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While most of the doubts regarding bupivacaine 
safety have been dispelled – both through extensive 
research into its pharmacokinetics and the spread 
of ultrasound navigation – some concerns regarding 
specific scenarios persist. When the delivered dose 
approaches the recommended threshold, absorp-
tion and further metabolism of local anesthetics 
become a concern. Even when injected properly, 
large doses of bupivacaine may result in potentially 
toxic plasma concentrations [1–3]. Furthermore, an 
inadvertent intravascular injection would increase 
the risk of severe local anesthetic systemic toxicity 
(LAST). In recent years, this problem has become 
particularly relevant in Ukrainian hospitals due to 
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an unprecedent incidence of exposure to poten-
tially toxic doses of bupivacaine. Soldiers and civil-
ians wounded during the Russian invasion often 
undergo intensive pain management during pri-
mary stabilization, medical evacuation and numer-
ous surgical revisions. Such patients require either 
repeated high-dose perineural injections or a con-
tinuous infusion via a catheter, commonly supple-
mented by sedation or general anesthesia (GA) [4].  
All these factors alone or in combination signifi-
cantly increase the risk of LAST due to resorption 
of the local anesthetic or delayed elimination.

The LAST syndrome is based on two key adverse 
effects of local anesthetics – neurotoxicity and cardio
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Abstract
Background: The effect of both propofol and sevoflurane on bupivacaine cardiac toxi­
city has not been conclusively defined. The goal of this study was to investigate the ef­
fects of propofol vs sevoflurane general anesthesia (GA) on bupivacaine-induced arrhyth­
mias.

Methods: Ten rabbits were randomized to two groups: propofol- or sevoflurane-based 
GA. At the maintenance stage of anesthesia heart rate and QRS/QT durations were 
recorded as “baseline” and an intravenous (i.v.) bupivacaine 0.25% infusion at the rate 
of 1.0 mg kg–1 min–1 was initiated. Blood samples were obtained when predefined elec­
trocardiographic (ECG) changes were observed and when the heart rate (HR) reached 
75%, 50%, and 25% of the baseline and 0 bpm.

Results: The mean time to first predefined ECG changes was 131 ± 25.02 s for the pro­
pofol group and 223 ± 34.11 s for the sevoflurane group (P = 0.001). Time of progres­
sion of bradycardia in both groups was evaluated as a percentage of the initial HR for 
the understanding of the dynamics of changes during the local anesthetic systemic 
toxicity (LAST). The 25% HR time was shorter for the propofol group (480 ± 117 vs. 673 
± 146 s, P = 0.05). Time to asystole was shorter in the propofol group (110.7 ± 22.22 
vs. 226.6 ± 98.61 s, P = 0.047). Mean serum bupivacaine concentration was lower for 
the propofol group during the occurrence of the first ECG changes (2.542 ± 1.415 vs. 
6.997 ± 2.197 mg mL–1, P  = 0.005) and asystole (110.7 ± 22.22 vs. 226.6 ± 98.61 mg mL–1, 
P = 0.047).

Conclusions: It seems that sevoflurane-, but not propofol-based anesthesia reduces 
the risk of LAST during GA combined with peripheral nerve blocks. Sevoflurane-based 
anesthesia may protect the myocardium from the toxic effects of bupivacaine. 
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toxicity [5]. The neurotoxic element usually manifests 
earliest as seizures, which could not be detected 
under a combination of GA and regional anesthe-
sia due to neuromuscular blockade and deep se-
dation. Characteristic cardiac arrhythmias [6] occur 
when higher plasma concentrations of bupivacaine 
are reached. When regional and GA are combined, 
electrocardiogram (ECG) remains the main tool for 
diagnosing clinically significant LAST. 

The choice of a hypnotic with a better safety 
profile for combined anesthesia is controversial [7]. 
Propofol is expected to have a few protective pro
perties when administered in parallel with bupiva-
caine since it contains lipid emulsion [8]. However, 
previous research has demonstrated that it is infe-
rior to concentrated lipid emulsions for resuscitation 
in LAST cases [9]. Also, propofol itself possesses car-
diodepressive and vasoplegic properties, potentially 
contributing to cardiovascular collapse. 

