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ABSTRACT

Introduction: The management of neuromus-
cular blockade (NMB) has evolved over time and
remains a critical component of general anes-
thesia. However, NMB use varies by patient and
procedural characteristics, clinical practices,
protocols, and drug access. National utilization
patterns are unknown. We describe changes in
NMB and NMB reversal agent administration in
surgical inpatients since the US introduction of
sugammadex in December 2015.
Methods: In a retrospective observational study
of inpatients involving NMB with rocuronium
or vecuronium in the Premier Healthcare
Database, we estimate associations between
factors related to choice of (1) active NMB
reversal versus spontaneous recovery and (2)

sugammadex versus neostigmine as the reversal
agent.
Results: Among 4.3 million adult inpatient
encounters involving rocuronium or vecuro-
nium, the most widely administered NMB agent
was rocuronium alone (86%). Over time, grad-
ual declines in both neostigmine use and
spontaneous reversal were observed (64% and
36% in 2014 to 38% and 28%, respectively in
the first half of 2019). Several factors were
independently associated with use of active
versus spontaneous NMB recovery including
years since 2016, patient (age, race, comorbidi-
ties), and procedure (admission and surgery
type) characteristics. Among those actively
reversed, these and other factors were indepen-
dently associated with choice of reversal agent
administered, including size and teaching affil-
iation of hospital. While both impacted choices
in treatment, the direction and magnitude of
effect of patient comorbidities and procedure
type varied in their impact on choice of mode
(pharmacologic vs. spontaneous) and agent
(neostigmine vs. sugammadex) of NMB reversal
independent of other factors and each other.
Sites which adopted sugammadex earlier were
more likely to choose sugammadex over
neostigmine compared with later adopters
independent of other factors.
Conclusions: Among US adult inpatients
administered NMBs, we observed complex
relationships between patient, site, procedural
characteristics, and NMB management choices
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as NMBA choice and active reversal options
among inpatient cases changed over time.

PLAIN LANGUAGE SUMMARY

Neuromuscular blocking agents, medications
that temporarily paralyze muscles, are used fre-
quently during surgical procedures to facilitate
intubation and patient immobility. Over time,
muscle function can return spontaneously or
through pharmacological reversal agents. This
study looked at how the use of reversal agents in
inpatients undergoing surgical procedures
changed after a new reversal agent, sugam-
madex, became available for use in the USA in
December 2015.

Medical records of 4.3 million adult patients
treated with neuromuscular blocking agents
(rocuronium or vecuronium) in the USA were
studied. In 2014 (before sugammadex was
available), one-third of patients (36%) recovered
spontaneously from a neuromuscular blocking
agent and two-thirds (64%) were treated with
the reversal agent neostigmine. The use of both
neostigmine and spontaneous recovery reduced
gradually after sugammadex became available,
so that by the first half of 2019, 38% of patients
were treated with neostigmine and 28% of
patients recovered spontaneously.

Whether or not a patient was treated with a
reversal agent and what type of agent was cho-
sen were affected by the length of time since
2016, patient characteristics, the type of surgical
procedure that was performed as well as local
hospital characteristics and practice differences.

Keywords: Anesthesia; Inpatients;
Neostigmine; Neuromuscular blockade;
Rocuronium; Sugammadex

Key Summary Points

The management of neuromuscular
blockade (NMB) is a critical component of
general anesthesia, though national
utilization patterns are not well known.

A retrospective analysis of US adult
inpatients who underwent surgical
procedures using neuromuscular blockade
(NMB) with rocuronium and/or
vecuronium between January 2014 and
June 2019 was conducted to better
understand how the utilization of NMB
agents has changed over time in the US
inpatient setting.

Among US adult inpatients administered
NMBs, we observed complex relationships
between patient, site, procedural
characteristics, and NMB management
choices as NMBA choice and active
reversal options among inpatient cases
changed over time.

These findings help us to better
understand the anesthesia trends in the
inpatient setting which will continue to
change over time, particularly with the
ongoing shift in care to the outpatient
setting.

DIGITAL FEATURES

This article is published with digital features,
including a plain language summary, to facili-
tate understanding of the article. To view digital
features for this article go to https://doi.org/10.
6084/m9.figshare.14807928.

INTRODUCTION

Inpatient surgical procedures are performed less
often than outpatient procedures (42.2% vs.
57.8% in the USA) [1], and this increasingly will
be the case with growing trends towards more
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outpatient surgery over inpatient [1–4]. This
trend will not be universal; patients undergoing
inpatient surgeries often have acute illnesses or
comorbidities [5]. As a result of the inherent
higher-risk nature of many inpatient surgeries
and the patient population, inpatient surgeries
remain associated with worse outcomes and
longer recovery times relative to outpatient
procedures [1].

Neuromuscular blocking agents (NMBAs) are
components of balanced general anesthesia [6],
facilitating intubation and ensuring patient
immobility to help optimize surgical condi-
tions. In practice, the choice of NMB reversal
agent is dependent on patient and procedure
requirements such as the time to onset, depth,
and duration of neuromuscular blockade (NMB)
[6–8]. At the end of the procedure, patients may
be allowed to spontaneously recover neuro-
muscular function, or may be administered a
pharmacological NMB reversal agent for more
rapid recovery of neuromuscular function.
Complete reversal of NMB is important as
residual NMB in the post-anesthesia care unit
(PACU) may increase the risk of complications,
including serious pulmonary complications
[9–12].

