACU MV secondary to 
rNMB, while other sources of PACU MV were statistically un-
changed. Further work is needed to validate these findings and 
to understand the overall direct and indirect cost implications of 
the use of sugammadex rather than traditional pharmacologic 
methods for the reversal of NMBA. 
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Appendix 2. Characteristics of Control Variables in the Propensity-mat
ched Population to Compare the Emergence Time and Post-anesthesia 
Care Unit Length of Stay Between Patients Who Were Reversed Using 
Sugammadex versus Patients Who Were Reversed Using Neostigmine

Neostigmine Sugammadex

All

N 876 1,773
distance 0.42 0.29
AGE_AT_VISIT 52.92 55.14
GENDER_DESCFemale 58.7% 55.8%
GENDER_DESCMale 41.3% 44.2%
WEIGHT_KG_Log 4.37 4.39
ASA_Class3 55.6% 55.2%
ASA_Class4/5 10.5% 6.5%
ASA_ClassAny E 4.8% 3.3%
GlomFiltRate_CatGFR > 60 65.9% 86.4%
GlomFiltRate_CatGFR 30–60 13.0% 12.1%
SurgicalSpecialtyGeneral/Onc 36.9% 34.2%
SurgicalSpecialtyNeurosurgery 15.0% 16.9%
SurgicalSpecialtyUrology 13.2% 16.2%
SurgicalSpecialtyOb/Gyn 6.8% 7.2%
SurgicalSpecialtyGastroenterology 3.8% 6.7%
SurgicalSpecialtyOther 7.8% 6.9%
Log_SurgicalCaseLength 4.71 4.63

Propensity Matched Cohort
N 876 568
distance 0.42 0.42
AGE_AT_VISIT 52.92 53.30
GENDER_DESCFemale 58.7% 57.3%
GENDER_DESCMale 41.3% 42.7%
WEIGHT_KG_Log 4.37 4.38
ASA_Class3 55.6% 57.1%
ASA_Class4/5 10.5% 10.4%
ASA_ClassAny E 4.8% 3.9%
GlomFiltRate_CatGFR > 60 65.9% 66.2%
GlomFiltRate_CatGFR 30–60 13.0% 13.0%
SurgicalSpecialtyGeneral/Onc 36.9% 37.6%
SurgicalSpecialtyNeurosurgery 15.0% 14.6%
SurgicalSpecialtyUrology 13.2% 13.2%
SurgicalSpecialtyOb/Gyn 6.8% 7.1%
SurgicalSpecialtyGastroenterology 3.8% 3.5%
SurgicalSpecialtyOther 7.8% 7.8%
Log_SurgicalCaseLength 4.71 4.74

ASA: American Society of Anesthesiologists Physical Status Classifica
tion, GFR: glomerular filtration rate, General/onc: general surgery and 
oncologic surgery, Ob/gyn: obstetric and gynecologic cases.


