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Introduction: Neuromuscular blockade is an essential component of the general anesthesia as it allows for a better airway management and optimal surgical conditions. Despite significant reductions in extubation and OR readiness-for-discharge times have been associated with the use of sugammadex, the cost-effectiveness of this drug remains controversial. We aimed to compare the time to reach a train-of-four (TOF) response of ≥0.9 and operating room readiness for discharge in patients who received sugammadex for moderate neuromuscular blockade reversal when compared to neostigmine during outpatient surgeries under general anesthesia. Potential reduction in time for OR discharge readiness as a result of sugammadex use may compensate for the existing cost-gap between sugammadex and neostigmine.

Methods: We conducted a single-center, randomized, double arm, open-label, prospective clinical trial involving adult patients undergoing outpatient surgeries under general anesthesia. Eligible subjects were randomized (1:1 ratio) into two groups to receive either sugammadex (Groups S), or neostigmine/glycopyrrolate (Group N) at the time of neuromuscular blockade reversal. The primary outcome was the time to reverse moderate rocuronium-induced neuromuscular blockade (TOF ratio ≥0.9) in both groups. In addition, post-anesthesia care unit (PACU)/hospital length of stay (LOS) and perioperative costs were compared among groups as secondary outcomes.

Results: Thirty-seven subjects were included in our statistical analysis (Group S= 18 subjects and Group N= 19 subjects). The median time to reach a TOF ratio ≥0.9 was significantly reduced in Group S when compared to Group N (180 versus 540 seconds; p = 0.0052). PACU and hospital LOS were comparable among groups. Postoperative nausea and vomiting was the main adverse effect reported in Group S (22.2% versus 5.3% in Group N; p = 0.18), while urinary retention (10.5%) and shortness of breath (5.3%) were only experienced by some patients in Group N. Moreover, no statistical differences were found between groups regarding OR/anesthesia, PACU, and total admission costs.

Discussion: Sugammadex use was associated with a significantly faster moderate neuromuscular blockade reversal. We found no evidence of increased perioperative costs associated with the use of sugammadex in patients undergoing outpatient surgeries in our academic institution.

Clinical trial registration: [https://clinicaltrials.gov/] identifier number [NCT03579589].
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Introduction

Neuromuscular blockade is an essential component of general anesthesia as it allows for better airway management and surgical conditions (1). Nevertheless, the use of neuromuscular blocking agents (NMBAs) has been associated with higher risk of perioperative pulmonary complications, mostly due to postoperative residual neuromuscular blockade (2). After the introduction of quantitative neuromuscular monitoring devices to assess the train-of-four (TOF) ratio in the ’70s, subjective clinical parameters used for neuromuscular blockade monitoring progressively became obsolete (3).

Residual neuromuscular blockade is defined as a TOF ratio < 0.9 and results from incomplete reversal after using NMBAs (4, 5). The reported incidence of residual neuromuscular blockade is highly variable among trials, being identified in up to 40% of patients receiving non-depolarizing NMBAs (4, 6). The level of neuromuscular blockade varies among surgeries. Most non-abdominal surgical procedures are performed under moderate neuromuscular blockade (<2 responses in the TOF). In contrast, major abdominal surgeries may require the use of deep neuromuscular blockade defined as the presence of no twitches after TOF stimulation and only 1–2 post-tetanic count (PTC) responses during post-tetanic stimulation (7).

The use of deep neuromuscular blockade may improve working surgical conditions during major abdominal procedures and allow for significant reductions in insufflation pressures during laparoscopic surgeries. However, deep neuromuscular blockade has been also associated with prolonged postoperative muscle paralysis, residual neuromuscular blockade, hypoxemia and atelectasis (1, 8–11). These postoperative complications may prolong clinical recovery and post-anesthesia care unit (PACU) length of stay (LOS) with a subsequent increase in the overall cost to patients.

Sugammadex is a cyclodextrin with a novel mechanism of action and widely reported efficacy for neuromuscular blockade reversal (12, 13). Sugammadex encapsulates the rocuronium molecule creating a stable complex that is removed by the glomeruli, bypassing the hepatobiliary metabolic pathway (14). The dose of 2 mg/kg is recommended for the reversal of a moderate rocuronium- or vecuronium-induced neuromuscular blockade. Likewise, a dose of 4–8 mg/kg is effective for the reversal of deep neuromuscular blockade and a single dose of 16 mg/kg is advisable to reverse the neuromuscular blockade within 3 min after the administration of 1.2 mg/kg of rocuronium (15).

The use of sugammadex has been linked to a significant reduction in the time for extubation and operating room (OR) readiness for discharge. However, its cost-effectiveness remains unclear (16). In a systematic review, Paton et al. mentioned the lack of evidence concerning sugammadex cost and “efficient use of resources.” The review discussed the cost-effectiveness of the drug based on the United Kingdom practice where OR staff time was evaluated at £4.44 per minute (17). Similarly, the cost of sugammadex has been identified as one of the main limiting factor for its use in the United States (18).

Reported evidence on the incidence of postoperative pulmonary complications, residual neuromuscular blockade, postoperative nausea and vomiting (PONV), and PACU LOS after the use of sugammadex is highly variable (19).

In our study, we aimed to compare the time to reach a TOF response ≥ 0.9 and OR readiness for discharge after sugammadex administration for moderate neuromuscular blockade reversal when compared to neostigmine in outpatient surgeries under general anesthesia. We hypothesized that the administration of sugammadex for the reversal of moderate neuromuscular blockade will be associated with a significant reduction in time to reach a TOF response ≥ 0.9 and OR readiness for discharge when compared to neostigmine in patients undergoing outpatient surgeries at The Ohio State University Wexner Medical Center. In addition, we considered that the reduction in time to OR readiness for discharge will compensate for the existing cost-gap between sugammadex and neostigmine.



