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KEY POINTS
•	 Question: Is intraoperative reversal of neuromuscular blockade with neostigmine and glycopyr-

rolate associated with postoperative cardiovascular complications after noncardiac surgery?
•	 Findings: Neuromuscular blockade reversal with neostigmine and glycopyrrolate was associ-

ated with arrhythmias but not with postoperative cardiovascular complications during the first 
30 days after surgery.

•	 Meaning: Heart rate changes observed following neuromuscular blockade reversal with neo-
stigmine and glycopyrrolate are not associated with postoperative cardiovascular complica-
tions except possibly in patients at high risk of these outcomes.

BACKGROUND: The anticholinesterase neostigmine and the muscarinic inhibitor glycopyrrolate 
are frequently coadministered for the reversal of neuromuscular blockade. This practice can 
precipitate severe bradycardia or tachycardia, but whether it affects the incidence of cardio-
vascular complications remains unclear. We hypothesized that anticholinesterase reversal with 
neostigmine and glycopyrrolate versus no anticholinesterase reversal increases the risk of post-
operative cardiovascular complications among adult patients undergoing noncardiac surgery 
with general anesthesia.
METHODS: We conducted a prespecified retrospective analysis of hospital registry data from a 
major health care network for patients undergoing surgery with general anesthesia from January 
2007 to December 2015. The primary outcome was a composite of cardiac dysrhythmia, acute 
heart failure, transient ischemic attack, ischemic stroke, and acute myocardial infarction within 
30 days after surgery. We performed sensitivity analyses in subgroups and propensity score 
adjustment and explored the association between exposure and outcome in subgroups of 
patients with high risk of cardiovascular complications.
RESULTS: Of the 98,147 cases receiving neuromuscular blockade, 73,181 (74.6%) received 
neostigmine and glycopyrrolate, while 24,966 (25.4%) did not. A total of 5612 patients 
(7.7%) in the anticholinesterase reversal group and 1651 (6.6%) in the control group  
(P < .001) experienced the primary outcome. After adjustment for clinical covariates, neostig-
mine and glycopyrrolate exposure was significantly associated in a dose-dependent fashion (P 
for trend <.001, respectively) with tachycardia (adjusted odds ratio = 2.1 [95% CI, 1.97–2.23];  
P < .001) and bradycardia (adjusted odds ratio = 2.84 [95% CI, 2.49–3.24]; P < .001) but not 
with postoperative cardiovascular complications (adjusted odds ratio = 1.03 [95% CI, 0.97–1.1];  
P = .33). We identified a significant effect modification of anticholinesterase reversal by high 
age, high-risk surgery, and history of atrial fibrillation (P  for interaction = .002, .001, and .02, 
respectively). By using linear combinations of main effect and exposure–risk interaction terms, 
we detected significant associations between anticholinesterase reversal and cardiovascular 
complications toward a higher vulnerability in these patient subgroups.
CONCLUSIONS: Neuromuscular blockade reversal with neostigmine and glycopyrrolate was 
associated with an increased incidence of intraoperative tachycardia and bradycardia but not 
with 30-day postoperative cardiovascular complications. Exploratory analyses suggest that a 
high postoperative cardiovascular complication risk profile may modify the effects of anticholin-
esterase reversal toward clinical relevance.   (Anesth Analg 2020;130:685–95)
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Anticholinesterase Reversal and Cardiac Events

More than 230 million major surgical proce-
dures occur annually around the world.1 
Nondepolarizing neuromuscular blocking 

drugs are frequently administered during general 
anesthesia to facilitate surgery, tracheal intubation, 
and controlled ventilation.2 In both Europe and the 
United States, most patients receiving neuromuscular 
blocking drugs also receive an acetylcholinesterase 
inhibitor, most commonly neostigmine, to accelerate 
the reversal of neuromuscular blockade.3

Acetylcholinesterase inhibitors inhibit the cata-
lyzed hydrolysis of acetylcholine, which surmounts 
competitive blockade by neuromuscular blocking 
drugs. Acetylcholinesterase inhibitors also increase 
cholinergic activation of muscarinic receptors, pro-
ducing parasympathetic effects such as bradycardia, 
increased gastrointestinal motility, and bronchial 
secretions. To prevent these effects,4 antimuscarinic 
drugs are coadministered with neostigmine.5,6

Cardiac rate and rhythm can be profoundly affected 
by the combined procholinergic and antimuscarinic 
effects of neostigmine and glycopyrrolate. Case reports 
have documented severe bradycardia and asystole fol-
lowing coadministration of these drugs.7,8 However, 
small cohort studies have shown that this drug combi-
nation significantly increases average heart rate (HR)9,10 
and can precipitate tachyarrhythmias.11 Neostigmine 
and glycopyrrolate coadministration can also produce 
a period of tachycardia followed by bradycardia.

Cardiac arrhythmias and tachycardia in the peri-
operative period are associated with adverse car-
diac events.12,13 However, no large-scale studies have 
addressed whether HR and rhythm changes associ-
ated with neostigmine and glycopyrrolate coadminis-
tration affect the risk of postoperative cardiovascular 
complications, an important outcome to be consid-
ered in future perioperative quality initiatives.14,15 In 
this study, we conducted a retrospective cohort analy-
sis to test the primary hypothesis that neuromuscular 
blocking drug reversal with neostigmine and glyco-
pyrrolate versus no neuromuscular blocking drug 
reversal is associated with increased rates of cardio-
vascular complications within 30 postoperative days 
among adult patients undergoing noncardiac surgery 
with general anesthesia.