Sugammadex, a modified gamma-cyclodex-
trin, reverses NMB induced by rocuronium or
vecuronium by encapsulation [13]. Recent
studies have demonstrated that sugammadex
provides a more rapid, predictable, and safe
reversal of NMB [14] with reduced incidence of
residual NMB [15] and reduced risk of adverse
events related to the acetylcholinesterase inhi-
bitor neostigmine [14, 16–19]. There is a need to
evaluate the use of NMBAs as part of balanced
anesthesia and the use of NMB reversal methods
for recovery, to gain a better understanding of
healthcare resource utilization patterns in the
inpatient setting. Since the US Food and Drug
Administration (FDA) approval of sugammadex
on December 15, 2015 [20], practice patterns
within inpatient settings have changed. While
sugammadex may be recognized as the pre-
ferred therapy because of its better safety and
efficacy [14], it may not be universally adopted
as the preferred agent in clinical practice
because of its higher cost compared with gen-
eric neostigmine. Limited utilization data for

NMB and reversal agents use since 2015 have
indicated changes in practice patterns in the
USA [21]. However, trends and variation in the
choices made in NMB management, including
the use of sugammadex in the broader US
community inpatient surgical settings since the
market availability of the drug [20], remain
unclear. We sought to (1) describe the real-
world temporal trends associated with the use
of NMBAs and NMB reversal agents in adults
undergoing procedures in the US hospital
inpatient setting and (2) identify factors asso-
ciated with the choice to pharmacologically
reverse non-depolarizing NMB and, specifically,
the choice of NMB reversal agent among those
that are pharmacologically reversed.

METHODS

Study Design

This was a retrospective longitudinal analysis of
a national electronic healthcare database (Pre-
mier Healthcare Database [PHD]) of US adult (at
least 18 years of age) inpatient surgical data. The
Premier Healthcare Database is considered
exempt from institutional review board (IRB)
oversight as dictated by Title 45 Code of Federal
Regulations, Part 46 of the USA, specifically 45
CFR 46.101(b)(4). In accordance with the
HIPAA Privacy Rule, disclosed data from the
PHD are considered de-identified per 45 CFR
164.514(b)(1) through the ‘‘Expert Determina-
tion’’ method. This study was also reviewed and
approved by the Mass General Brigham IRB
(Protocol # 2021P001328), which determined
that the study does not classify as human sub-
jects research.

This analysis was conducted and reported in
accordance with the Strengthening the Report-
ing of Observational Studies in Epidemiology
(STROBE) guidelines [22]. NMB and reversal
patterns were examined for the pre-sugam-
madex period (prior to FDA approval of sug-
ammadex [December 2015]), and the post-
sugammadex period (after sugammadex was
available at participating PHD hospital sites).
Primary study outcomes included administra-
tion of NMBA and utilization of NMB reversal

4738 Adv Ther (2021) 38:4736–4755



agent (sugammadex or neostigmine) in patients
receiving non-depolarizing neuromuscular
blockade agents (vecuronium or rocuronium,
with or without succinylcholine). Further,
among those administered rocuronium and/or
vecuronium, we evaluated the association of
patient, procedure, and provider characteristics
with NMB reversal choices.

Patient Population

All adult cases undergoing general anesthesia
and receiving NMBA by bolus or infusion,
between January 1, 2014 and June 30, 2019
were eligible for the study. Patients with renal
failure, myasthenia gravis, or those receiving
pyridostigmine therapy were excluded. Patients
administered NMB with rocuronium or
vecuronium were included, and patients
administered a neuromuscular block reversal
agent (NMBRA) with both sugammadex and
neostigmine were excluded from the main
analyses evaluating reversal agent use.

Variables

Patient demographics and clinical characteris-
tics were captured for each eligible patient (e.g.,
age, sex, comorbidities) and site characteristics
(hospital size/number of beds, geographic and
census region, urban/rural) were described for
each encounter. Surgical procedures were cate-
gorized by body region, based on the ICD-PCS
(International Classification of Disease Proce-
dure Coding System), classified by the Clinical
Classifications Software (CCS) developed by the
Healthcare Cost and Utilization Project (HCUP)
for ICD-PCS (ICD-10) after October 1, 2015 and
ICD-9 prior to October 2015. Primary ICD codes
were used for each encounter, and grouped on
the basis on their CCS1 category: those missing
any ICD procedure code, or falling within CCS1
of obstetrical procedure (used as the closest
proxy as no variable for ‘‘pregnant’’ was avail-
able; there is neither clinical trial data on the
use of sugammadex in pregnant women nor is
there any relevant data on lactating women/
human milk [20]) or miscellaneous, were
excluded. Remaining CCS1 categories were

combined when the procedures were likely to
be completed by the same clinical specialty
(Supplementary Table 1 includes most fre-
quently observed primary ICD-PCS codes
within each surgical category). This resulted in
each encounter being classified into one of ten
procedure categories.

Data Source

The PHD is a large, US hospital-based, service-
level, all-payer database of information on out-
patient encounters and inpatient discharges,
from non-profit, non-governmental, commu-
nity and teaching hospitals. Data are derived
from member hospital statistics provided
through a combination of self-reporting and the
American Hospital Association Annual Survey
DatabaseTM and comprise information on over
10 million inpatient admissions per year since
2012 [23]. This is estimated to cover approxi-
mately 25% of all US inpatient admissions.
Patient data are de-identified and Health
Insurance Portability and Accountability Act
(HIPAA)-compliant.

Analysis

NMBA utilization patterns were reported over
time descriptively by patient characteristics, site
characteristics, and procedure type. Utilization
patterns of NMB reversal options (i.e., active
pharmacologic reversal [sugammadex or
neostigmine] versus spontaneous recovery)
were assessed among patients treated with
rocuronium or vecuronium (with or without
succinylcholine).