The purpose of the present study was to com-
pare the effects of two hypnotic agents (propofol 
and sevoflurane) on the systemic toxicity of deter-
mined plasma concentrations of bupivacaine. 

methods
This study was approved by the Bioethics Com-

mittee of the Bogomolets National University on 
26.09.2022 (protocol #160). It is part of a research 
program funded by the Ministry of Health of Ukraine: 
“Optimization of the algorithm for performing re-
gional anesthesia techniques in patients with trauma 
to reduce the risks of systemic toxicity of local anes-
thetics and nerve injuries”. 

This was a 2-group randomized experimental 
study. In this study ten domestic rabbits (Oryctola-
gus cuniculus domesticus) were divided into 2 groups 
depending on the type of anesthetic used for GA: 
propofol and sevoflurane. Intramuscular sedation 
was delivered initially. After tracheal intubation, 
mechanical ventilation was initiated. In the first 
group, propofol (1%) was initiated at the rate of  
1.8 mg kg–1 min–1. In the second group, sevoflu-
rane was delivered at the end tidal concentration 
of 4 vol%. At 30 min after tracheal intubation, heart 
rate and QRS duration were recorded as “baseline” 
and intravenous (i.v.) bupivacaine (0.25% solu-
tion) at the rate of 1.0 mg kg–1 min–1 was initiated. 
Blood samples were obtained when predefined ECG 
changes were observed and when the heart rate 
(HR) reached 75%, 50%, 25% of the baseline and  
0 bpm (15 s after the final systole). The analysis of 
bupivacaine in rabbit plasma was carried out using 
liquid chromatography-tandem mass spectrometry 
on a Shimadzu LCMS-8050 instrument according to 
the method developed at the Bogomolets National 
Medical University.

During the study, the serum concentration of 
bupivacaine hydrochloride was compared at the 
time of previously identified rhythm disturbances 
and at the time of asystole. Furthermore, the time to 
onset of arrhythmia and asystole at identical doses 
of bupivacaine hydrochloride was recorded. 

In addition, intracardiac conduction parameters 
were evaluated: HR, QRS, QT interval (QTi), QT dis-
persion (QTc), HR variation (HRV). HR variability was 
estimated as the root mean square of successive R-R 
interval differences (rMSSD).

Anesthesia protocol
All animals were fasted for 6 hours before 

the procedure. Access to water was not restricted. 
In both groups, rabbits were sedated via an in-
tramuscular injection of xylazine 10 mg kg–1, tile
tamine 7.5 mg kg–1 and zolazepam 7.5 mg kg–1.  
An additional 1 mg kg–1 of tiletamine and zolazepam 
were administered intravenously in 30-second inter-
vals until pedal withdrawal and ear pinch reflexes 
were absent. Rabbits were intubated with a 3.0 mm 
cuffed endotracheal tube, followed by an i.v. bolus 
of rocuronium 0.6 mg kg–1. Fentanyl infusion was 
initiated at a rate of 0.005 mg kg–1 h–1. For mechani-
cal lung ventilation a Getinge Flow-C ventilator was 
used with tidal volume adjusted to maintain nor-
mocapnia (35–45 mmHg) at a stable respiratory rate  
(30 breaths per minute), FiO2 of 0.3, positive end-
expiratory pressure of 1 mmH2O (0.01 kPa), I : E ra-
tio of 1 : 1.5. A 22-gauge venous catheter was then 
placed in the femoral vein to be used exclusively for 
blood sampling. It was flushed with 100 IU mL–1 un-
fractionated heparin solution. First 0.2 mL of every 
obtained blood sample was discarded to minimize 
dilution. In the first group, animals were anesthetized 
with propofol 1% intravenous infusion at the rate 
of 1.8 mg kg–1 min–1. In the second group, 4.0% 
sevoflurane was delivered. Rocuronium 0.3 mg kg–1 

injections were repeated every 20 min in both 
groups. After the experiment, all rabbits were eu-
thanized using thiopental 200 mg kg–1 i.v. injection. 