METHODS
Study Design and Setting
We conducted a prespecified analysis of hospital regis-
try data for patients undergoing surgery with general 
anesthesia at Massachusetts General Hospital and 2 
affiliated community hospitals between January 2007 
and December 2015. The Partners Institutional Review 
Board at Massachusetts General Hospital approved 
this study and waived the requirement for writ-
ten informed consent before data retrieval (Protocol: 

2014P000708). The study was performed according to 
an a priori defined statistical analysis plan. A strength-
ening the reporting of observational studies in epidemi-
ology16 statement is provided (see “Strengthening the 
Reporting of Observational Studies in Epidemiology 
Checklist”).

Data Sources
Data were retrieved from different sources at Partners 
HealthCare, including the Massachusetts General 
Hospital Research Patient Data Registry, Enterprise 
Performance Systems Inc, and Anesthesia Information 
Management System. Research Patient Data Registry 
is a centralized clinical data registry that compiles 
data from hospital electronic health records, such 
as demographic data and billing codes, for research 
purposes. Enterprise Performance Systems Inc is a 
financial tracking database used for value-based qual-
ity metrics and internal cost tracking and contains 
encounter-level data on resource utilization, length 
of stay, and actual hospital costs. The Anesthesia 
Information Management System data warehouse 
contains data transmitted directly from the periopera-
tive record, anesthesia equipment, and patient moni-
tors. All covariates were defined a priori based on 
literature review and physiological plausibility.

Subject Selection
The study cohort consisted of all adult patients under-
going surgical procedures under general endotracheal 
anesthesia who were extubated at the end of the case. 
Cardiac surgery cases and patients with an American 
Society of Anesthesiologists (ASA) physical status 
>IV were not eligible. We also excluded patients who 
underwent any other surgical procedures within 4 
weeks before the index case or for whom the data on 
the exposure variable (neuromuscular blocking drug 
reversal) or the outcome variable (postoperative car-
diovascular complications) were missing in our data 
set. Moreover, we excluded cases where neostigmine 
and glycopyrrolate were administered >3 minutes 
apart or where neuromuscular blocking drug reversal 
was conducted <5 minutes before extubation.

Exposure Variable
The binary independent variable was the administra-
tion of neostigmine and glycopyrrolate during sur-
gery (“neuromuscular blocking drug reversal”) given 
simultaneously or within a 3-minute time period.

Primary Outcome
The primary outcome was an a priori defined 
dichotomized composite measure of postoperative 
cardiovascular complications within 30 postopera-
tive days: cardiac dysrhythmia, acute heart failure, 
transient ischemic attack, ischemic stroke, and acute 
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myocardial infarction. The components of this com-
posite outcome were identified by using diagnostic 
codes from the International Statistical Classification 
of Diseases and Related Health Problems, Ninth and 
Tenth Revision (Supplemental Digital Content, Table 
1, http://links.lww.com/AA/C753). Two coauthors 
(F.T.S. and A.-L.L.) manually translated International 
Classification of Diseases, Ninth Revision, codes 
into the most relevant International Classification 
of Diseases, Tenth Revision, codes using the follow-
ing websites: “www.icd9data.com” and “www.icd-
10data.com.”

Heart Rate Data
Electrocardiography was used to quantify HR. We 
extracted HR data from the Anesthesia Information 
Management System as the mean of 1-minute periods. 
For validation, we used medical chart review in 100 
randomly assigned cases. In addition, we conducted 
a review of patients’ charts when extreme and pos-
sibly implausible HR values were observed. We ana-
lyzed HR during the interval of 5 minutes before to 
15 minutes after coadministration of neostigmine and 
glycopyrrolate. To obtain HR data for the cohort that 
did not receive neostigmine/glycopyrrolate reversal, 
we used the mean time between neostigmine/gly-
copyrrolate coadministration and extubation in the 
exposed cohort as the reference time point for the con-
trol group. This reference time point was 19 minutes 
before extubation.

Secondary Outcomes
The secondary outcomes were intraoperative HR 
maximum and minimum values recorded within 
15 minutes after neostigmine administration. 
Tachycardia was defined as HR >100 beats/min and 
a 20% increase from the baseline, and bradycardia 
was defined as HR <50 beats/min and a 20% decrease 
from the baseline during the 15-minute postneostig-
mine administration epoch (coefficient ρ = .2). HR 
extremes were tachycardia, bradycardia, or both. HR 
baseline was the median of the recorded HRs within 5 
minutes before neostigmine administration.

Covariate Data
All multivariable analyses were controlled for pre-
defined confounding variables that were identified 
by either literature research or based on physiologi-
cal plausibility. Covariates included age, sex, body 
mass index, Charlson comorbidity index, ASA physi-
cal status, emergent versus nonemergent status of 
surgery, admission type (inpatient/ambulatory), year 
of surgery, surgery type, prescriptions for β-blockers 
and antiplatelet drugs within 4 weeks before sur-
gery, and adverse admission (defined as admission 
from a facility that carries a high percentage of frail 

patients: long-term care, an intermediate-care facility, 
a skilled nursing facility, and a swing bed provider). 
Intraoperative data were controlled for duration of 
surgery, neuromuscular blocking drug dose expressed 
as multiples of the effective dose needed to reduce 
twitch height by 95%, intraoperative fluid volume 
given, total intraoperative vasopressor dose expressed 
as norepinephrine equivalents, and packed red blood 
cell units transfused. Taking into consideration pro-
cedural complexity, we included work relative value 
units in our model.