Multivariable logistic regression analyses
assessed the independent association of patient,
site, and procedure characteristics with NMB
reversal choice. Adjusted odds ratios (OR), 95%
confidence intervals (CI), and P values were
reported for the likelihood of a patient being
administered active pharmacologic (either sug-
ammadex or neostigmine) versus spontaneous
NMB reversal for the entire period 2014–2019.
After preliminary results showed differential
associations by region, further stratification was
done to assess potential for interaction. In our
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Table 1 Patient characteristics by neuromuscular blockade agent reversal method

Overall Neostigmine Sugammadex Spontaneous reversal

N = 4,263,658 % N = 2,333,762 % N = 528,736 % N = 1,401,160 %

Patient characteristics

Age

Mean (SD) 58.2 (16.56) 57.6 (16.62) 59.0 (16.49) 58.8 (16.45)

Age range

18–30 313,904 7.4 177,437 7.6 35,484 6.71 100,983 7.21

31–40 395,318 9.3 230,396 9.87 47,538 8.99 117,384 8.38

41–50 575,850 13.5 333,542 14.29 68,052 12.87 174,256 12.44

51–60 887,726 20.8 483,335 20.71 107,014 20.24 297,377 21.22

61–70 1,044,013 24.5 557,963 23.91 132,193 25 353,857 25.25

71–80 722,225 16.9 381,183 16.33 94,477 17.87 246,565 17.6

80? 324,622 7.6 169,906 7.28 43,978 8.32 110,738 7.9

Sex

Female 2,357,026 55.3 1,355,626 58.09 296,475 56.07 704,925 50.31

Male 1,904,508 44.7 976,841 41.86 232,246 43.92 695,421 49.63

Unknown 2124 0.0 1295 0.06 15 0 814 0.06

Race

Black 429,017 10.1 249,730 10.7 49,128 9.29 130,159 9.29

Other/missing 490,011 11.5 271,645 11.64 49,350 9.34 168,996 12.06

White 3,344,650 78.4 1,812,387 77.66 430,258 81.37 1,102,005 78.65

Hispanic

No/missing 3,965,095 93.0 2,175,836 93.23 482,687 91.29 1,306,572 93.25

Yes 298,563 7.0 157,926 6.77 46,049 8.71 94,588 6.75

Comorbidities

Comorbidities C 1 3,351,656 78.6 1,778,152 76.19 424,106 80.21 1,149,398 82.03

Blood loss anemia 47,309 1.1 26,302 1.13 5484 1.04 15,523 1.11

Cardiac arrhythmias 721,439 16.9 321,049 13.76 79,570 15.05 320,820 22.9

Chronic pulmonary

disease

811,014 19.0 411,185 17.62 102,611 19.41 297,218 21.21

Coagulopathy 121,667 2.9 44,892 1.92 7826 1.48 68,949 4.92

Congestive heart

failure

260,761 6.1 95,724 4.1 31,380 5.93 133,657 9.54

Diabetes (complicated) 247,869 5.8 104,993 4.5 39,644 7.5 103,232 7.37
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Table 1 continued

Overall Neostigmine Sugammadex Spontaneous reversal

N = 4,263,658 % N = 2,333,762 % N = 528,736 % N = 1,401,160 %

Diabetes

(uncomplicated)

642,395 15.1 347,480 14.89 71,145 13.46 223,770 15.97

Drug abuse 170,018 4.0 68,709 2.94 17,878 3.38 83,431 5.95

Fluid/electrolyte

disorders

847,306 19.9 366,604 15.71 90,698 17.15 390,004 27.83

Hypertension

(complicated)

151,208 3.5 50,959 2.18 29,217 5.53 71,032 5.07

Obesity, overweight 935,581 21.9 526,920 22.58 130,645 24.71 278,016 19.84

Other neurological

disorders

323,607 7.6 115,946 4.97 33,177 6.27 174,484 12.45

Paralysis 86,863 2.0 35,261 1.51 10,629 2.01 40,973 2.92

Peripheral vascular

disorders

310,192 7.3 149,854 6.42 39,733 7.51 120,605 8.61

Pulmonary circulation

disorders

99,480 2.3 36,869 1.58 9863 1.87 52,748 3.76

Solid tumor without

metastasis

424,701 10.0 247,446 10.6 70,514 13.34 106,741 7.62

Sleep apnea 353,738 8.3 188,859 8.09 49,207 9.31 115,672 8.26

Valvular disease 255,501 6.0 98,767 4.23 24,490 4.63 132,244 9.44

Weight loss 214,827 5.0 95,734 4.1 27,496 5.2 91,597 6.54

Procedure characteristics

ICD-10 PCS classification

Cardiovascular 520,482 12.2 187,575 8.04 49,689 9.4 283,218 20.21

Digestive 1,213,034 28.5 815,072 34.93 173,702 32.85 224,260 16.01

Endocrine 21,251 0.5 10,896 0.47 2460 0.47 7895 0.56

ENT 27,517 0.6 11,273 0.48 3750 0.71 12,494 0.89

Eye 2838 0.1 1381 0.06 483 0.09 974 0.07

Female genital 230,611 5.4 161,418 6.92 25,996 4.92 43,197 3.08

Integumentary,

hemic, and lymphatic

146,206 3.4 71,769 3.08 19,750 3.74 54,687 3.9

Respiratory 158,834 3.7 82,171 3.52 25,691 4.86 50,972 3.64

Musculoskeletal

and nervous

1,530,397 35.9 837,597 35.89 189,484 35.84 503,316 35.92

Adv Ther (2021) 38:4736–4755 4741



first model (model 1), we assessed characteris-
tics related to active (i.e., pharmacological)
reversal via administration of any reversal agent
(sugammadex or neostigmine) versus sponta-
neous NMB recovery overall (model 1a), and by
geographic region (model 1b). Our second
model (model 2) examined the association of
these factors with the choice of pharmacologi-
cal reversal agent (sugammadex versus

neostigmine) among the subset of patients
receiving active reversal, overall (model 2a) and
by geographic region (model 2b) for the period
after which sugammadex was available (De-
cember 2015 to June 2019), and for sites in
which sugammadex was available. An addi-
tional analysis investigating the effect of earlier
institutional utilization of sugammadex on the
reversal choice was conducted on encounters