Vital parameter monitoring
Vital parameter monitoring included ECG moni-

toring initiated before induction of anesthesia and 
Holter monitoring to assess ECG patterns occurring 
during intravenous bupivacaine infusion. An analy-
sis of pulse oximetry indicators was carried out, and 
SpO2 was kept at a level not lower than 95%. After 
tracheal intubation, pressure-controlled ventila-
tion was initiated, aiming to maintain etCO2 within 
the range of 35–45 mmHg (4.6–6 kPa). Rectal ther-
mometry was performed every 5 min in the period 
after tracheal intubation and before bupivacaine 
infusion, with target temperature ranging from 
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38.0°C to 40.0°C. Blood pressure monitoring was 
not available.

Laboratory analysis
The blood samples were centrifuged at 4000 rpm 

for 15 min and frozen before transport to the labora-
tory. The serum bupivacaine hydrochloride concen-
trations were measured using liquid chromatogra-
phy-tandem mass spectrometry on the Shimadzu 
LCMS-8050 [4]. The method is based on the extrac-
tion of bupivacaine hydrochloride from samples 
of rabbit plasma with methanol (simultaneously 
with coagulation of proteins), purification of extracts 
by centrifugation, and subsequent quantitative de-
termination of bupivacaine by high-performance 
liquid chromatography with mass spectrometric 
detection in the multiple reaction monitoring mode. 
The bupivacaine hydrochloride in rabbit plasma was 
determined in the range 0.001–150 μg mL–1 using 
two methods of sample preparation, which provide 
determination at the range 0.001–0.600 μg mL–1  

(method No. 1) and the range 0.5–150 μg mL–1 

(method No. 2). The limit of quantitative determi-
nation (LOQ) of bupivacaine hydrochloride in rabbit 
plasma is 0.001 μg mL–1. The limit of detection (LOD) 
of bupivacaine hydrochloride in rabbit plasma is 
0.0005 μg mL–1 (Figure 1).

ECG analysis
Obtained Holter ECG data were processed using 

the official software provided by the manufacturer  
(3 Channels ECG Holter System_TF V5.5.2.5). The first 
15 complexes in any given minute were used to cal-
culate mean values of RR, QRS, QT durations, and HR 
variability (rMSSD formula), rounded down. HR and 
QTc values were derived from these mean measure-

ments. QTc interval was calculated using Bazett’s for-
mula. Criteria for “ECG changes” used for blood sam-
pling included: QRS widening > 20% from the base 
value, R′ or S′ wave appearance, or arrhythmia, 
whichever occurred first. Arrhythmia was defined as 
variability of R-R interval length exceeding 50 ms in 
3 consecutive QRS complexes or the occurrence of  
5 premature ventricular contractions in each minute. 
For real-time analysis, a single-lead strip was conti
nuously printed at 100 mm s-1 up to the moment 
of detection of predefined ECG changes. 

Statistical analysis
The Shapiro-Wilk test was used to test continu-

ous variables for normality of distribution. Student’s 
t-test was applied to normally distributed values to 
check for statistically significant differences. For non-
parametric data, a two-sided Mann-Whitney U test 
was used when comparing two groups. Results were 
considered statistically significant at P ≤ 0.05.

Outcomes
Primary outcomes were time and serum bupi-

vacaine hydrochloride concentrations at the onset 
of arrythmia and at the occurrence of asystole. 

Time and serum bupivacaine hydrochloride con-
centrations when the HR reached 75%, 50%, 25% 
of the baseline, QRS, QTi, QTc, and HRV were the sec-
ondary outcomes (Figures 2–4). 

Results
The two groups did not significantly differ in 

age or weight (Table 1). The mean time to first pre-
defined ECG changes was 131 ± 25.02 s, 95% CI: 
100–162 for the propofol group and 223 ± 34.11 s, 
95% CI: 180–265 for the sevoflurane group (P = 0.001). 
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No significant difference was observed in time to 
reach 75% and 50% HR relative to the baseline, 
while the 25% HR time was shorter for the propofol 
group (480 ± 117 s, 95% CI: 335–625 vs. 673 ± 146 s, 
95% CI: 491–854, P = 0.05). Time to asystole was 
shorter in the propofol group (110.7 ± 22.22 s, 95% CI: 
49.02–172.4 vs. 226.6 ± 98.61 s, 95% CI: 104.1–349, 
P = 0.047). 