Materials and methods

Local Institutional Review Board approval (Office of Responsible Research Practices. Protocol #2018H0102) and ClinicalTrials.gov registration number (NCT03579589) were obtained before starting this clinical trial. Patients provided written informed consent before study participation.


Study design

We conducted a single-center, randomized, double-arm, open-label, prospective clinical trial involving adult patients undergoing outpatient surgeries at The Ohio State University Wexner Medical Center (OSUWMC) between August 2018 and April 2019. Adult patients (≥18 years old), American Society of Anesthesiologist (ASA) physical status I, II, or III undergoing outpatient surgeries (i.e., laparoscopic cholecystectomy, laparoscopic hernia repair, and laparoscopic appendectomy) under general anesthesia, and requiring rocuronium-induced neuromuscular blockade were included in the study. Prisoners, pregnant women, and patients with significant pre-existent clinical conditions such as chronic obstructive pulmonary disease (COPD), chronic kidney disease (CKD), and neuromuscular or neurodegenerative diseases were excluded.



Randomization

Subjects were randomized on a 1:1 ratio into 2 groups: Group S (sugammadex) and group N (neostigmine/glycopyrrolate) by using the automated Research Electronic Data Capture (REDCap) system. Moreover, randomization was completed at the time of neuromuscular blockade reversal in order to avoid potential bias on intraoperative NMBAs dosage and administration.



Study procedures

Demographics, medical history, physical examination, laboratory results (including pregnancy test), and prior medications were documented. Midazolam was administered for premedication as needed in all patients. Standard monitoring including 5-lead electrocardiogram (ECG), non-invasive blood pressure (NIBP) and pulse oximetry, was applied on arrival to the OR. Moreover, neuromuscular transmission was measured based on TOF stimulation of the ulnar nerve using the MechanoSensor (GE Healthcare®). Induction of general anesthesia consisted of pre-oxygenation (inspired fraction of oxygen 100% for at least 5 full Tidal Volume) and a drug sequence of intravenous (IV) lidocaine (0.5–1 mg/Kg), propofol (1–2 mg/kg), IV fentanyl (1–2 μg/Kg), rocuronium (0.3–0.7 mg/kg), and sevoflurane (0.5–1 of the minimum alveolar concentration or MAC). Total body weight (TBW) was used to calculate total dosage. Ulnar nerve stimulation device was calibrated and subsequently initiated after propofol and before rocuronium administration. Balanced anesthesia with sevoflurane (0.5–1.0 MAC) was administered for maintenance.

Moderate neuromuscular blockade was achieved after IV rocuronium (0.3–0.7 mg/kg) and monitored every 5 min using the TOF response. Supplemental doses of rocuronium were administered at discretion of the anesthesia provider to maintain an adequate moderate neuromuscular blockade (<2 TOF responses). Neuromuscular blockade reversal was administered after peritoneal (port sites) closure based on the TOF responses and group randomization as follows:


-Group S: sugammadex 2 mg/Kg of TBW when spontaneous recovery had reached a second twitch after TOF, or 4 mg/Kg of TBW when spontaneous recovery showed no twitch responses to TOF stimulation but between 1 and 2 PTC.

-Group N: neostigmine 50 μg. Kg–1 of TBW once spontaneous recovery had reached the fourth twitch after TOF stimulation, in accordance with our institutional standard procedures and published literature (20, 21).



Once neuromuscular blockade reversal was administered, the TOF responses were assessed every 30 seconds during the first 3 min and every minute afterward until a TOF ≥ 0.9 was obtained. Subsequently, the times from neuromuscular reversal administration to a TOF ratio ≥ 0.9, extubation and OR readiness-for-discharge were collected at the end of surgery. In addition, the time from peritoneal closure (port sites) to OR readiness-for-discharge was documented.


Postoperative procedures (post-anesthesia care unit)

On PACU arrival, all subjects received 2–3 liters per minute (L.min–1) of supplementary oxygen through a nasal cannula and standard monitoring was applied. Length of PACU stay (Phase I, defined as PACU LOS in minutes), length of hospital stay (Phase II, stepdown from PACU to the general floor or hospital discharge) and significant adverse events (e.g., bradycardia, anaphylaxis, nausea and vomiting, and hypotension) were collected.




Perioperative costs

Uniform Billing (UB-04) hospital forms were retrieved after hospital discharge in order to obtain the OR, anesthesia and recovery services related costs from all subjects.



Sample size and statistical analysis

The sample size was determined based on the primary outcome (time to reach a TOF response ≥ 0.9). A total of 40 patients would provide more than 90% power to detect a difference of 360 seconds. from drug administration to extubation, assuming standard deviations of 0.8 and 6.9 in the Sugammadex and control groups, respectively, at a 5% type I error rate (22). Summary statistics for continuous variables are reported as means (standard deviations) or medians [inter-quartile ranges] and as frequencies (percentages) for categorical variables. We compared the study groups using Student’s t-tests or Wilcoxon Rank-Sum tests for continuous variables, and chi-squared or Fisher’s exact tests for categorical variables. For secondary outcomes between study groups comparing time from peritoneal closure (port sites) to patient readiness for OR readiness–for-discharge to PACU we used the Student’s t-tests at the 5% type I error rate. All analyses were conducted using SAS version 9.4 (SAS Institute, Cary, NC, USA).