Table 1 continued

Overall Neostigmine Sugammadex Spontaneous reversal

N = 4,263,658 % N = 2,333,762 % N = 528,736 % N = 1,401,160 %

Urinary and

male genital

172,583 4.0 107,229 4.59 24,563 4.65 40,791 2.91

Others/unknown/

missing

239,905 5.6 47,381 2.03 13,168 2.49 179,356 12.8

Site characteristics

Teaching

No 2,138,450 50.2 1,173,622 50.29 253,138 47.88 711,690 50.79

Yes 2,125,208 49.8 1,160,140 49.71 275,598 52.12 689,470 49.21

Urban, rural

Rural 425,823 10.0 218,987 9.38 54,250 10.26 152,586 10.89

Urban 3,837,835 90.0 2,114,775 90.62 474,486 89.74 1,248,574 89.11

Bed size

0–99 167,959 3.9 94,217 4.04 17,581 3.33 56,161 4.01

100–199 482,414 11.3 279,131 11.96 55,991 10.59 147,292 10.51

200–299 650,669 15.3 380,053 16.28 53,510 10.12 217,106 15.49

300–399 687,451 16.1 369,556 15.84 93,105 17.61 224,790 16.04

400–499 620,399 14.6 351,214 15.05 67,742 12.81 201,443 14.38

500? 1,654,766 38.8 859,591 36.83 240,807 45.54 554,368 39.56

Census region

Midwest 950,357 22.3 510,908 21.89 154,854 29.29 284,595 20.31

Northeast 526,340 12.3 318,398 13.64 51,340 9.71 156,602 11.18

South 2,034,434 47.7 1,132,230 48.52 239,772 45.35 662,432 47.28

West 752,527 17.6 372,226 15.95 82,770 15.65 297,531 21.23

ICD PCS International Classification of Disease Procedure Classification, ENT ear, nose, throat procedures
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where pharmacologic reversal was used in order
to understand the impact of early clinical
adoption on the choice of NMB reversal agent.
In this model (model 2c), the year of first insti-
tutional use of sugammadex was included
among the independent variables (i.e., early
[2016] versus late [2018] adoption of sugam-
madex), removing calendar year (due to
collinearity). This model only included
encounters taking place at sites (in which sug-
ammadex was available and) with continuous
presence in the PHD dataset (in the period
2016–2019).

All statistical analyses were performed using
SAS� software, version 9.4 (Cary, NC, USA).

RESULTS

Study Population

A total of 930 clinical sites and 4,825,660 total
inpatient encounters included the use of any
NMB, and 92.3% of those encounters included
administration of rocuronium and/or vecuro-
nium. Among those, 4,263,658 inpatient
encounters across 927 sites met all inclusion
criteria and were the focus of these analyses.
Most sites were smaller (79% with fewer than
400 beds), urban (71%), and nonacademic
(70%) (Supplementary Table 2). More than half
(60%) of the sites adopted clinical use of sug-
ammadex within its first 2 years of availability,
while 22% in the PHD database remained non-
adopters as of the data cut in June 2019.

Patient characteristics for encounters
involving rocuronium or vecuronium are sum-
marized in Table 1. On average, patients were
58.2 years old (median IQR, 60 [47, 70]), more
often women (55.3%), White (78.4%), non-
Hispanic (93.0%), and most (78.6%) had at least
one comorbidity. Obesity/overweight status
(21.9%), diabetes (15.1%), electrolyte disorders
(19.9%), chronic pulmonary disease (19.0%),
and cardiac arrhythmias (16.9%) were among
those most commonly reported. Most inpatient
cases were from urban areas (90%) and treated
in large (400? beds) hospitals (53.4%), and
about half (49.8%) were from academic sites
(Supplementary Fig. 1, Table 1). The most

frequently reported procedures performed were
musculoskeletal (35.9%), digestive (28.5%), or
cardiovascular (12.2%) in nature (Table 1, Sup-
plementary Table 1).

Utilization Patterns of NMBAs and NMB
Reversal Agents

Throughout 2014 to 2019, rocuronium alone
was used in the vast majority (83.6–90.3%) of
inpatient cases. Vecuronium alone or rocuro-
nium/vecuronium with succinylcholine was
each used in less than 10% of cases (Fig. 1a). The
trends in NMB reversal approach included
gradual declines in neostigmine use (64% in
2014 to 38% by June 2019) and spontaneous
recovery (36.5% in 2014 to 27.6% by June
2019). Sugammadex use was reported in 4.6% of
cases in 2016, which increased to 34.2% of all
inpatient cases 3 years later, by June 2019
(Fig. 1b).

Both the age of the population and the pro-
portion of elderly patients increased modestly
over time (2014 to June 2019), and across all
modes of reversal (Fig. 2a). Though the distri-
butions of age groups by reversal type and
reversal choice by age group were similar, in
concurrent years, those reversed with sugam-
madex tended to more often be older than the
neostigmine population and younger than
those spontaneously reversed. Most were at
least 50 years old; 72% of patients who sponta-
neously recovered were over 50 years old com-
pared to 71.4% reversed with sugammadex and
68.2% reversed with neostigmine (Table 1). The
neostigmine population tended to have the
greatest proportion of young patients, with
17.5% of the population age 18–40, compared
to 15.6% among the spontaneously reversed
(Table 1). Over time, the proportion of patients
with one or more comorbidities increased
(75.7% in 2014 increasing to 82.5% by June
2019). The proportion of patients with comor-
bidities increased modestly across all NMB
reversal modes, with increases standing out
among complicated diabetes (with relatively
steady rates of total diabetes), solid tumor, and
obesity (Fig. 2b). The difference in distributions
of comorbidities by NMB reversal mode varied
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Fig. 1 Anesthesia practice trends over time in US adult inpatient surgical procedures (2014–2019): a NMB and b NMB
reversal agents. Food and Drug Administration approval of sugammadex on December 15, 2015 is represented by the
vertical dashed line. NMB neuromuscular blockade
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Fig. 2 US adult surgical inpatient characteristics over time (2014–2019) and by NMBRA: a age and b comorbidities
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Fig. 3 NMB reversal trends over time and by a age, b comorbidity, and c procedure type. NMB neuromuscular blockade
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to some extent, with spontaneous reversal and
neostigmine typically having the greatest and
least proportion of comorbidities present,
respectively.

