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Abstract

Background: The optimal mode of maintaining intraoperative neuromuscular blockade
remains uncertain, and no randomized comparison has been reported from Pakistan. We
compared intermittent bolts and continuous infusion of atracurium for time to
neuromuscular recovery and total drug requirement. Methods: In this single-Centre,
parallel-group randomised controlled trial (Doctors Hospital and Medical Center, Lahore;
15 February to 14 August 2024), 80 adults aged 18-60 years, ASA physical status I-1I,
scheduled for elective surgery under general anesthesia were randomised to atracurium
0.1 mg/kg every 30 min (intermittent bolus, n = 40) or atracurium 0.2 mg/kg/h

Correspondence: (continuous infusion, n = 40) after a 0.5 mg/kg intubating dose. The primary outcome was
Sana Zaheer Qureshi. time from the last bolus or cessation of infusion to a train-of-four (TOF) ratio 0.8 at the
B.Sc. Medical Imaging |adductor pollicis; the secondary outcome was total intraoperative atracurium dose.

Technology,  Lecturer  MIT |Groups were compared with independent-samples t tests. Results: All 80 randomized
Radiology, =~ Department  of |patients were analysed. Mean (SD) recovery time was 30.75 (3.99) min with intermittent
Diagnostic Radiology & Medical |bolus and 49.73 (4.20) min with continuous infusion (mean difference 18.98 min; 95% CI
Imaging, Mayo Hospital / King |17.16 to 20.80; P < 0.001). Total atracurium dose was 51.98 (4.40) mg and 80.60 (5.40)
Edward  Medical ~ University, |mg, respectively (mean difference 28.62 mg; 95% CI 26.43 to 30.81; P < 0.001). The
Lahore, direction and magnitude of both differences were consistent across age, sex, body mass
index, ASA status and surgical specialty. Conclusions: In ASA I-1I adults undergoing
elective surgery, intermittent bolus atracurium was associated with faster neuromuscular
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INTRODUCTION

Non-depolarizing neuromuscular blocking agents are used during general anesthesia to facilitate tracheal intubation,
optimize surgical conditions and permit controlled ventilation. Their safe use depends on complete recovery of
neuromuscular function before tracheal extubation, because residual blockade impairs pharyngeal function, airway
protection and the hypoxic ventilatory response and remains common in post-anesthesia care units [1,2]. Current guidance
therefore recommends objective, train-of-four (TOF)-based monitoring at the adductor pollicis whenever these drugs are
given [3,4].

Atracurium is an intermediate-acting benzylisoquinolinium agent that is degraded by Hofmann elimination and ester
hydrolysis, with a substantial contribution from organ-based clearance [5]. Rapid bolus injections can release histamine
and cause transient hypotension and tachycardia, effects that are attenuated by slower injection [6]. Recovery fromblockade
is also prolonged by hypothermia, acid—base and electrolyte disturbances and interacting drugs [7].

Maintenance of blockade can be achieved by repeated boluses or by a continuous infusion. Infusion offers a steadier depth
of block and avoids repeated injections, whereas pharmacokinetic modelling suggests that, as peripheral compartments fill,
recovery becomes increasingly dependent on elimination rather than redistribution, which can lengthen recovery after
prolonged administration [8,9]. Clinical comparisons have produced conflicting results: some studies found no meaningful
difference in recovery between atracurium regimens [10,11], whereas others reported faster recovery and lower drug use
with intermittent dosing [12,13] or, conversely, lower consumption with infusion [14]. No randomized comparison has
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been reported from Pakistan, where atracurium remains widely used because of its low cost and organ-independent
metabolism.

We therefore conducted a randomized controlled trial to compare intermittent bolus and continuous infusion of atracurium
with respect to time to neuromuscular recovery and total intraoperative dose in adults undergoing elective surgery. We
hypothesized that the two regimens would differ in both outcomes.

MATERIALS AND METHODS

Study design and setting.