Statistical Analysis
Baseline characteristics that were continuous vari-
ables were expressed as mean (±SD) or median (25th 
and 75th percentiles) and compared using a 2-tailed 
t test or Wilcoxon rank sum test, as appropriate. 
Categorical variables were expressed as frequencies 
and percentages and compared using a χ2 test. The 
linearity assumption was tested for all continuous 
variables in the primary regression model. In case 
of nonlinearity, variables were divided into quin-
tiles (alternatively, we performed an additional sen-
sitivity analysis based on fractional polynomials, see 
Supplemental Digital Content, Additional Sensitivity 
Analysis: Fractional Polynomials Analysis, http://
links.lww.com/AA/C753). The analyses of both pri-
mary and secondary outcomes were performed using 
multivariable logistic regression with a priori identi-
fied covariates, as described earlier.

Sensitivity Analyses. To examine the possible 
effect modifications on the association between 
neuromuscular blocking drug reversal with 
neostigmine/glycopyrrolate and the primary 
outcome, we conducted interaction term analyses 
between the exposure and the following variables, 
respectively: age, body mass index, ASA physical 
status, and duration of surgery. We included these 
interaction terms separately into the primary 
regression model. In case of significant interaction, we 
used linear combinations of the respective main effect 
and interaction term to assess the association between 
the exposure and the outcome across different patient 
subgroups.

The primary analysis was performed using the 
complete case method. To control for selection bias 
due to missing data, we utilized the multiple impu-
tation by chained equations method.17 In addition, 
we assessed if our primary results remained stable 
under varying definitions of neuromuscular blocking 
drug reversal. While in the primary analysis, we used 
neuromuscular blocking drug reversal with neostig-
mine/glycopyrrolate as a binary (yes/no) exposure 
variable, in the sensitivity analyses, we used total 
neostigmine dose as a continuous and as a binary 

http://links.lww.com/AA/C753


Copyright © 2019 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.
688     www.anesthesia-analgesia.org� ANESTHESIA & ANALGESIA

Anticholinesterase Reversal and Cardiac Events

exposure variable (high [>60 μg/kg] versus low dose 
[0–60 μg/kg]).18 To account for the risk of pulmonary 
complications that might be associated with cardio-
vascular complications, we reran the primary analy-
sis, including the Score for Prediction of Postoperative 
Respiratory Complications19 in the confounder model. 
Furthermore, we accounted for history of cardiovas-
cular diseases by including a composite variable of 
history of atrial fibrillation, heart failure, aortic and/
or mitral valve stenosis, and coronary artery disease 
in the confounder model. To evaluate the influence of 
model choice on the findings, we performed mixed-
effects modeling with anesthesia provider as a ran-
dom effect and included the same covariates from the 
primary analysis.

We calculated a propensity score for the probability 
of receiving neuromuscular blocking drug reversal to 
account for the imbalanced likelihood of receiving this 
treatment. The treatment model contained the covari-
ates of the primary model.20 The effectiveness of the 
propensity score adjustment was evaluated through 
the absolute standardized differences of covariates 
before and the weighted conditional standardized 
differences of covariates after propensity score adjust-
ment.21 We used a standardized difference of ≥0.1 as 
an indicator for a nonnegligible imbalance between 
exposure and control group, as has been reported 
previously.22 Subsequently, we ran the primary model 
adjusted for the newly generated propensity score. To 
further adjust for potential covariates that were (still) 
imbalanced after propensity score adjustment, we ran 
the propensity score–adjusted primary model includ-
ing those covariates.

Considering bias arising from unobserved 
readmission to out-of-network hospitals, we con-
ducted 2 further sensitivity analyses (Supplemental 
Digital Content, Additional Sensitivity Analysis: 
Postoperative 30-Day Period, http://links.lww.com/
AA/C753). 

To examine the goodness of fit of the predefined 
primary confounder model, we performed the 
Hosmer–Lemeshow test. To assess the discrimination 
and accuracy of the confounder model, we estimated 
the risk of cardiovascular complications independent 
of neuromuscular blocking drug reversal through the 
concordance c-statistic (area under the receiver oper-
ating characteristic  curve) and calculated the Brier 
score. 

For the secondary outcome, we calculated the aver-
age HR increase within 2 minutes after neostigmine 
administration and additionally conducted a 2-sam-
ple t test to compare the HRs in the exposure and the 
control groups at 2 minutes and 15 minutes after neo-
stigmine administration or the reference time point.

Exploratory Analyses. For exploratory analysis, we 
tested in separate analyses whether the association 
between the neuromuscular blocking drug reversal 
with neostigmine/glycopyrrolate and postoperative 
cardiovascular complications was modified by 
history of heart failure, coronary artery disease, aortic 
and/or mitral valve stenosis, or atrial fibrillation by 
building interaction terms: history of cardiac disease 
(binary)*neuromuscular blocking drug reversal with 
neostigmine and glycopyrrolate (binary).