While in general, active pharmacologic
reversal increased in this time period (Fig. 1b),
we observed this to be true across various
patient characteristics including age, comor-
bidities, and procedure (Fig. 3). In looking
across patient age groups, we observed an
increase in active pharmacologic reversal after
2016 coinciding with the introduction of sug-
ammadex, while trends were similar across age
groups (Fig. 3a) and varied to a greater extent by
comorbidity (Fig. 3b) and procedure (Fig. 3c).

Active pharmacologic reversal was adminis-
tered in 69% and 75% of encounters of patients
with no comorbidities present, in the pre- and
post-sugammadex periods, respectively,

compared to 62% and 68% of encounters where
at least one comorbidity was present. Among
the comorbidities identified as most relevant to
NMB reversal choices, patients with congestive
heart failure were least often (45% and 50% of
the time) actively reversed, and patients with
solid tumor, most similar to those without any
reported comorbidities, most often pharmaco-
logically reversed (70% and 77% of the time)
(Fig. 3b). Even greater differences in NMB
reversal choices were observed between surgical
procedure types (Fig. 3c), with cardiovascular
and digestive procedures being least (42% and
48%) and most frequently (79% and 83%)
pharmacologically reversed, respectively.

There were 21,487 unique primary ICD-PCS
codes cited across all encounters which were
then grouped into ten broad procedure classes.
While the types of procedures performed within

Fig. 4 Forest plot of odds ratio estimates: a model 1a—active pharmacologic reversal versus spontaneous recovery,
b model 2a—sugammadex use versus neostigmine use

Adv Ther (2021) 38:4736–4755 4747



each of these ten categories varied to some
extent, they provided relatively homogenous
groupings for analysis as relatively few primary
ICD-PCS codes represented a relatively large
proportion of the procedures within each cate-
gory. The 15 most frequently cited primary ICD-
PCS codes covered from a low of about one-
third (musculoskeletal/nervous system proce-
dures) to a high of 79% (endocrine) of the pri-
mary procedure codes within each category
(Supplementary Table 1).

Multivariable Logistic Regression Analyses

Many of the observed univariate trends were
also observed in multivariable analyses. Odds
ratios and 95% CIs of factors assessed for asso-
ciation with the use of active NMB reversal
versus spontaneous recovery are shown in
Fig. 4a and Supplementary Table 3 (model 1a).
A total of 1,851,377 (69.1%) inpatient encoun-
ters (between 2016 and June 2019) were phar-
macologically reversed with sugammadex or
neostigmine. Odds ratios and 95% CIs of factors
evaluated for association with choice of reversal
agent among those actively reversed are shown
in Fig. 4b and Supplementary Table 3 (model
2a).

Time Trends
Encounters observed in the year 2014, prior to
the introduction of sugammadex, had a lower
likelihood of active reversal as compared to
encounters in 2016 (2014 to 2016: OR 0.87;
95% CI 0.87–0.88 and 2015 to 2016: OR 0.92;
95% CI 0.91–0.92). Relative to 2016, later cal-
endar years had a monotonically increasing
likelihood for active reversal (OR [95% CI],
2017: 1.21 [1.20–1.22] to 2019: 1.52
[1.51–1.53]).

Multivariable analyses demonstrate that
choice of NMB reversal agent was also inde-
pendently associated with several factors.
Compared with the first year of market avail-
ability of sugammadex (2016), among inpatient
surgeries that were administered pharmacologic
NMB reversal, later years were positively asso-
ciated with sugammadex use (OR 2.15–4.05

between 2017 and 2019; Fig. 4b, Supplementary
Table 3).

A total of 590 sites provided continuous
yearly data to the PHD over the 2016–2019
study period. Among these sites, those with
later years of sugammadex adoption (year of
first sugammadex use) compared to earlier
adoption (first site use in 2017 and 2018 or
after, compared to 2016) were negatively asso-
ciated with sugammadex use vs. neostigmine
(OR 0.42; 95% CI 0.41–0.42 and OR 0.12; 95%
CI 0.11–0.12, respectively; P\ 0.0001)
(model 2c, Supplementary Table 4).

Patient Characteristics
Patient age 61 years and older was indepen-
dently associated with active reversal (Fig. 4a,
Supplementary Table 3). Among patients who
were pharmacologically reversed, a similar
association with age and likelihood to be
reversed with sugammadex was observed,
though it was apparent for patients age 51 and
above, while patients ages 30 and below were
slightly less likely to be given sugammadex
compared to neostigmine (Fig. 4b, Supplemen-
tary Table 3).

Treatment with active vs. spontaneous
reversal of NMB was modestly associated with
patient race (Black patients were more likely to
be reversed compared to White patients) inde-
pendent of other patient, procedure, and site
characteristics (Supplementary Table 3). Among
those who were pharmacologically reversed,
these associations were less consistent and more
pronounced, with non-Whites being about
10–25% less likely, and Hispanics, about 33%
more likely to be reversed with sugammadex
compared to neostigmine (P\0.0001) inde-
pendent of other factors and each other (Sup-
plementary Table 3), with some variability by
region (Supplementary Table 6). This interac-
tion was most apparent by ethnicity: while
Hispanics were more likely to be pharmacolog-
ically reversed in the Northeast and the West
(Supplementary Table 5), when pharmacologi-
cally reversed in the Northeast, they were nearly
17% less likely to be reversed with sugammadex
(P\0.0001; Supplementary Table 6).