This was a single-Centre, parallel-group randomised controlled trial with a 1:1 allocation ratio, conducted in the Department
of Anesthesia, Doctors Hospital and Medical Center, Lahore, Pakistan, from 15 February to 14 August 2024. It is reported
in accordance with the CONSORT 2025 statement [15]. The study was approved and was conducted in accordance with
the Declaration of Helsinki. Written informed consent was obtained from every participant before surgery.

Participants

Patients aged 18-60 years of either sex, of American Society of Anesthesiologists (ASA) physical status I or I, who
required atracurium-induced neuromuscular blockade for elective surgery under general anesthesia with tracheal intubation
were eligible. Exclusion criteria were known allergy or hypersensitivity to atracurium or other neuromuscular blocking
agents; pre-existing neuromuscular disease, such as myasthenia gravis or peripheral neuropathy; current use of drugs that
interact with neuromuscular blockers or alter neuromuscular transmission, such as aminoglycosides or calcium channel
blockers; emergency surgery or procedures in which neuromuscular blockade was unnecessary or contraindicated; and
pregnancy or breastfeeding. Patients were enrolled by non-probability consecutive sampling.

Randomization
Participants were randomly assigned to Group A (intermittent bolus) or Group B (continuous infusion) by the lottery
method, with 40 patients per group.

Interventions

Anesthesia was induced intravenously with propofol 2 mg/kg and nalbuphine 0.1 mg/kg, and both groups received an
intubating dose of atracurium 0.5 mg/kg before tracheal intubation. For maintenance of blockade, Group A received
atracurium 0.1 mg/kg as intermittent boluses every 30 min, and Group B received a continuous atracurium infusion of 0.2
mg/kg/h. In both groups atracurium was discontinued 30 min before the anticipated end of surgery: the last bolus was given
at this point in Group A, and the infusion was stopped at this point in Group B.

Neuromuscular monitoring and outcomes

Neuromuscular function was assessed with a peripheral nerve stimulator applied through surface electrodes over the ulnar
nerve, with the response recorded at the adductor pollicis. Train-of-four stimulation (four supramaximal stimuli at 2 Hz)
was applied and the number of twitches and the TOF ratio (amplitude of the fourth twitch divided by that of the first,
T4/T1) were recorded on a structured form at 0, 10, 30, 60 and 90 min after the last dose.

The primary outcome was neuromuscular recovery time, defined as the interval from the last atracurium bolus (Group A)
or cessation of the infusion (Group B) to a TOF ratio >0.8. The secondary outcome was the total intraoperative dose of
atracurium (mg), comprising the intubating dose plus all boluses in Group A or the intubating dose plus the total infused
amount in Group B.

Sample size

The sample size was calculated from the mean (SD) daily neuromuscular blocker dose reported by Jurado and Gulbis for
bolus versus continuous-infusion administration (51.7 [40] vs 76.9 [40] mg) [13]. With a two-sided o of 0.05 and 80%
power, 40 patients per group (80 in total) were required.

Statistical analysis

Data were analyzed with SPSS version 26.0 (IBM Corp., Armonk, NY, USA). Continuous variables (age, body mass index
[BMI], recovery time, and total dose) are presented as mean (SD), and categorical variables (sex, ASA status and surgical
specialty) as number (percentage). Baseline characteristics are reported descriptively without significance testing, in line
with CONSORT. Recovery time and total dose were compared between groups with independent-samples t tests and are
reported as mean differences with 95% confidence intervals (Cl). To examine the consistency of the treatment effect, both
outcomes were also compared within strata of age (18-40 vs 41-60 years), sex, BMI (<25 vs >25 kg/m?), ASA status and
surgical specialty. Two-sided P < 0.05 was considered statistically significant. All randomised patients were analysed in
the group to which they were allocated.
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RESULTS

All 80 randomised patients received the allocated intervention and were included in the analysis; no patient was lost to
follow-up (Figure 1). The mean (SD) age of the cohort was 43.45 (12.52) years, 41 (51.25%) patients were female, and the
mean BMI was 26.44 (3.43) kg/m?. Baseline characteristics were similar in the two groups (Table 1).