Mean serum bupivacaine hydrochloride concen-
tration was lower for the propofol group at the mo-
ment of occurrence of the first ECG changes (2.542  
± 1.415 mg mL–1, 95% CI: 0.785–4.299 vs. 6.997  
± 2.197 mg mL–1, 95% CI: 4.27–9.725) and asystole 
(110.7 ± 22.22 mg mL–1, 95% CI: 49.02–172.4 vs. 
226.6 ± 98.61 mg mL–1, 95% CI: 104.1–349).

The mean HR and QT interval did not signifi-
cantly differ at any calculated point. QRS duration 
was longer for the sevoflurane group at 4, 5, and  
6 min. HRV (rMSSD) was higher in the  propo-
fol group at 2 and 11 min, and QTc was higher in 
the sevoflurane group at 6 and 7 min. Mean serum 
bupivacaine hydrochloride concentration was lower 
for the propofol group at the moment of occurrence 
of the first ECG changes (2.542 ± 1.415 mg mL–1,  
95% CI: 0.785–4.299 vs. 6.997 ± 2.197 mg mL–1,  
95% CI: 4.27–9.725) and asystole (110.7 ± 22.22 mg 
mL–1, 95% CI: 49.02–172.4 vs. 226.6 ± 98.61 mg mL–1, 
95% CI: 104.1–349) (Tables 2–4).

Discussion 
A series of experiments demonstrated that 

when bupivacaine hydrochloride is administered 
intravenously during GA using sevoflurane, the time 
to the occurrence of the first ECG changes and to 
the moment of asystole is significantly longer com-
pared to propofol-based anesthesia. The serum 
bupivacaine concentration required for the deve
lopment of arrhythmia and cardiac arrest is also sig-
nificantly higher in the sevoflurane group. It can be 
assumed that sevoflurane has a better safety profile 
compared to propofol during anesthesia combined 
with regional blocks.

There is a lack of studies comparing the effects 
of sevoflurane and propofol on the development 
of LAST. Ohmura et al. [10] performed a similar study 
in 1999, during which they employed more rigor-
ous cardiovascular monitoring but did not mea-
sure bupivacaine plasma concentrations, leaving 
the question of drug distribution in hemodynami-
cally deteriorating rats open. Our results regarding 

Figure 2. Design of the study
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Table 1. Rabbits’ mean age and weight 

Parameter All rabbits Propofol group Sevoflurane group P-value
Age (years), ± SD 
(95% CI)

26.5 ± 3.95 
(23.67–29.32)

26 ± 5.33 
(19.38–32.61)

27 ± 2.44 
(23.97–30.03)

0.713

Weight (kg), ± SD 
(95% CI)

3177 ± 638.1 
(2720–3633)

3302 ± 830.8 
(2270–4333)

3052 ± 432.1 
(2515–3588)

0.567

SD – standard deviation, CI – confidence interval.

Table 2. Mean time (seconds) to reach target points 

Group Time point

ECG changes 75% HR 50% HR 25% HR Asystole
Propofol 131 ± 25.02 (100–162) 238 ± 140.6 (63–412) 316 ± 126.6 (159–473) 480 ± 117 (335–625) 610 ± 111.3 (472–748)

Sevoflurane 223 ± 34.11 (180–265) 413 ± 105.9 (282–545) 465 ± 110.1 (328–601) 673 ± 146 (491–854) 766 ± 128.4 (607–926)

P-value 0.001 0.095* 0.083 0.050 0.095*
ECG-changes – time of detection of first ECG changes (bradycardia, QRS prolongation, QT-prolongation, Brugada-like pattern), 75% HR – time when the heart rate reached 75% of the baseline, 50% HR – time when 
the heart rate reached 50% of the baseline, 25% HR – time when the heart rate reached 25% of the baseline, asystole – time from the beginning of bupivacaine hydrochloride intravenous infusion to the moment of asystole. 