Results

A total of 40 patients (n = 40) were enrolled in this trial. However, three patients (n = 3) were excluded from the analysis for the following reasons: did not meet inclusion/exclusion criteria (n = 1), physician provider discretion (n = 1) and device malfunction (n = 1). Therefore, 37 patients (n = 37) were included in our statistical analysis. Of these, 18 patients (n = 18) were randomized to Group S and 19 patients (n = 19) to Group N. Figure 1 displays our CONSORT flow diagram (23).
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FIGURE 1
Consort flow diagram.



Study population: Demographic and baseline characteristics

Demographic and baseline characteristics including gender, age, race, ASA physical status, and preoperative diagnosis were similar between groups. The median age was 48 [44, 65] years old in Group N and 56.5 [47, 63] years old in Group S (p = 0.71). Moreover, 58% of patients in Group N were males, whereas 61% in Group S were females. The median body mass index (BMI) was slightly higher in Group S when compared to Group N (32.5 versus 28.2 kg/m2, respectively; p = 0.06). Cholecystitis/calculus of gallbladder was the most common preoperative diagnosis in both groups (Table 1).


TABLE 1    Demographics and baseline variables.
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Primary and secondary outcomes

The median time to reach a TOF response ≥ 0.9 was significantly reduced in Group S when compared to Group N (180 versus 540 s; p = 0.0052). The median time between incision closure and extubation was slightly shorter in Group S when compared with Group N (4.5 [2, 6] versus 7 [5, 8] min; p = 0.26). In contrast, the median time elapsed from neuromuscular blockade reversal administration to extubation was slightly shorter in the Group S when compared to Group N (10.5 [11, 16] versus 13 [11, 16] min; p = 0.19). Overall, the median time elapsed from neuromuscular blockade reversal administration to OR readiness-for-discharge was similar between Group S and Group N (14 [9, 16] versus 15 [14, 18] min, respectively; p = 0.14) (Table 2).


TABLE 2    Perioperative variables.
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Cholecystectomy was the most common procedure performed in both groups (51.4%). There were no statistically significant differences in median length of anesthesia or surgery between groups (p = 0.55 and p = 0.84, respectively). The median PACU LOS (Phase I) was similar in both groups (56 [45, 84] min for Group N and 63 [44, 118] min for Group S; p = 0.31). Likewise, the median length of hospital stay (Phase II and/or hospitalization) was similar between groups (166 [102, 245] min for Group N versus 118 [83, 175] min for Group S; p = 0.11). In addition, the total time of hospitalization for Group N was 543 and 466.5 min for Group S (p = 0.32) (Table 2).


Perioperative complications

The overall incidence of adverse events was 21.6% and there were not statistical difference among groups. However, postoperative nausea and vomiting, urinary retention, and shortness of breath were the most common perioperative complications. Postoperative nausea and vomiting was experienced by 1 patient in Group N (5.3%) and 4 patients in Group S (22.2%); p = 0.18. Postoperative urinary retention was reported in 2 subjects from Group N (10.5%). These 2 subjects required 2 days of hospitalization until resolution. Lastly, shortness of breath was experienced by 1 subject in Group N (5.3%), requiring hospitalization for 24 h until resolution (Table 3).


TABLE 3    Postoperative complications.
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Hospitalization and surgery costs

There were no statistical differences in the overall mean costs of OR and anesthesia between Group N and Group S ($23,009.20 ± 6,055.40 and $22,653.40 ± 7,920.70, respectively; p = 0.88). Likewise, the mean OR cost per minute was comparable among groups (Group N = $219.9 and Group S = $223.8; p = 0.38). In addition, the mean PACU costs for Group N were $4,764.10 ± 2,038.2 and $4,285.70 ± 1,697.6 for Group S (p = 0.44). Moreover, the mean total hospitalization cost was similar between groups ($33,225 and $34,520.90 for Group N and S, respectively; p = 0.66) (Table 4).


TABLE 4    Hospitalization and surgery costs.
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Discussion

Our results indicate that patients undergoing outpatient surgeries and receiving sugammadex for moderate neuromuscular blockade reversal reached a TOF ratio ≥ 0.9 faster than patients receiving neostigmine/glycopyrrolate. This finding has been consistently reported in previous studies (17, 18, 24–29). However, we found no evidence of a significant reduction in OR readiness-for-discharge time as a result of a shorter time to reach a TOF ratio ≥ 0.9 in our patient population.

In an open parallel study, Sacan et al. (27) reported a significant reduction on the times to achieve TOF ratios of 0.7, 0.8, and 0.9 in patients receiving sugammadex when compared to edrophonium and neostigmine groups (p < 0.05). In addition, sugammadex administration has been associated with a faster deep neuromuscular blockade (1–2 PTC responses) reversal and a greater predictability to a TOF ratio of 0.9 within 5 min in comparison with neostigmine (98% versus 11%, respectively) (28, 29).

Grintescu et al. compared the recovery time in 34 patients undergoing laparoscopic cholecystectomy who received either sugammadex (2 mg.kg–1) or neostigmine (50 μg.kg–1) for moderate neuromuscular blockade reversal. Faster recovery time, defined as the time between the administration of the reversal agent and the time of extubation, was associated with the use of sugammadex when compared with neostigmine (1.2 ± 0.8 versus 16.7 ± 6.9 min, respectively; p < 0.001). Moreover, authors reported that the total time spent in the OR was significantly lower in the sugammadex group when compared to neostigmine (64.4 ± 24.3 versus 80.3 ± 20.5 min, respectively; p < 0.05) (22).