Table 1. Baseline characteristics of participants by allocated group

Characteristic Intermittent bolus | Continuous infusion | Total (n = 80)
(n =40) (n=40)
Age, years, mean (SD) 43.88 (12.31) 42.86 (12.99) 43.45 (12.52)
Age group, n (%)
18-40 years 18 (45.0) 19 (47.5) 37 (46.3)
41-60 years 22 (55.0) 21 (52.5) 43 (53.8)
Sex, n (%)
Male 19 (47.5) 20 (50.0) 39 (48.8)
Female 21 (52.5) 20 (50.0) 41 (51.3)
BMI, kg/m?, mean (SD) 26.40 (3.46) 26.58 (3.46) 26.44 (3.43)
BMI group, n (%)
<25 kg/m? 18 (45.0) 16 (40.0) 34 (42.5)
>25 kg/m? 22 (55.0) 24 (60.0) 46 (57.5)
ASA physical status, n (%)
I 15 (37.5) 12 (30.0) 27 (33.8)
Il 25 (62.5) 28 (70.0) 53 (66.3)
Surgical specialty, n (%)
General surgery 25 (62.5) 23 (57.5) 48 (60.0)
Gynaecology 10 (25.0) 10 (25.0) 20 (25.0)
Orthopaedics 5 (12.5) 7 (17.5) 12 (15.0)

ASA, American Society of Anesthesiologists; BMI, body mass index; SD, standard deviation. Intermittent bolus:
atracurium 0.1 mg/kg every 30 min; continuous infusion: atracurium 0.2 mg/kg/h; both after an intubating dose of 0.5
mg/kg. Percentages are rounded to one decimal place.

Adults (18-60 y, ASA I-1l) scheduled for elective surgery
under general anaesthesia; eligible and randomised
(lottery method), n = 80

¥
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Figure 1. Flow of participants through the trial (CONSORT 2025).
Neuromuscular recovery time was shorter with intermittent bolus administration than with continuous infusion: mean (SD)
30.75 (3.99) vs 49.73 (4.20) min, a mean difference of 18.98 min (95% CI 17.16 to 20.80; P < 0.001). The total
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intraoperative dose of atracurium was also lower with intermittent boluses: 51.98 (4.40) vs 80.60 (5.40) mg, a mean
difference of 28.62 mg (95% CI 26.43 to 30.81; P < 0.001) (Table 2, Figure 2).

Table 2. Primary and secondary outcomes

Outcome Intermittent Continuous Mean difference (95% | P value
bolus (n = 40) infusion (n =| CI)
40)
Recovery time to TOF ratio | 30.75 (3.99) 49.73 (4.20) 18.98 (17.16 to 20.80) <0.001
>0.8, min
Total atracurium dose, mg 51.98 (4.40) 80.60 (5.40) 28.62 (26.43 to 30.81) <0.001

Values are mean (SD). Mean difference = continuous infusion minus intermittent bolus. P values from independent-samples
t test. Cl, confidence interval; TOF, train-of-four. Recovery time was measured from the last bolus (intermittent bolus) or
cessation of infusion (continuous infusion).
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Figure 2. Primary and secondary outcomes by allocated group. (A) Time from the last atracurium dose to a train-
of-four (TOF) ratio >0.8. (B) Total intraoperative atracurium dose. Markers show means and error bars +1 SD; n
= 40 per group.

In stratified analyses, recovery was faster and the total dose lower in the bolus group within every stratum of age, sex, BMI,
ASA status and surgical specialty (all P < 0.001; Table 3, Figure 3). Mean differences in recovery time ranged from 17.40
min (gynaecological surgery) to 26.43 min (orthopaedic surgery), and in total dose from 25.73 mg (age 18-40 years) to
31.77 mg (BMI <25 kg/m?). Estimates for orthopaedic surgery were based on 12 patients and are correspondingly
imprecise.