Patient comorbidities also impacted provider
choices in NMB management: those with
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peripheral vascular disorders (PVD) were asso-
ciated with increased likelihood for active
reversal of NMB relative to those without PVD
(OR 1.42; 95% CI 1.41–1.43; P\0.0001), while
among those reversed, it was minimally associ-
ated with reversal with sugammadex (OR 1.06,
P\ 0.0001). In contrast, patients that had car-
diac arrhythmias (OR 0.81), congestive heart
failure (OR 0.81), diabetes (OR 0.84), and
valvular disease (OR 0.71) were negatively
associated with pharmacological reversal, com-
pared to patients without these conditions (all
P\ 0.0001) and more likely to spontaneously
recover. Among patients who were actively
reversed, the presence of comorbidities (COPD,
CHF, obesity, solid tumor, PVD) was modestly,
but independently associated with reversal with
sugammadex over neostigmine (P\ 0.0001).

Procedure Characteristics
Relative to elective inpatient admissions,
urgent/emergency admissions were indepen-
dently negatively associated with active reversal
(OR 0.72; 95% CI 0.71–0.72; P\0.0001). How-
ever, when looking at patients who were phar-
macologically reversed, patients whose
procedures resulted from these admissions
(emergency and urgent) were independently
more likely to be reversed with sugammadex
relative to elective admissions (OR 1.10; 95% CI
1.09–1.11); the same was observed among
admissions made through a trauma center (OR
1.70 [1.66, 1.75]; Supplementary Table 3). NMB
choices by admission type were consistent
between regions, with the exception of the
Northeast, where, among those actively
reversed, providers less often reversed non-
elective cases with sugammadex (Supplemen-
tary Table 6).

Both choice of NMB agent and type of sur-
gical procedure were associated with choice of
NMB reversal independent of each other and
other patient and site characteristics. Adminis-
tration of rocuronium or vecuronium alone
versus with succinylcholine was positively
associated (OR 1.30; 95% CI 1.29–1.31;
P\ 0.0001) with pharmacologic reversal as
were surgical procedures involving the digestive
system, female genital organs, urinary system
and male genital organs compared with

musculoskeletal and nervous system procedures
(OR 2.40; 95% CI 2.38–2.45; OR 1.97; 95% CI
1.94–1.99; OR 1.50; 95% CI 1.48–1.51, respec-
tively, all P\0.0001). In contrast, surgeries
involving the cardiovascular system were nega-
tively associated with active reversal (OR 0.43;
95% CI 0.43–0.43 all P\0.0001). Similarly, ear,
nose, and throat (ENT) procedures and endo-
crine system procedures were negatively asso-
ciated with active reversal (OR 0.64; 95% CI
0.62–0.66 and OR 0.78; 95% CI 0.76–0.80,
respectively, both P\0.0001).

Among surgeries where NMB was pharma-
cologically reversed, trends in the choice of
neostigmine compared to sugammadex varied.
Surgeries involving the respiratory system, the
eye, endocrine, integumentary/hemic/lym-
phatic, or ENT surgeries were independently
and positively associated with sugammadex use
(ORs 1.16–1.54, P\0.0001).

Site Characteristics
We observed geographic differences in NMB
management choices; anesthesia providers in
the Midwest, Northeast, and South were more
likely to actively reverse patients, independent
of other patient and procedure characteristics
compared with sites in the West (Supplemen-
tary Table 3, Fig. 4a). When stratified by region
(model 1b), the association of patient and pro-
cedure characteristics was generally similar in
magnitude and direction to those observed in
the overall sample, and each other. However,
there were some differences observed. Notably,
the association of NMB reversal choice and
NMB agent varied: in the Midwest patients
administered rocuronium/vecuronium alone
compared to in combination with succinyl-
choline were less likely to actively reverse
compared to other regions where the converse
was true. Likewise, associations varied by site
characteristics (size and academic affiliation):
the Northeast and the South seemed to vary,
respectively, from others (Supplementary
Table 5).

In model 2c (Supplementary Table 4) we
observed sites which adopted sugammadex
early (e.g., 2016) to be more likely to choose
sugammadex over neostigmine compared to
later adopters (2017 and after) independent of
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other factors. These early adoption sites were
more often academic, large (400? beds), urban,
and in the Midwest (37% of Midwest sites
compared to only 13% of Northeast sites adop-
ted sugammadex in 2016; Supplementary
Table 2).

Among procedures that were pharmacologi-
cally reversed, providers in the Northeast, Mid-
west, and South, relative to the West, were less
likely to reverse with sugammadex (compared
to neostigmine) independent of other factors
(ORs ranging 0.43–0.71; all P\0.0001; Fig. 4b).
Upon stratification by region, differences in
practice preferences were also observed in the
reversal choices made relative to hospital size
(and choice to reverse in the Northeast, Sup-
plementary Table 6) and type (teaching or
nonacademic), specifically among those
actively reversing in the Midwest and South
(Supplementary Table 6). However, in general,
teaching hospitals were more likely to reverse
patients compared to nonacademic facilities.
When pharmacologically reversing, smaller
hospitals (compared to larger [400? beds]) and
academic hospitals (compared to nonacademic)
were less likely to do so with sugammadex
independent of other factors.

DISCUSSION

We assessed the temporal trends in clinical
practice associated with the use of NMBAs and
NMB reversal approaches in adult inpatients
undergoing surgery.