In a recent meta-analysis, Carron et al. analyzed data from 6 studies including a total of 518 patients undergoing different laparoscopic procedures in order to determine the efficacy of sugammadex on reducing the OR readiness-for-discharge time. Authors reported a significant association between sugammadex use and faster discharge from the OR to the PACU when compared with neostigmine (mean difference = 22.14 min, 95% CI (14.62, 29.67), p < 0.00001, I2 = 0%). Likewise, the time of PACU readiness-for-discharge to the surgical ward was significantly reduced in patients receiving sugammadex in comparison with those receiving neostigmine (p = 0.0469) (30). These results are consistent with previous meta-analyses, prospective, and retrospective studies (16, 25, 31, 32).

In our study subjects, neuromuscular blockade reversal was administered once surgeons started the laparoscopic ports closure. Additionally, reappearance of the fourth twitch in the TOF was required to administer neuromuscular blockade reversal in Group N. Compared to neostigmine/glycopyrrolate administration, Sugammadex was associated with reduced times from incision closure to extubation (4.5 versus 7 min), reversal administration to extubation (10.5 versus 13 min), and reversal administration to OR readiness-for-discharge (14 versus 15 min). However, none of these variables were statistically significant.

A faster reversal of the neuromuscular blockade allows for an early recovery of muscle tone and therefore, reduced incidence of postoperative complications. Stimulation of muscle spindles during reestablishment of muscle tone results in activation of spinal motoneurons and increases neural activity in the cerebral arousal centers (afferentation theory), especially in the reticular activity system (RAS) (33, 34). In a multicenter randomized clinical trial by Khuenl-Brady et al. (35), the incidence of general muscle weakness was comparable among patients who received sugammadex and those receiving neostigmine.

The overall incidence of postoperative complications in our study was 21.6%. Urinary retention and shortness of breath were reported in Group N only (5.4% and 2.7% of patients, respectively), whereas a higher incidence of postoperative nausea and vomiting was observed in Group S (22.22% versus 5.26%). Cholinesterase inhibitors (i.e., anticholinesterases) such as neostigmine remain the most frequently used drugs for neuromuscular blockade reversal. However, their effectiveness is limited in procedures where deep neuromuscular blockade is required. Moreover, these drugs must be combined with anticholinergic drugs (e.g., atropine, glycopyrrolate) in order to avoid undesired muscarinic effects including bradycardia, hypotension, bronchospasm, increased gastrointestinal motility, postoperative nausea and vomiting, and miosis (21, 36–39). In addition, anticholinergic drugs have an inhibitory effect on bladder contraction by antagonizing the postjunctional muscarinic receptors located in the detrusor muscle. This may increase the risk of postoperative urinary retention (40, 41). In our study, the two patients experiencing urinary retention (n = 2) were in Group N and required prolongation of their hospitalization until resolution (up to 48 h).

In contrast, sugammadex does not interfere with the acetylcholinesterase receptor system. In addition, the use of sugammadex has been linked to a faster and predictable reversal of any degree of neuromuscular blockade, reduced incidence of residual neuromuscular block and more efficient utilization of healthcare resources (12, 42). However, hypersensitivity reactions, cough, oral discomfort, increased partial thromboplastin time (PTT), severe bradycardia, and asystole have been also described after its administration (13, 39, 43, 44). Postoperative nausea and vomiting was the only adverse effect reported in Group S in our study (n = 4). Nevertheless, prolongation of the hospitalization was not necessary in any of these patients.

Cost-effective use of resources is paramount for every healthcare system in the world. An efficient use of surgical areas such as the OR and PACU is an essential component of any hospital budget structure (32). Our study population included patients undergoing ambulatory procedures under general anesthesia with a moderate to deep neuromuscular blockade throughout the surgery. Therefore, high doses of sugammadex or neostigmine/glycopyrrolate for neuromuscular blockade reversal were not required in our patient setting. An important body of evidence suggests that sugammadex may indirectly contribute to a significant reduction in costs by decreasing the PACU LOS, anesthesia emergence time, and the incidence of postoperative respiratory complications in comparison with neostigmine (16, 17, 26, 30, 45–47). In addition to reduce overall costs, sugammadex use has been associated with an increased OR turnover when compared to neostigmine (16). However, Deyhim et al. (18) reported that this saved time in the OR was not correlated with an increased workload and/or the number of surgical cases.

Different models have been described to assess perioperative and hospitalization costs. Static models include the costs of reversal agents and anesthesia care, labor costs (e.g., doctors, nurses, and OR time) and costs of hospitalization (17, 18, 48). In our study, we used the UB-04 hospital forms to retrieve the OR services, anesthesia, and recovery room costs. This form has been widely used in case-control and retrospective studies assessing in-hospital costs (49, 50). Mean anesthesia costs were similar between groups in our patient setting ($1,473.3 in Group S versus $1,477.9 in Group N; p = 0.97). Moreover, the OR costs per minute of surgery were comparable among groups (p = 0.38), being PACU mean costs slightly reduced in Group S ($4,285.7 versus $4,764.1; p = 0.44). Therefore, we found no evidence of a significant increase in in-hospital costs in patients undergoing outpatient surgeries who received sugammadex when compared to those receiving neostigmine.

Morbid obesity, procedure performed, anesthesia type, past medical history of hypertension and scheduled surgery duration have been identified as the main factors associated with a prolonged PACU LOS in outpatient care centers (51). In addition, intraoperative surgical training activities caused significant delays in the last stage of the surgery in our academic institution, which could have resulted in subsequent prolongation of the OR-to-PACU readiness-for-discharge times and PACU LOS, regardless of the type of procedure and randomization group. Additionally, extubation was performed before reaching a TOF ratio ≥ 0.9 in more than a half of our patients in Group N. This type of clinical practice is consistent with what has been discussed in current guidelines and recommendations (11) and may have had an important impact in our data.