Furthermore, we analyzed a possible modifica-
tion of the association between the exposure and the 
outcome through vascular or neurosurgery and high 
age (defined as ≥70 years), respectively. Therefore, we 
also built the interaction terms neurosurgery/vascular 
surgery versus nonneurosurgery/nonvascular 
surgery*neuromuscular blocking drug reversal with neo-
stigmine and glycopyrrolate (binary) and age (high versus 
low)*neuromuscular blocking drug reversal with neostig-
mine and glycopyrrolate (binary). We included these 
interaction terms separately into the primary regres-
sion model. In case of significant interaction, we 
proceeded as described above. In addition, we calcu-
lated the adjusted absolute risk difference for the out-
come across the respective subgroups (Supplemental 
Digital Content, Figures 1–3, http://links.lww.com/
AA/C753).

Finally, by using multivariable logistic regression 
with the covariates of the primary model, we ana-
lyzed the association of neostigmine/glycopyrrolate 
dose ratio and glycopyrrolate dose with intraopera-
tive tachycardia/bradycardia (and furthermore with 
hypertension/hypotension, see Supplemental Digital 
Content, Exploratory Analysis: Hypertension and 
Hypotension as Outcomes and Table 2, http://links.
lww.com/AA/C753).

Statistical analyses were conducted using Stata 
version 13.1 (StataCorp LP, College Station, TX), R 
statistical software V3.3.3, and RStudio V1.0 (RStudio 
Inc, Boston, MA). We considered a 2-tailed P < .05 sta-
tistically significant.

A Priori Power Analysis. We conducted an a priori power 
analysis based on previously observed neostigmine-
related postoperative complications with an odds ratio 
of 1.19 for postoperative respiratory complications.23 
Using the cardiovascular complication rate of 7.4% 
observed in our cohort in which about 3/4 and 1/4 
of the patients did and did not receive neostigmine/
glycopyrrolate reversal, respectively, we estimated an 
event rate of 7.7% in the neostigmine/glycopyrrolate 
reversal group and 6.5% in the control group. By using 
a 2-tailed independent sample z test, we calculated 
that our total sample size of 98,147 cases would 
provide a power of >99% to identify the assumed 
effect size (α error = .05).

http://links.lww.com/AA/C753
http://links.lww.com/AA/C753
http://links.lww.com/AA/C753
http://links.lww.com/AA/C753
http://links.lww.com/AA/C753
http://links.lww.com/AA/C753
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RESULTS
A total of 134,904 cases from January 2007 to December 
2015 undergoing surgery with general anesthesia and 
intraoperative muscle relaxation with neuromuscular 
blocking drugs were considered for inclusion. A total 
of 25,772 cases (19.1%) were excluded after applying 
the exclusion criteria. Of the remaining 109,132 cases, 
10,985 (10.1%) were excluded due to missing data 
in any of the variables of the regression model (see 
Figure 1). In the remaining primary cohort of 98,147 
cases, there were 73,181 (74.6%) that received neostig-
mine and glycopyrrolate for neuromuscular blocking 
drug reversal compared to 24,966 (25.4%) that did 
not. Baseline characteristics of the study population 
by exposure cohort are compared in Table 1.

Primary Outcome
A total of 7263 patients (7.4%) experienced cardiovas-
cular complications within 30 days after surgery (5612 
[7.7%] in the neuromuscular blocking drug reversal 
group and 1651 [6.6%] in the control group). The odds 
ratio for the association of neuromuscular blocking 
drug reversal with neostigmine/glycopyrrolate and 
postoperative cardiovascular complications was 1.17 in 
crude analysis ([95% CI, 1.11–1.24]; P < .001), and 1.03 
([95% CI, 0.97–1.10]; P = .33) after adjusting for multiple 
predefined confounders (see Table 2).

Sensitivity Analysis
There was no significant interaction among the expo-
sure and body mass index, ASA physical status, dura-
tion of surgery, and neuromuscular blocking drug 
(P for interaction = .811, .406, .708, and .623, respec-
tively). Age showed a significant effect modification 

(P for interaction = .03). Therefore, we have estimated 
the associations between neuromuscular blocking 
drug reversal with neostigmine/glycopyrrolate and 
postoperative cardiovascular complications at the 
ages of 20, 30, 40, 50, 60, 70, 80, 90, and 100 years 
(Supplemental Digital Content, Table 3, http://links.
lww.com/AA/C753).

Sensitivity analyses, performed by rerunning our 
primary regression model using neostigmine as a 
continuous variable (adjusted odds ratio = 1.003 [95% 
CI, 0.99–1.02]; P = .70) and as high dose of neostig-
mine of >60 µg/kg (adjusted odds ratio = 0.97 [95% 
CI, 0.89–1.04]; P = .38), as well as including history 
of cardiovascular disease in the confounder model 
(adjusted odds ratio = 1.05 [95% CI, 0.98–1.12], P = 
.17), confirmed the robustness of our primary results. 
Adjustment for the risk of pulmonary complications 
by including the Score for Prediction of Postoperative 
Respiratory Complications in the primary model did 
not affect the primary findings (adjusted odds ratio = 
1.04 [95% CI, 0.97–1.11]; P = .28).