From 2014 to 2019, the use of active reversal
continuously increased and spontaneous rever-
sal decreased (Fig. 2). By June 2019, 3.5 years
after its regulatory approval in the USA, sug-
ammadex was available in 78% of the 927 sites
in this analysis. Not surprisingly, of those
surgeries using active reversal, sugammadex use
increased and neostigmine decreased over time,
suggesting clinical equipoise among the two
active reversal agents in anesthesia practice in
the inpatient setting. Indeed, the year in which
the surgical procedure was performed was the
most impactful factor that independently
influenced the odds of selecting sugammadex
vs. neostigmine (Fig. 4b). A similar trend in time

was observed in the active vs. spontaneous
reversal model (model 1a, Fig. 4a), although it
was not as pronounced. The choice of active vs.
spontaneous reversal was more strongly depen-
dent on patient comorbidities and even more so
by procedure type. While both impacted the
choices made in NMB management, the direc-
tion and magnitude of effect of patient comor-
bidities and procedure type varied in their
degree of impact on choice of mode (pharma-
cologic vs. spontaneous) and agent (neostig-
mine vs. sugammadex) of NMB reversal,
independent other factors and each other
(Fig. 4a vs. b).

Over the study period, the use of NMB with
rocuronium alone increased to a high of 90.3%
in June 2019, with an accompanying decline in
the use of short-acting agents such as succinyl-
choline, perhaps owing to the introduction of a
faster reversal option. The use of active NMB
reversal increased overall over the study period,
with spontaneous recovery dropping to 27.6%
in 2019. Choice of reversal with sugammadex
seemed to displace, to some extent, both spon-
taneous recovery and active reversal with
neostigmine over time. Certain patient charac-
teristics influenced the choice of NMB reversal
approach more than others. This finding was
consistent with trends observed in a recent
similar outpatient study [24] as well as a recent
retrospective observational study of sugam-
madex utilization conducted in adult general
anesthesia inpatient cases from the Multicenter
Perioperative Outcomes Group (MPOG), across
24 US centers between 2014 and 2018 [21],
though the association between sugammadex
use and age was far more pronounced in the
latter population.

Patients identifying as Black or ‘‘other’’ races
as well as Hispanics were negatively associated
with sugammadex use relative to White and
non-Hispanic patients. Differences observed
according to race or ethnicity were of modest
magnitude, and while they were independent of
other patient and site characteristics, they may
reflect differences in access to care and be
associated with site or regional differences in
practice. Notably, we observed that in the
Northeast, Hispanics were about 26% more
likely to be pharmacologically reversed
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compared to non-Hispanics, though when
reversed, they were about 16% less likely to
receive sugammadex. Interestingly, in the
South and West, Hispanics receiving active
NMB reversal were 38–44% more likely to be
reversed with sugammadex compared to non-
Hispanics independent of other factors. Black
and Hispanic patients made up only 10% and
7% of the population, respectively. While these
are interesting observations lending insight to
potential health disparities in clinical practice
and access to care at a site or regional level, a
follow-on sensitivity analysis (not shown)
found that ethnicity was not a statistically sig-
nificant contributor to NMB reversal choice
(neither mode nor type of agent) when the
correlation of observations within institutions
was taken into account via a generalized esti-
mating equations (GEE) model. However, race
was a statistically significant contributor to
choice of active vs. spontaneous reversal (but
not type of agent) even after accounting for the
correlation within institutions. These observa-
tions may point to some disparities in NMB
treatment choices. Further research in under-
standing the source of these treatment dispari-
ties is both necessary and beyond the scope of
this paper.

Emergency/urgent and trauma cases were all
negatively associated with pharmacological
reversal compared with elective cases. This is
not surprising as most elective cases have
planned extubation prior to operating room
discharge compared to emergency cases which
may be more likely to have prolonged intuba-
tion, obviating a need for NMBA reversal.
However, when pharmacologically reversed, use
of sugammadex was modestly, but positively
associated with emergency/urgent (OR 1.10;
P\ 0.0001) and trauma (OR 1.65; P\ 0.0001)
cases compared to elective cases. These findings
are similar to that reported in the MPOG study
[21], which reported greater use of sugammadex
for emergent surgeries (OR 1.09; 95% CI
1.04–1.14; P\0.001). Sugammadex is indicated
for urgent NMB reversal [20] and most emer-
gency rooms carry sugammadex, which may
also influence the choice of reversal agent in
emergency/trauma patients. Associations
observed with trauma centers should be

interpreted with caution, as the majority of
trauma cases in this study came from five or
fewer sites. This may, in part, account for the
difference in association between choice of
reversal agent and type of admission within the
Northeast.

Specifically, cardiovascular procedures were
also independently negatively associated with
active pharmacologic reversal and were more
than twice as likely to be spontaneously
reversed compared to musculoskeletal proce-
dures. This observation is consistent with the
conventional practice not to extubate patients
undergoing cardiovascular surgeries who
remain sedated and are under prolonged venti-
lation following surgery (specifically this may
be seen in the open approach coronary artery
bypass graft and valve replacement procedures
frequently observed here [Supplementary
Table 1]). It is unclear whether this observed
association may be despite the introduction of
enhanced recovery pathways (which have
endorsed early extubation as part of ‘‘Fast-
Track’’ cardiac surgery for improved patient
outcomes over the last several years, with mixed
results with regard to reduction of complica-
tions [25, 26]), or if associations would be even
more pronounced in the absence of these
efforts. Perhaps as a result of differences in
adoption and practice of enhanced recovery
pathways by site and region, interestingly,
among the Midwest sites, when they chose to
pharmacologically reverse in cardiovascular
procedures, anesthesia providers’ preference to
reverse with sugammadex was more pro-
nounced than in other regions (Fig. 4; OR 1.27;
P\ 0.0001, Supplementary Table 4, compared
to musculoskeletal procedures).

Independent negative associations with
active pharmacologic reversal were also
observed among ENT and endocrine procedures
(which may not require as long or as deep
NMB), while digestive system procedures,
female genital, and urinary/male genital proce-
dures were considerably more likely to be
pharmacologically reversed compared to mus-
culoskeletal procedures.