De Robertis et al. (52) conducted a retrospective chart review in patients undergoing bariatric surgery to assess the recovery time after sugammadex or neostigmine administration and the healthcare cost impact of a faster recovery. The study concluded that the use of sugammadex was associated with a faster time to achieve a TOF ratio of 0.9 (p < 0.05) and an Aldrete score of 10 (p < 0.05), as well as a less duration in the OR theater occupancy (93.3 versus 116.6 min; p < 0.05) (52). Our study showed a slightly reduction in the length of anesthesia and the time elapsed from neuromuscular reversal administration to extubation in patients receiving sugammadex when compared to those receiving neostigmine.

Our study had some other limitations that are worth mentioning. First, the small sample size may increase the likelihood of a Type II error skewing the precision and power of our results. However, statistical power and sample size were calculated based on previous reports describing the differences in time to reach a TOF ratio ≥ 0.9 in patients receiving neostigmine or sugammadex. Second, our study only included outpatient surgical procedures and the results regarding the PACU and total hospital LOS, and costs, that may not reflect the impact of sugammadex in more complex surgeries with high-risk patients. Third, it is possible that sugammadex may impact further saving resources that were not considered in our study; the retrieved costs were calculated from insurance claims and not from a detailed breakdown of perioperative healthcare cost utilized in each subject. Lastly, the variability in the surgery type and surgical skills among surgical personnel in our academic center could have affected the time between incision closure and extubation, and/or the time between the neuromuscular blockade reversal administration and extubation, with a subsequent impact on the time elapsed from neuromuscular blockade administration to OR discharge.



Conclusion

Sugammadex offers a significantly faster, predictable, and safer recovery profile from neuromuscular blockade than neostigmine in patients undergoing outpatient surgical abdominal procedures. Moreover, we found no evidence of increased OR or PACU costs associated with sugammadex administration in our patient setting. Considering the high variability of hospitalization and surgery costs around the United States, our cost analysis may potentially serve as a reference for future perioperative research in academic institutions.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by Institutional Review Board approval (Office of Responsible Research Practices) at The Ohio State University. The patients/participants provided their written informed consent to participate in this study.



Author contributions

JF, NS, WA, MA-R, AU, and SB: study conception and design. JF, AE, OD, WA, JH, and AU: data collection. JF, ME-V, NS, MA-R, WA, JH, AU, and SB: data analysis and interpretation. MA-R: perform the analysis. JF, ME-V, AE, OD, NS, and AU: manuscript drafting. JF, ME-V, MA-R, WA, JH, AU, and SB: manuscript critical revision. All authors read and approved the final manuscript.



Acknowledgments

The authors gratefully acknowledge Sarah Kozik, Melanie Munoz, and Jillian Tishko for their writing and editing collaboration (they provided authorization to be named on this publication).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Abbreviations

ASA, American Society of Anesthesiologists; BMI, body mass index; CI, confidence interval; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; ECG, electrocardiogram; IV, intravenous; LOS, length of stay; MAC, minimum alveolar concentration; NIBP, non-invasive blood pressure; NMBAs, neuromuscular blocking agents; OR, operating room; PACU, post-anesthesia care unit; PONV, postoperative nausea and vomiting; PTC, post-tetanic count; REDCap, research electronic data capture; TBW, total body weight; TOF, train of four; UB, uniform billing.



References

1. Blobner M, Frick CG, Stäuble RB, Feussner H, Schaller SJ, Unterbuchner C, et al. Neuromuscular blockade improves surgical conditions (NISCO). Surg Endosc. (2015) 29:627–36. doi: 10.1007/s00464-014-3711-7

2. Sokół-Kobielska E. Sugammadex—indications and clinical use. Anaesthesiol Intensive Ther. (2013) 45:106–10.

3. Ali HH, Utting J, Gray C. Stimulus frequency in the detection of neuromuscular block in humans. Br J Anaesth. (1970) 42:967–78.

4. Brull SJ, Murphy GS. Residual neuromuscular block: lessons unlearned. Part II: methods to reduce the risk of residual weakness. Anesth Analg. (2010) 111:129–40. doi: 10.1213/ANE.0b013e3181da8312

5. Green MS, Venkatesh AG, Venkataramani R. Management of residual neuromuscular blockade recovery: age-old problem with a new solution. Case Rep Anesthesiol. (2017) 2017:8197035. doi: 10.1155/2017/8197035

6. Naguib M, Magboul M Adverse effects of neuromuscular blockers and their antagonists. Drug saf (Springer). (1998) 18:99–116.

7. Boon M, Martini C, Dahan A. Recent advances in neuromuscular block during anesthesia. F1000Research. (2018) 7:167.

8. Madsen M, Staehr-Rye A, Claudius C, Gätke M. Is deep neuromuscular blockade beneficial in laparoscopic surgery? Yes, probably. Acta Anaesthesiol Scand. (2016) 60:710–6. doi: 10.1111/aas.12698

9. Staehr-Rye AK, Rasmussen LS, Rosenberg J, Juul P, Lindekaer AL, Riber C, et al. Surgical space conditions during low-pressure laparoscopic cholecystectomy with deep versus moderate neuromuscular blockade: a randomized clinical study. Anesth Analg. (2014) 119:1084–92. doi: 10.1213/ANE.0000000000000316

10. Lindekaer AL, Springborg HH, Istre O. Deep neuromuscular blockade leads to a larger intraabdominal volume during laparoscopy. J Visual Exp. (2013) 76:e50045. doi: 10.3791/50045

11. Naguib M, Brull SJ, Kopman AF, Hunter JM, Fülesdi B, Arkes HR, et al. Consensus statement on perioperative use of neuromuscular monitoring. Anesth Analg. (2018) 127:71–80.