A total of 98,147 cases of the primary study cohort 
were performed by 738 individual anesthesia pro-
viders (certified registered nurse anesthetists, resi-
dents, and attendings). The mixed-effects model 
analysis with anesthesia provider as a random 
effect yielded results similar to the primary analy-
sis (adjusted odds ratio = 1.03 [95% CI, 0.97–1.10];  
P = .30; see Table 2).

After propensity score adjustment, the following 
covariates were (still) imbalanced: work relative value 
units and surgery type (Supplemental Digital Content, 
Table 4, http://links.lww.com/AA/C753). To further 

Figure 1. Study flow of patients. 
ASA indicates American Society of 
Anesthesiologists; NMBD, neuromuscu-
lar blocking drug. aMultiple exclusions 
may apply to the same case.

http://links.lww.com/AA/C753
http://links.lww.com/AA/C753
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Table 1.   Characteristics of Study Population by Exposure Variable Neostigmine/Glycopyrrolate Reversal

All Patients  
(n = 98,147)

No Neostigmine/ 
Glycopyrrolate  

Reversal (n = 24,966)

Neostigmine/ 
Glycopyrrolate  

Reversal (n = 73,181)
Age (y), mean ± SD 54.50 ± 16.48 53.19 ± 17.07 54.95 ± 16.26
Sex (female), n (%) 54,083 (55.1) 13,562 (54.3) 40,521 (55.4)
Body mass index (kg/m2) quintiles, n (%)
  First: <23.0 19,630 (20.0) 5078 (20.3) 14,552 (19.9)
  Second: 23.0–25.8 19,631 (20.0) 5149 (20.6) 14,482 (19.8)
  Third: 25.8–28.8 19,646 (20.0) 5106 (20.5) 14,540 (19.9)
  Fourth: 28.8–33.1 19,628 (20.0) 5033 (20.2) 14,595 (19.9)
  Fifth: >33.1 19,612 (20.0) 4600 (18.4) 15,012 (20.5)
Charlson comorbidity index, median (interquartile range) 2 (0–3) 1 (0–3) 2 (0–4)
ASA physical status, n (%)
  I 9674 (9.9) 3055 (12.2) 6619 (9)
  II 59,326 (60.4) 15,165 (60.7) 44,161 (60.3)
  III 27,773 (28.3) 6374 (25.5) 21,399 (29.2)
  IV 1374 (1.4) 372 (1.5) 1002 (1.4)
Year, n (%)
  2007 8202 (8.4) 3341 (13.4) 4861 (6.6)
  2008 9379 (9.6) 3293 (13.2) 6086 (8.3)
  2009 10,100 (10.3) 2742 (11.0) 7358 (10.1)
  2010 10,410 (10.6) 2214 (8.9) 8196 (11.2)
  2011 11,028 (11.2) 2760 (11.1) 8268 (11.3)
  2012 12,061 (12.3) 2604 (10.4) 9457 (12.9)
  2013 12,763 (13.0) 3001 (12.0) 9762 (13.3)
  2014 12,204 (12.4) 2532 (10.1) 9672 (13.2)
  2015 12,000 (12.2) 2479 (9.9) 9521 (13.0)
Adverse admission, n (%) 5525 (5.6) 1556 (6.2) 3969 (5.4)
Surgery type, n (%)
  Nonoperating room anesthesia 2749 (2.8) 1275 (5.1) 1474 (2.0)
  Burn surgery 936 (1.0) 351 (1.4) 585 (0.8)
  Trauma surgery 4401 (4.5) 581 (2.3) 3820 (5.2)
  General surgery 18,039 (18.4) 2961 (11.9) 15,078 (20.6)
  Gynecology 9080 (9.3) 1628 (6.5) 7452 (10.2)
  Neurosurgery 9937 (10.1) 3288 (13.2) 6649 (9.1)
  Oral/maxillofacial surgery 2106 (2.1) 1073 (4.3) 1033 (1.4)
  Orthopedic surgery 17,770 (18.1) 6576 (26.3) 11,194 (15.3)
  Others 612 (0.6) 170 (0.7) 442 (0.6)
  Otolaryngology 779 (0.8) 271 (1.1) 508 (0.7)
  Pediatric surgery 459 (0.5) 116 (0.5) 343 (0.5)
  Plastic surgery 5173 (5.3) 1913 (7.7) 3260 (4.5)
  Radiology 720 (0.7) 215 (0.9) 505 (0.7)
  Surgical oncology 4771 (4.9) 1238 (5.0) 3533 (4.8)
  Thoracic surgery 7228 (7.4) 681 (2.7) 6547 (8.9)
  Transplant 1886 (1.9) 366 (1.5) 1520 (2.1)
  Urology 7979 (8.1) 1333 (5.3) 6646 (9.1)
  Vascular surgery 3522 (3.6) 930 (3.7) 2592 (3.5)
  Emergency surgery 3847 (3.9) 853 (3.4) 2994 (4.1)
  Ambulatory surgery 18,631 (19.0) 4861 (19.5) 13,770 (18.8)
Duration of surgery (min), median (interquartile range) 168.2 (111.41–246.85) 179.13 (126.70–259.96) 161.66 (107.04–242.48)
Work relative value units, median (interquartile range) 16.64 (10.49–23.50) 15.37 (10.49–21.79) 17.31 (10.49–24.21)
Neuromuscular blocking drug dose (multiples of the 

effective dose needed to reduce twitch height by 
95%), median (interquartile range)