Table 3. Recovery time and total atracurium dose stratified by baseline characteristics
A. Recovery time to TOF ratio >0.8 (min)

Stratum n (B/1) Bolus Infusion Mean difference (95% | P value
Cl)
Age 18-40 years 18/19 30.72 (4.38) | 51.32(3.65) | 20.60 (17.91 to 23.29) <0.001
Age 41-60 years 22/21 30.77 (3.75) | 48.29 (4.22) | 17.52 (15.06 to 19.98) <0.001
Male 19/20 31.89(3.18) | 50.25 (4.05) | 18.36 (15.99 to 20.73) <0.001
Female 21/20 29.71 (4.43) | 49.20 (4.38) | 19.49 (16.71 to 22.27) <0.001
BMI <25 kg/m? 18/16 30.39 (4.22) | 49.63 (4.59) | 19.24 (16.16 to 22.32) <0.001
BMI >25 kg/m? 22/24 31.05 (3.87) | 49.79 (4.02) | 18.74 (16.39 to 21.09) <0.001
ASA | 15/12 30.33 (4.05) | 50.00 (4.95) | 19.67 (16.11 to 23.23) <0.001
ASA I 25/28 31.00 (4.02) | 49.61(3.93) | 18.61 (16.42 to 20.80) <0.001
General surgery 25/23 31.64 (3.25) | 49.52 (3.76) | 17.88 (15.84 to 19.92) <0.001
Gynaecology 10/10 30.90 (4.75) | 48.30(5.08) | 17.40 (12.78 to 22.02) <0.001
Orthopaedics 5/7 26.00 (2.83) | 52.43(3.46) | 26.43 (22.23 t0 30.63) <0.001
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B. Total atracurium dose (mg)

Stratum n (B/1) Bolus Infusion Mean difference (95% | P value
Cl)
Age 18-40 years 18/19 52.11 (4.13) | 77.84 (4.44) | 25.73 (22.86 to 28.60) <0.001
Age 41-60 years 22/21 51.86 (4.70) | 83.10(5.03) | 31.24 (28.24 to 34.24) <0.001
Male 19/20 51.63 (4.91) | 80.65(5.12) | 29.02 (25.76 to 32.28) <0.001
Female 21/20 52.29 (3.98) | 80.55(5.79) | 28.26 (25.13 to 31.39) <0.001
BMI <25 kg/m? 18/16 51.23 (4.74) | 83.00 (5.14) | 31.77 (28.32 to 35.22) <0.001
BMI >25 kg/m? 22/24 52.89 (3.88) | 79.00 (5.05) | 26.11 (23.42 to 28.80) <0.001
ASA | 15/12 51.20 (4.78) | 80.83(5.22) | 29.63 (25.66 to 33.60) <0.001
ASA I 25/28 52.44 (4.18) | 80.50 (5.56) | 28.06 (25.32 to 30.80) <0.001
General surgery 25/23 52.08 (4.77) | 82.30(5.56) | 30.22 (27.22 to 33.22) <0.001
Gynaecology 10/10 52.80 (3.22) | 80.17 (5.56) | 27.37 (23.10 to 31.64) <0.001
Orthopaedics 5/7 49.80 (4.60) | 79.57 (4.79) | 29.77 (23.62 to 35.92) <0.001

Values are mean (SD). n (B/I), number of patients in the bolus/infusion groups. Mean difference = continuous infusion
minus intermittent bolus. P values from independent-samples t tests within each stratum. ASA, American Society of
Anesthesiologists; BMI, body mass index; CI, confidence interval; TOF, train-of-four.
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Figure 3. Mean difference (continuous infusion minus intermittent bolus) with 95% confidence intervals for (A)
recovery time and (B) total atracurium dose, overall and within strata of age, sex, body mass index (BMI),
American Society of Anesthesiologists (ASA) physical status and surgical specialty. Values to the right of zero

favour intermittent bolus.