12. Nag K, Singh DR, Shetti AN, Kumar H, Sivashanmugam T, Parthasarathy S. Sugammadex: a revolutionary drug in neuromuscular pharmacology. Anesth Essays Res. (2013) 7:302.

13. Keating GM. Sugammadex: a review of neuromuscular blockade reversal. Drugs. (2016) 76:1041–52.

14. Kovac AL. Sugammadex: the first selective binding reversal agent for neuromuscular block. J Clin Anesthes. (2009) 21:444–53.

15. FDA. Bridion§(Sugammadex) Injection, for Intravenous Use: US Prescribing Information. Silver Spring, MD: FDA (2015).

16. Carron M, Zarantonello F, Tellaroli P, Ori C. Efficacy and safety of sugammadex compared to neostigmine for reversal of neuromuscular blockade: a meta-analysis of randomized controlled trials. J Clin Anesth. (2016) 35:1–12.

17. Paton F, Paulden M, Chambers D, Heirs M, Duffy S, Hunter J, et al. Sugammadex compared with neostigmine/glycopyrrolate for routine reversal of neuromuscular block: a systematic review and economic evaluation. Br J Anaesth. (2010) 105:558–67.

18. Deyhim N, Beck A, Balk J, Liebl MG. Impact of sugammadex versus neostigmine/glycopyrrolate on perioperative efficiency. Clinicoecon Outcomes Res. (2020) 12:69. doi: 10.2147/CEOR.S221308

19. Brett K, Farrah K. Sugammadex for the Reversal of Rocuronium-Induced Neuromuscular Blockade in Surgical Patients: A Review of Clinical Effectiveness. Ottawa, ON: Canadian Agency for Drugs and Technologies in Health (2019).

20. Donati F. Residual paralysis: a real problem or did we invent a new disease? Can J Anesth. (2013) 60:714–29.

21. Hunter J. Reversal of residual neuromuscular block: complications associated with perioperative management of muscle relaxation. Br J Anaesth. (2017) 119:i53–62. doi: 10.1093/bja/aex318

22. Grintescu I, Mirea L, Ologoiu D, Ungureanu R, Mekauvar S, Vasilescu M. Comparison of the cost-effectiveness of sugammadex and neostigmine during general anaesthesia for laparoscopic cholecystectomy. Br J Anaesth. (2009) 103:917.

23. Schulz KF, Altman DG, Moher D. CONSORT 2010 statement: updated guidelines for reporting parallel group randomised trials. Trials. (2010) 11:1–8.

24. Choi E, Oh A, Koo B, Hwang J, Han J, Seo K, et al. Comparison of reversal with neostigmine of low-dose rocuronium vs. reversal with sugammadex of high-dose rocuronium for a short procedure. Anaesthesia. (2017) 72:1185–90. doi: 10.1111/anae.13894

25. Lombardi S, Morrison M, Baker W, Martin S. 965: sugammadex versus neostigmine and the impact on post-anesthesia care unit length of stay. Crit Care Med. (2020) 48:462.

26. Hurford WE, Eckman MH, Welge JA. Data and meta-analysis for choosing sugammadex or neostigmine for routine reversal of rocuronium block in adult patients. Data Brief. (2020) 32:106241.

27. Sacan O, White PF, Tufanogullari B, Klein K. Sugammadex reversal of rocuronium-induced neuromuscular blockade: a comparison with neostigmine–glycopyrrolate and edrophonium–atropine. Anesth Analg. (2007) 104:569–74. doi: 10.1213/01.ane.0000248224.42707.48

28. Blobner M, Eriksson LI, Scholz J, Motsch J, Della Rocca G, Prins ME. Reversal of rocuronium-induced neuromuscular blockade with sugammadex compared with neostigmine during sevoflurane anaesthesia: results of a randomised, controlled trial. Eur J Anaesthesiol. (2010) 27:874–81.

29. Jones RK, Caldwell JE, Brull SJ, Soto RG. Reversal of profound rocuronium-induced blockade with sugammadexa randomized comparison with neostigmine. Anesthesiology. (2008) 109:816–24. doi: 10.1097/ALN.0b013e31818a3fee

30. Carron M, Zarantonello F, Lazzarotto N, Tellaroli P, Ori C. Role of sugammadex in accelerating postoperative discharge: a meta-analysis. J Clin Anesth. (2017) 39:38–44.

31. Butterly A, Bittner E, George E, Sandberg W, Eikermann M, Schmidt U. Postoperative residual curarization from intermediate-acting neuromuscular blocking agents delays recovery room discharge. Br J Anaesth. (2010) 105:304–9. doi: 10.1093/bja/aeq157

32. Copp MV, Barrett TF. Sugammadex: role in current anaesthetic practice and its safety benefits for patients. World J Anesthesiol. (2015) 4:66.

33. Chazot T, Dumont G, Le Guen M, Hausser-Hauw C, Liu N, Fischler M. Sugammadex administration results in arousal from intravenous anaesthesia: a clinical and electroencephalographic observation. Br J Anaesth. (2011) 106:914–6. doi: 10.1093/bja/aer142

34. Lanier WL. The afferentation theory of cerebral arousal. In: Johnson JO, Sperry RJ, Stanley TH, editors. Neuroanesthesia. Developments in Critical Care Medicine and Anesthesiology. (Vol. 32), Dordrecht: Springer (1997).