2.84 (2.00–4.17) 2.45 (1.80–3.48) 3.00 (2.10–4.38)

Packed red blood cell transfusion, n (%)    
 � 0 U 94,537 (96.3) 23,937 (95.9) 70,600 (96.5)
 � 1–2 U 2881 (2.9) 811 (3.2) 2070 (2.8)
 � 3+ U 729 (0.7) 218 (0.9) 511 (0.7)
Total intraoperative fluid resuscitation (mL), median 

(interquartile range)
1500 (1000.00–2407.61) 1500 (1000.00–2250.00) 1500 (1000.00–2500.00)

Total vasopressor dose (mg of norepinephrine 
equivalents), median (interquartile range)

0.03 (0.00–0.24) 0.01 (0.00–0.20) 0.03 (0.00–0.25)

β-Blocker prescription 4 wk before surgery, n (%) 11,874 (12.1) 2842 (11.4) 9032 (12.3)
Antiplatelet prescription 4 wk before surgery, n (%) 10,814 (11.0) 2511 (10.1) 8303 (11.3)

Abbreviation: ASA, American Society of Anesthesiologists.
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adjust for these imbalances, we ran the propensity 
score–adjusted primary model including these vari-
ables as confounders. The result of this analysis was 
consistent with the primary finding of a nonsignifi-
cant association between neostigmine/glycopyrrolate 
reversal and postoperative cardiovascular complica-
tions (adjusted odds ratio = 1.04 [95% CI, 0.98–1.11]; P 
= .21), which indicated that the statistical significance of 
the primary results was not altered through treatment 
selection bias.

The Hosmer–Lemeshow test (P = .17) indicated 
no evidence of poor fit of the model. The model dis-
crimination of the confounder model used in the pri-
mary analysis was assessed through the concordance 
c-statistic (area under the curve = 0.79; Supplemental 
Digital Content, Figure 4, http://links.lww.com/
AA/C753). We calculated a Brier score of 0.064, which 
reflected an acceptable degree of accuracy and can be 
interpreted as the mean squared difference between 
predictions and actual events. The predictions from 
the model were diverse and ranged from 0.02% to 
63.30%, reflecting good variability in the predicted 
risk. In addition, the predictions were well calibrated 
and closely approximated the actual risk across a 
range of values (Brier reliability = 0.0002).

A total of 8 variables in the primary regression 
model contained the missing data. Multiple imputa-
tion was conducted, and the imputed cohort included 
all 10,985 cases (10.1%) that were dropped due to 
missing values in the primary regression model. 
Imputation of missing data did not affect the primary 

results (adjusted odds ratio = 1.04 [95% CI, 0.98–1.12]; 
P = .18).

Secondary Outcomes
After receiving neostigmine and glycopyrrolate, 
12.2% of patients experienced >20% HR increases 
resulting in tachycardia, while 2.9% experienced 
>20% HR decreases resulting in bradycardia (see 
Table  2). During the equivalent time period before 
extubation, patients who did not receive neuromus-
cular blocking drug reversal experienced much lower 
incidences of both tachycardia (6.5%) and brady-
cardia (1.2%). After adjustment for the confounder 
model of the multivariable primary analysis, tachy-
cardia (adjusted odds ratio = 2.1 [95% CI, 1.97–2.23]; P 
< .001), bradycardia (adjusted odds ratio = 2.84 [95% 
CI, 2.49–3.24]; P < .001), and either HR extreme (high 
or low; adjusted odds ratio = 2.29 [95% CI, 2.17–2.42]; 
P < .001) were independently associated with neostig-
mine/glycopyrrolate reversal (see Table 2). Within 2 
minutes after neostigmine administration, the mean 
HR in the exposure group increased by 11% (from 
71 to 79 beats/min) compared to 0.6% (from 70.6 to 
71.0 beats/min) in the control group (P < .001; see 
Figure 2). However, 15 minutes later, the mean HRs in 
both exposed and control groups were almost identi-
cal (77.8 beats/min in the exposure versus 78.3 beats/
min in the control group).

Exploratory Analyses
The interaction terms for history of high age, vascular 
or neurosurgery, and atrial fibrillation were significant 

Table 2.   Results of Primary, Secondary, and Sensitivity Analyses

Primary Outcome

Incidence

Crude Odds Ratio  
(95% CI)

Adjusted Odds Ratioa 
(95% CI) P

No Neostigmine/ 
Glycopyrrolate Reversal  

(n = 24,966)