The pattern of active reversal versus sponta-
neous recovery varied with patient comorbidity
profiles. While these associations were
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observed, independent of other patient and
procedure characteristics and each other, there
may be collinearity, or some degree of residual
confounding between certain comorbidities,
and types of procedures. Among patients
receiving pharmacologic NMB reversal, there
was some variability in choice of sugammadex
vs. neostigmine across presence of comorbidi-
ties, though these were less pronounced than
differences observed between pharmacologic
and spontaneous reversal choices. Trends and
magnitude of effect were similar to those
observed in a previous multicenter inpatient
study [21] and slightly less pronounced com-
pared to those observed in a similar outpatient
study conducted within PHD [24]. While it is
not surprising that a number of comorbidities
putting patients at increased surgical risk [5, 24]
showed trends for the preferential use of sug-
ammadex, it is surprising that the presence of
sleep apnea (a risk factor for pulmonary com-
plications) was not [27].

While larger academic hospitals were more
likely to pharmacologically reverse patients
compared to smaller non-teaching hospital, in
general, these characteristics had relatively less
impact than they did on choice of reversal agent
once a patient was pharmacologically reversed.
We observed, perhaps paradoxically, that both
smaller and teaching hospitals were less likely
to use sugammadex when they do reverse,
though these differences were not statistically
significant when correlation within sites was
taken into account with GEE. This varied
somewhat by region (model 2b, Supplementary
Table 6), where for instance in the Midwest
providers were more likely to use sugammadex
when pharmacologically reversing patients in
smaller hospitals. One may speculate that the
relationship between NMB reversal choices and
site characteristics may be related to the volume
of cases seen at a hospital as well as local phar-
macy budget restrictions.

When investigating the influence of hospital
adoption timing and NMB choices, we found
that more academic sites adopted clinical use of
sugammadex within the first year of its avail-
ability (40.31% in 2016) than in later years
(2.5% in 2019) (Supplementary Table 2).
Observed regional imbalances in sugammadex

uptake may also be related to some of the
observed regional differences in practice. This
may be due to restrictions at the site level as
each facility undergoes its own process to add
medications to inpatient formulary and make
them available for use [21]. Regional and center
characteristics may also relate to care access,
practice preference, or systemic trends of clini-
cal inertia.

Among US adult inpatients administered
NMBs, we observed complex relationships
between patient, site, regional, procedural
characteristics, and NMB management choices.
Observations (Fig. 4, Supplementary Table 3–6)
suggest that patient and procedural character-
istics are important factors in NMB reversal
choices in both whether and how a patient is
pharmacologically reversed, while external fac-
tors may be more influential in impacting
choice of pharmacological reversal agent once a
patient is actively reversed. While observed
differences in anesthesia practice by site, race,
and ethnicity are not consistent across all geo-
graphic regions, sites, or clear in their root
cause, they raise awareness of potential health
disparities in perioperative care, access to care,
and trends of clinical practice preference vari-
ability independent of those accounted for by
clinical characteristics and drug availability.
Our findings help us to better understand the
choices made in NMB management and anes-
thesia trends in the inpatient setting which will
likely continue to change over time. Although
our study did not include data from 2020,
analyzing trends is particularly pertinent, with
the COVID-19 pandemic causing major changes
in hospital protocols and restrictions on elective
surgeries in response to the unprecedented
burden on the healthcare system.

Study Strengths and Limitations

The PHD represents approximately 25% of
inpatient surgical settings, covering academic
and nonacademic sites [23], and our study
sample included over 4.8 million inpatient
encounters. However, as already indicated,
there was an overrepresentation of the South
(47.7% of patient encounters) and
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underrepresentation of the Northeast (12.3% of
patient encounters) regions of the USA, which
limit the interpretation and generalizability of
the results for any specific region or type of
center. While most encounters originate from
large, urban, academic centers, most sites orig-
inate from small nonacademic centers (Supple-
mentary Table 2).

Inpatient status is determined by the hospi-
tal site itself, and there will likely be minor site
variation in transitions from day case to inpa-
tient surgeries. In addition, information on
local policies or access restrictions for sugam-
madex by site, which will have impacted the
choice of reversal agent, was not available. Data
on drug dosing and availability of quantitative
neuromuscular monitoring and on select, but
important patient characteristics including ASA
class, body mass index, and smoking status were
also not available and may have an impact on
anesthetic treatment and NMB management
choices.

This analysis utilized multivariable logistic
regression to help understand associations in
NMB reversal. However, it is clear that clinical
practice is a dynamic landscape where the
reversal choices and clinical preferences are
constantly shifting. We captured this broadly
with a few time-dependent variables, which can
reveal the overall trends but may fail to capture
changes in more specific areas of clinical
practice.

CONCLUSION

Between 2014 and June 2019, there were broad
changes in trends of NMBA use and NMB
reversal agents in US adult patients admitted for
inpatient surgeries. Our findings, deriving
encounters from more than 900 US sites, rep-
resent country-level changes in a wide variety of
patient and procedure types as well as treatment
sites. Complex relationships exist between
patient characteristics, procedure type, and
provider-level characteristics that factor into
NMB management decisions. Observations
suggest that patient and procedural character-
istics are important factors in NMB reversal
choices of spontaneous vs. pharmacological

reversal, while external factors such as hospital
size, site, and regional practice characteristics
may be more influential in impacting choice of
pharmacological reversal agent when a patient
is actively reversed. Current efforts to shift
patient care towards the outpatient setting in
light of the recent increased burden on health
systems [4] will likely impact NMBA utilization
and choice of reversal method in the future.
Additional research to understand how these
associations may continue to shift with
increasing economic pressures on the US
healthcare system is warranted.
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