35. Khuenl-Brady KS, Wattwil M, Vanacker BF, Lora-Tamayo JI, Rietbergen H, Álvarez-Gómez JA. Sugammadex provides faster reversal of vecuronium-induced neuromuscular blockade compared with neostigmine: a multicenter, randomized, controlled trial. Anesth Analg. (2010) 110:64–73. doi: 10.1213/ane.0b013e3181ac53c3

36. Srivastava A, Hunter J. Reversal of neuromuscular block. Br J Anaesth. (2009) 103:115–29.

37. Nair VP, Hunter JM. Anticholinesterases and anticholinergic drugs. Contin Educ Anaesth Crit Care Pain. (2004) 4:164–8.

38. Luo J, Chen S, Min S, Peng L. Reevaluation and update on efficacy and safety of neostigmine for reversal of neuromuscular blockade. Therap Clin Risk Manag. (2018) 14:2397. doi: 10.2147/TCRM.S179420

39. Yağan Ö, Taş N, Mutlu T, Hancı V. Comparison of the effects of sugammadex and neostigmine on postoperative nausea and vomiting. Brazil J Anesthesiol. (2017) 67:147–52.

40. Verhamme KM, Sturkenboom MC, Stricker BHC, Bosch R. Drug-induced urinary retention. Drug Saf. (2008) 31:373–88.

41. Cha J-E, Park SW, Choi YI, Oh ID, Kang HY, Lee SH, et al. Sugammadex use can decrease the incidence of post-operative urinary retention by avoiding anticholinergics: a retrospective study. Anesth Pain Med. (2018) 13:40–6.

42. Cada DJ, Levien TL, Baker DE. Sugammadex. Hosp Pharm. (2016) 51:585–96.

43. Pühringer FK, Rex C, Sielenkämper AW, Claudius C, Larsen PB, Prins ME, et al. Reversal of profound, high-dose rocuronium–induced meeting abstracts by sugammadex at two different time pointsan international, multicenter, randomized, dose-finding, safety assessor–blinded, phase II trial. Anesthesiology. (2008) 109:188–97. doi: 10.1097/ALN.0b013e31817f5bc7

44. Bhavani S. Severe bradycardia and asystole after sugammadex. Br J Anaesth. (2018) 121:95–6.

45. Chambers D, Paulden M, Paton F, Heirs M, Duffy S, Craig D, et al. Sugammadex for the reversal of muscle relaxation in general anaesthesia: a systematic review and economic assessment. Health Technol Assess. (2010) 14:1–211. doi: 10.3310/hta14390

46. Carron M, Baratto F, Zarantonello F, Ori C. Sugammadex for reversal of neuromuscular blockade: a retrospective analysis of clinical outcomes and cost-effectiveness in a single center. Clinicoecon Outcomes Res. (2016) 8:43. doi: 10.2147/CEOR.S100921

47. Cammu G. Sugammadex: appropriate use in the context of budgetary constraints. Curr Anesthesiol Rep. (2018) 8:178–85. doi: 10.1007/s40140-018-0265-6

48. Chambers D, Paulden M, Paton F, Heirs M, Duffy S, Hunter J, et al. Sugammadex for reversal of neuromuscular block after rapid sequence intubation: a systematic review and economic assessment. Br J Anaesth. (2010) 105:568–75. doi: 10.1093/bja/aeq270

49. Kahler ZP, Beam DM, Kline JA. Cost of treating venous thromboembolism with heparin and warfarin versus home treatment with rivaroxaban. Acad Emerg Med. (2015) 22:796–802. doi: 10.1111/acem.12713

50. Memtsoudis SG, Fiasconaro M, Soffin EM, Liu J, Wilson LA, Poeran J, et al. Enhanced recovery after surgery components and perioperative outcomes: a nationwide observational study. Br J Anaesth. (2020) 124:638–47. doi: 10.1016/j.bja.2020.01.017

51. Gabriel RA, Waterman RS, Kim J, Ohno-Machado L. A predictive model for extended postanesthesia care unit length of stay in outpatient surgeries. Anesth Analg. (2017) 124:1529–36. doi: 10.1213/ANE.0000000000001827

52. De Robertis E, Marinosci GZ, Romano GM, Piazza O, Iannuzzi M, Cirillo F, et al. The use of sugammadex for bariatric surgery: analysis of recovery time from neuromuscular blockade and possible economic impact. Clinicoecon Outcomes Res. (2016) 8:317. doi: 10.2147/CEOR.S109951


OPS/images/fmed-09-1072711-t001.jpg
Variable

Age, years, median [IQR]
Gender, male, n (%)

Gender, female, 1 (%)

Race, mean (SD)

White

African-American

Other

Height, m, median [IQR]
Weight, kg, median [IQR]
BMI, kg/m?, median [IQR]
ASA dlassification, I/1I/1I1, n
Preoperative diagnosis n (%)
Calculus of gallbladder/cholecystitis
Inguinal hernia

Ventral hernia

Appendix condition (mass, appendicitis)

IQR, interquartile range; SD, standard deviation.