Neostigmine/ 
Glycopyrrolate Reversal  

(n = 73,181)
Postoperative cardiovascular 

complication, n (%)
1651 (6.6) 5612 (7.7) 1.17 (1.11–1.24) 1.03 (0.97–1.10) .33

 � MI 94 (0.4) 342 (0.5) 1.24 (0.99–1.56) 1.19 (0.93–1.53) .17
 � Ischemic stroke 231 (0.9) 693 (0.9) 1.02 (0.88–1.19) 1.07 (0.91–1.27) .40
 � Transient ischemic attack 109 (0.4) 334 (0.5) 1.05 (0.84–1.30) 1.12 (0.89–1.43) .34
 � Dysrhythmia 799 (3.2) 3166 (4.3) 1.37 (1.26–1.48) 1.07 (0.98–1.16) .14
 � Acute heart failure 597 (2.4) 1857 (2.5) 1.06 (0.97–1.17) 0.98 (0.88–1.09) .68
Secondary outcome, n (%) n = 24,407 n = 71,531    
 � Heart rate extreme 1855 (7.6) 10,712 (15)  2.29 (2.17–2.42) <.001
  �  Bradycardia 288 (1.2) 2077 (2.9)  2.84 (2.49–3.24) <.001
  �  Tachycardia 1586 (6.5) 8700 (12.2)  2.10 (1.97–2.23) <.001
Sensitivity analyses
 � Neostigmine (continuous variable)    1.00 (0.99–1.02) .70
 � Neostigmine >60 µg/kg (yes/no)    0.97 (0.89–1.05) .45
 � Random effect of anesthesia 

provider
   1.03 (0.97–1.10) .31

 � Imputation analysis for  
missing data

   1.04 (0.98–1.12) .18

Abbreviation: MI, myocardial infarction.
aAdjusted for age, sex, body mass index, Charlson comorbidity index, American Society of Anesthesiologists physical status, emergency status of surgery 
(emergent/nonemergent), admission type (inpatient/ambulatory), adverse admission, year of surgery, surgery type, a prescription of β-blockers or antiplatelets 
within 4 wk before surgery, duration of surgery, neuromuscular blocking drug dose expressed as multiples of the dose needed to reduce twitch height by 95%, 
intraoperative fluid resuscitation, intraoperative vasopressor dose, packed red blood cell units, and work relative value units.

http://links.lww.com/AA/C753
http://links.lww.com/AA/C753
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(P for interaction = .002, .001, and .02, respectively), 
whereas the interaction terms for heart failure, coro-
nary artery disease, and aortic and/or mitral valve 
stenosis were not (P for interaction = .34, .25, and .71, 
respectively). 
Linear combinations of the respective main effect 
and exposure–risk interaction term derived from 
the primary study cohort showed significant 
associations between neuromuscular blocking 
drug reversal with neostigmine/glycopyrrolate 
and postoperative cardiovascular complications 
for vascular surgery and neurosurgery patients 
(adjusted odds ratio = 1.16 [95% CI, 1.02–1.32];  
P = .02), patients with history of atrial fibril-
lation (adjusted odds ratio = 1.21 [95% CI, 
1.08–1.37]; P = .001), and patients of high age 
(adjusted odds ratio = 1.14 [95% CI, 1.03–1.26];  
P = .01). For patients undergoing non-
vascular and nonneurosurgery (adjusted 
odds ratio = 0.95 [95% CI, 0.89–1.02];  
P = .19), patients with no history of atrial fibrillation 
(adjusted odds ratio = 0.98 [95% CI, 0.91–1.06]; P = 
.65), and patients of nonhigh age (adjusted odds ratio 
= 0.99 [95% CI, 0.91–1.07]; P = .71), the associations 
between exposure and outcome were nonsignificant.

Finally, a higher neostigmine/glycopyrrolate 
dose ratio was significantly associated with lower 
odds of tachycardia (adjusted odds ratio = 0.93 [95% 
CI, 0.91–0.94]; P < .001) and higher odds of brady-
cardia (adjusted odds ratio = 1.15 [95% CI, 1.13–
1.17]; P < .001). Independent of the neostigmine/
glycopyrrolate dose ratio, high glycopyrrolate dose 
was significantly associated with increased odds of 
tachycardia and decreased odds of bradycardia (P 

for trend < .001, respectively; Supplemental Digital 
Content, Table 5, http://links.lww.com/AA/
C753).

DISCUSSION
In this retrospective cohort of 98,147 patients who 
received general anesthesia with endotracheal intu-
bation at Massachusetts General Hospital and 2 
affiliated community hospitals, coadministration of 
neostigmine and glycopyrrolate to reverse the effects 
of neuromuscular blocking drugs was significantly 
associated in a dose-dependent fashion with intra-
operative tachycardia and/or bradycardia (a higher 
neostigmine/glycopyrrolate dose ratio was signifi-
cantly associated with lower odds of tachycardia and 
higher odds of bradycardia) but not with increased 
or decreased odds of cardiovascular complications 
within 30 postoperative days after adjustment for 
confounding factors (adjusted odds ratio = 1.03 [95% 
CI, 0.97–1.10]; P = .33). This finding remained consis-
tent following sensitivity analyses, propensity score 
adjustment, and adjustment for interclinician variabil-
ity. However, in exploratory analyses, we identified 
a significant effect modification of anticholinesterase 
reversal by high age, high-risk surgery, and history 
of atrial fibrillation. By using linear combinations of 
main effect and exposure–risk interaction terms, we 
then identified significant associations between anti-
cholinesterase reversal and cardiovascular complica-
tions toward a higher vulnerability in these patient 
subgroups.