DISCUSSION

In this randomised trial of ASA I-11 adults undergoing elective surgery, maintaining atracurium blockade with intermittent
boluses rather than a continuous infusion was associated with recovery to a TOF ratio >0.8 approximately 19 min sooner
and with about 29 mg less atracurium in total. The effect was consistent in direction and size across all prespecified strata.
Our findings agree with those of Mirinejad et al., who randomised 60 cardiac surgical patients to bolus or infusion of
cisatracurium and reported a lower total dose (23.6 vs 39.2 mg) and faster spontaneous recovery to a TOF ratio of 0.8 (43.8
vs 64.2 min) with intermittent boluses [12]. The longer absolute recovery times in that study are plausibly explained by
hypothermic cardiopulmonary bypass, which slows both Hofmann elimination and organ clearance [7]. In critically ill
patients treated with therapeutic hypothermia, Jurado and Gulbis likewise found that intermittent vecuronium boluses
achieved the goal TOF response earlier and with a lower daily dose than continuous infusion, although the setting, drug
and time scale differ substantially from ours [13].
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Other studies have not shown this advantage. Diefenbach et al. found similar maintenance requirements and recovery
indices with repeated injection and infusion of atracurium, with differences in recovery driven by the drug (atracurium vs
vecuronium) rather than the mode of administration [11]; Gordon and Reilly similarly compared infusion and intermittent
dosing of both agents and attributed differences in postoperative recovery mainly to the agent used [10]. Selcuk et al. [16]
and Dong and Li [14] reported no significant difference in recovery with cisatracurium, and the latter found lower
consumption with infusion. In patients with renal failure, Potnis et al. reported similar recovery times but a lower total
atracurium dose with infusion [17], and Cammu et al. found greater consumption with a single large bolus than with
infusion during cardiac surgery [18].

Several mechanisms may contribute to these divergent results. Atracurium shows little cumulation after repeated doses
[19], but during prolonged infusion recovery depends increasingly on elimination, and modest cumulation and decreasing
infusion requirements have been reported with both atracurium and vecuronium [8,20]. Recovery after infusion may also
be slower when the infusion maintains a deeper block at the time of discontinuation; in contrast, the final bolus in a fixed-
interval regimen is given into a partially recovered block [9,21]. With aminosteroid agents, pharmacokinetic studies of
rocuronium describe a saw-tooth concentration profile with repeated boluses and a steady plateau with infusion [22], and
the duration of a single dose may be prolonged by surgical factors such as pneumoperitoneum [23]. Comparisons between
studies are further limited by differences in drug, dosing rule (fixed interval vs titrated to twitch response), anaesthetic
technique, duration of surgery and recovery end point.

The trial has limitations. First, it was a single-centre study with non-probability sampling and a lottery method of allocation,
and the method of allocation concealment and any blinding of the anaesthetist or outcome assessor were not described;
because the regimens are visibly different, performance and detection bias cannot be excluded. Second, both regimens used
fixed doses rather than titration to a target depth of block, so the comparison reflects these specific protocols; the nominal
maintenance rates were similar, and duration of surgery and drug exposure were not reported, so the total dose was not
normalised to body weight or time. Third, recovery was assessed with a peripheral nerve stimulator; tactile or visual
estimation of fade is unreliable at TOF ratios above approximately 0.4, and current guidelines recommend quantitative
monitoring with recovery defined as a TOF ratio >0.9 rather than >0.8 [1,3,24]. Our recovery times are therefore likely to
underestimate the time to full recovery. Fourth, core temperature, maintenance anaesthetic agent, use of reversal agents
and adverse events were not reported, although each can influence the time course of blockade [7]. Finally, only ASA 111
adults aged 60 years or younger were included, and the orthopaedic subgroup was small, so the results may not apply to
older or higher-risk patients or to other neuromuscular blocking agents.

Despite these limitations, the trial provides the first randomised data from Pakistan on this question. Multicentre trials using
quantitative monitoring, a TOF ratio >0.9 end point, depth-guided dosing and weight- and time-normalised dose would
help to establish whether the observed advantage of intermittent boluses is robust.

CONCLUSION

In ASA I-11 adults undergoing elective surgery under general anaesthesia, maintenance of atracurium neuromuscular
blockade with intermittent boluses was associated with faster recovery to a TOF ratio >0.8 and a lower total dose than
continuous infusion. Whichever regimen is used, objective monitoring should confirm adequate recovery before tracheal
extubation.
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