Overall (n =37)

56 [45, 63]
18 (49%)
19 (51%)

30 (81%)
5 (14%)

2 (5%)
1.7[2,18]
95.3 [80, 102.5]
30.4 [28, 34.8]
2/25/10

19 (51.4)

11 (29.7)
6(16.2)
1(27)

Neostigmine (n = 19)

48 [44, 65]
11 (58%)
8 (42%)

16 (84%)
2(11%)
1(5%)
1.7[2,19]
88.5 79, 100.9]
282 [27,33.8]
2/12/5

9 (47.4)
8 (42.1)
1(5.3)
1(5.3)

Sugammadex (n = 18)

56.5 [47, 63]
7 (39%)
11 (61%)

14 (78%)
3(17%)
1(6%)
1.7[2,1.7]
96.2 [86, 103.9]
32.5[29,39.1]
0/13/5

10 (55.6)
3(167)
5(27.8)
0 (0.00)

P-value

0.71
0.25

0.27
0.47
0.06
0.37

0.10





OPS/images/fmed-09-1072711-t002.jpg
Variable

Procedure performed n (%)

Inguinal hernia repair

Cholecystectomy
Appendectomy

Ventral hernia repair

Length of anesthesia, min, median [IQR]
Length of surgery, min, median [IQR]
Time to TOF > 0.9, s

Incision closure to extubation time, min, median [IQR]

IP Administration to extubation time, min, median [IQR]

1P Administration to anesthesia readiness, min, median [IQR]
Phase I duration, min, median [IQR]

Phase II duration, min, median [IQR]

Total time hospitalization, min, median [IQR]

IQR, interquartile range; SD, standard deviation; TOF, train of four. IP, investigational product (neostigmine/glycopyrrolate or sugammadex).

Overall
(n=137)

11 (29.7)
19 (51.4)
1(2.7)
6(16.2)

96 [80, 127]
61 [51,90]
*missing = 11
240 [150, 420]
6[3,8]

12 [8,15]
15 [12,17]
60 [44, 90]
133 [85, 213]
510 [415, 604]

*Extubation was performed before TOF ratio > 0.9 at anesthesia care provider’s discretion.

Neostigmine
(n=19)

8(42.1)

9 (47.4)
1(5.3)
1(5.3)

98 [80,132]
61 51, 93]
*missing = 10
540 [360, 600]
7 [5.8]

13 [11, 16]
15 (14, 18]
56 [45, 84]
166 [102, 245]
543 [430, 625]

Sugammadex
(n=18)

3(16.7)
10 (55.6)

0 (0.00)
5(27.8)
94.5 [74,117]
61.5 [51, 78]
*missing = 1
180 [150, 300]
45 [2,6]
10.5 (7, 15]
14 [9, 16]
63.5 [44,118]
118 [83,175]
466.5 [404, 548]

P-value

0.10

0.55
0.84
0.0052

0.26
0.19
0.14
0.31
0.11
0.32





OPS/images/fmed-09-1072711-t003.jpg
Variables Overall (n=37) Neostigmine (n=19) Sugammadex (n = 18) P-value

Postoperative nausea and vomiting n (%) 5(13.5) 1(5.3) 4(222) 0.18
Urinary retention n (%) 2(5.4) 2(10.5) 0(0.0) 0.49
Shortness of breath n (%) 1(2.7) 1(5.3) 0 (0.0) >0.99





OPS/images/fmed-09-1072711-t004.jpg
Variables Neostigmine (n =19)

OR costs, USD, mean (SD) 21,531.3 (5,690.6)
Anesthesia costs, USD, mean (SD) 1,477.9 (375.2)
OR and anesthesia, USD, mean (SD) 23,009.2 (6,055.4)
OR cost per minute of surgery, USD, mean (SD) 219.9 (13.18)
PACU costs, USD, mean (SD) 4,764.1 (2,038.2)
Total hospitalization costs, USD, mean (SD) 33,225 (7,457.2)

USD, United States dollar; OR, operating room; PACU, post-anesthesia care unit.

Sugammadex (n = 18)

21,180.1 (7,473.8)
1,473.3 (454.7)
22,6534 (7,920.7)
2238 (13.1)
4,285.7 (1,697.6)
34,5209 (10,327.7)

P-value

0.87
0.97
0.88
0.38
0.44
0.66





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Sugammadex versus neostigmine for neuromuscular blockade reversal in outpatient surgeries: A randomized controlled trial to evaluate efficacy and associated healthcare cost in an academic center



		Introduction



		Materials and methods



		Study design



		Randomization



		Study procedures



		Postoperative procedures (post-anesthesia care unit)







		Perioperative costs



		Sample size and statistical analysis







		Results



		Study population: Demographic and baseline characteristics



		Primary and secondary outcomes



		Perioperative complications



		Hospitalization and surgery costs











		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Abbreviations



		References

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Medicine

Sugammadex versus
neostigmine
for neuromuscular blockade
reversal in outpatient
surgeries: A randomized
controlled trial to evaluate
efficacy and associated
healthcare cost in an
academic center








OPS/images/fmed-09-1072711-g001.jpg
[ Enrollment ]

Assessed for Eligibility (n= 40)

Excluded (n= 3)
+ Not meeting inclusion criteria (n= 1)
+ Other reasons (n= 2)
- Per physician (n= 1)
- Device malfunction (n= 1)

\ 4

Randomized (n= 37)

:

y [ Allocation } y
Sugammadex (n= 18) Neostigmine (n= 19)
+ Received allocated intervention (n= 18) + Received allocated intervention (n= 19)
+ Did not receive allocated intervention (n= 0) + Did not receive allocated intervention (n= 0)

Y

[ Analysis

y

Analysed (n=18)
+ Excluded from analysis (n= 0)

Analysed (n=19)
+ Excluded from analysis (n= 0)










OPS/images/logo.jpg
¥ frontiers | Frontiers in Medicine