Our finding that average HR rises soon after 
coadministration of neostigmine and glycopyrro-
late is consistent with prior reports on small patient 

Figure 2. Mean heart rate of neostigmine/glycopyrrolate reversal group (blue) and control group (orange). The black arrow indicates the time 
point of neostigmine/glycopyrrolate reversal or reference time point defined as 19 minutes before extubation. Error bars are 95% CIs.

http://links.lww.com/AA/C753
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cohorts.10,24,25 We also found a nontrivial incidence of 
bradycardia (2.9%) and a higher incidence of tachy-
cardia (12.2%) that are likely induced by neostigmine 
and glycopyrrolate administration, because these out-
comes represent large changes from baseline HRs in 
exposed patients and are much less frequent in control 
patients. Data included in a recent meta-analysis by 
Hristovska et al26 indicate that 19 (7.1%) of 266 study 
patients who received neostigmine with glycopyr-
rolate experienced bradycardia, while the incidence 
with sugammadex (4 of 621 = 0.6%) was significantly 
lower (P = .01). While HR increases are known to 
depend on the neostigmine/glycopyrrolate dose ratio 
(usually 5:1),27 we found no other large cohort study 
reporting the incidence of tachycardia produced by 
these drugs. Hristovska et al26 reported tachycardia 
in 4 (2.3%) of 173 patients who received neostigmine 
and in 1 (0.6%) of 165 patients receiving sugammadex. 
These rates were not significantly different (P = .32).

Furthermore, neostigmine can induce depolariz-
ing neuromuscular block and muscle weakness when 
administered to patients with normal neuromuscular 
function. A bundle intervention designed to reduce 
inappropriate neostigmine use resulted in fewer post-
operative complications.28–30 Another recent large 
study by Belcher et al31 compared postanesthesia care 
unit outcomes in noncardiac surgery patients exposed 
to neostigmine versus nonexposed patients, finding 
that neostigmine was associated with a significantly 
lower incidence of major complications, specifically 
including cardiac arrest, reintubations, and intensive 
care unit admissions, as well as a lower incidence of 
bradycardia. These results agree with our finding that 
neostigmine does not increase the risk of cardiovascu-
lar complications and suggest that respiratory com-
promise associated with inadequate neuromuscular 
blocking drug reversal may be a major mediator of 
some cardiovascular complications.32–35 Our analy-
sis did not support the superiority of neostigmine 
administration for outcomes during a longer, 30-day 
postoperative period.

The plausibility of our hypothesis is supported by 
recent studies linking intraoperative tachycardia with 
postoperative cardiac complications.13,36,37 A recent 
retrospective cohort study by Helwani et al38 suggests 
that most perioperative myocardial ischemia is due to 
demand, which is directly linked to HR. Considering 
the relative incidences of tachycardia in the cohort 
exposed to neostigmine/glycopyrrolate and the 
control group, it seems reasonable that these drugs 
could induce cardiac dysfunction that may persist 
beyond the operating room environment. However, 
the duration of tachycardia may be another important 
influence on cardiovascular outcomes in the post-
operative period.36 Indeed, the observed difference 

in HR between patients who received and did not 
receive reversal agents lasted for a few minutes only 
(see Figure  2). The increase in HR before extuba-
tion observed in the control group likely reflects the 
decreasing depth of anesthesia in patients at the end 
of surgery. Shortly  before extubation, there was no 
difference in the HR between the 2 groups, which 
may explain why there was no significant difference 
in postoperative cardiovascular complications.

It is also possible that neostigmine has cardioprotec-
tive activity. In human subjects with preexisting heart 
failure, administration of the acetylcholinesterase 
inhibitor pyridostigmine reduced episodes of ventric-
ular arrhythmias.39 In a small randomized controlled 
crossover trial of patients with inducible myocardial 
ischemia during exercise stress tests, pyridostigmine 
increased the time to electrocardiographic ischemia 
and increased peak oxygen consumption.40

Our exploratory analyses suggest that patients pre-
senting with a high risk of cardiovascular complica-
tions (high age, vascular surgery and neurosurgery, 
and history of atrial fibrillation) may be more vul-
nerable to anticholinesterase-induced cardiovascular 
complications. These findings are potentially clini-
cally meaningful but need to be confirmed in future 
studies designed to test these hypotheses.

Our study has several strengths. We analyzed data 
up to 30 days after surgery, a period that captures the 
most consequential perioperative outcomes. Second, 
sensitivity analysis and propensity score adjustment 
suggest that our primary outcome analysis remains 
consistent. Third, we accounted for interclinician vari-
ability using a mixed-effects model and tested for 
effect modification across many covariates.

As with all retrospective studies using administra-
tive databases, interpretation is subject to selection 
bias, such as misclassification due to incorrect data 
input. However, the potential for bias of this type 
is counterbalanced by the large number of patients 
included in our analysis. In addition, we did not con-
trol for intraoperative β-blocker use due to inacces-
sibility to those data. It is also possible that unknown 
meaningful confounders have been omitted from our 
propensity score adjustment model. Given the estab-
lished risks of pulmonary complications in patients 
who do not receive reversal of neuromuscular block-
ing drugs, controlled trials to further evaluate the 
impact of neostigmine on cardiovascular outcomes 
would not be justified.

In summary, in this large population-based obser-
vational study on 98,147 cases, neuromuscular 
blocking drug reversal with neostigmine and gly-
copyrrolate was not significantly associated with 
increased 30-day postoperative cardiovascular com-
plications. However, high-risk groups may exist, 
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which are vulnerable to the cardiovascular side effects 
of neostigmine/glycopyrrolate administration. E
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