Table 3. Mean serum bupivacaine hydrochloride concentrations (mg mL–1) at target points

Group Time point

ECG changes 75% HR* 50% HR 25% HR Asystole
Propofol 2.542 ± 1.415 

(0.785–4.299)
3.784* 

(1.67–68.31)
31.76 ± 32.40 
(–8.46–71.99)

78.24 ± 55.13 
(9.79–146.70)

110.70 ± 22.22 
(49.02–172.40)

Sevoflurane 6.997 ± 2.197 
(4.270–9.725)

56.795 
(27.89–137.65)

80.94 ± 38.98 
(32.54–129.30)

174.90 ± 90.32 
(62.73–287.00)

226.60 ± 98.61 
(104.10–349.00)

P-value 0.005 0.055 0.062 0.076 0.047
Standard deviation is provided for normally distributed data, median and minimum-maximum range are specified otherwise (variable marked with *).
ECG changes – serum bupivacaine hydrochloride concentration when first ECG changes (bradycardia, QRS prolongation, QT-prolongation, Brugada-like pattern) were detected, 75% HR – serum bupivacaine hydrochloride 
concentration when the heart rate reached 75% of the baseline, 50% HR – serum bupivacaine hydrochloride concentration when the heart rate reached 50% of the baseline, 25% HR – serum bupivacaine hydrochloride 
concentration when the heart rate reached 25% of the baseline, asystole – serum bupivacaine hydrochloride concentration at the moment of asystole.

Table 4. Registered ECG parameters and quantity of valid measurements for a specific minute, mean value for each group (P – propofol, S – sevoflurane) 
and P-value for Student’s t-test or Mann-Whitney U test (indicated with *) 

Parameter t 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Valid  
measurements 
(HR > 0)

P 5 5 5 5 5 5 5 5 4 3 2 2 0 0 0

S 5 5 5 5 5 5 5 5 4 5 4 4 3 2 2

HR P 124 120 107 90 78 69 57 50 54 43 35 28 – – –

S 119 119 117 121 118 94 93 76 59 50 50 45 37 31 18

p 0.548* 0.589* 0.609 0.142* 0.068 0.151* 0.151* 0.151* 0.413* 0.717* 0.365 0.268 – – –

QRS (ms) P 40 46 60 56 64 64 88 100 115 130 145 215 – – –

S 48 50 62 82 116 114 130 146 167 172 187 213 200 156 145

p 0.095* 0.658 0.841* 0.151* 0.019 0.003 0.007 0.052 0.223 0.393 0.575 0.985 – – –

QT (ms) P 228 244 254 300 318 350 366 356 455 373 430 455 – – –

S 234 236 252 276 294 322 324 354 376 386 457 463 460 466 465

p 0.854 0.723 0.938 0.498 0.492 0.559 0.405 0.969 0.414 0.878 0.744 0.919 – – –

QTc (ms) P 327 352 329 329 343 381 322 278 349 281 315 294 – – –

S 327 326 349 392 401 398 395 383 360 351 409 399 359 333 255

p 1 0.441 0.534 0.097 0.180 0.841* 0.019 0.007 0.832 0.351 0.148 0.248 – – –

rMSSD P 61 130 136 160 251 307 328 363 449 388 346 385 – – –

S 30 42 50 71 131 182 180 234 244 272 212 164 215 307 376

p 0.088 0.067 0.041 0.095* 0.138 0.177 0.146 0.291 0.269 0.534 0.333 0.020 – – –
HR – heart rate, QT – QT interval, QTc – QT dispersion (the difference in QT interval between the different leads of the surface 12-lead ECG), rMSSD – heart rate variation estimated as the root mean square of successive 
RR interval differences.
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time to dysrhythmia and time to asystole are similar, 
although we are unable to contribute any data re-
garding mean arterial pressure and seizure activity.

Propofol is expected to have a few protective 
properties when administered in parallel with bu-
pivacaine since it contains lipid emulsion. However, 
previous research has demonstrated that it is infe-
rior to concentrated lipid emulsions for resuscitation 
in LAST cases [11–13]. Also, propofol itself possesses 
cardiodepressive and vasoplegic properties, which 
has been mentioned before.

Several mechanisms are proposed to explain 
the greater resistance of sevoflurane-anesthetized 
rabbits to the arrhythmogenic effects of bupiva-
caine. The simplest hypothesis is based on the com-
paratively less prominent hypotensive action, result-
ing in better myocardial perfusion. Experiments on 
isolated perfused rat hearts demonstrated a lack 
of potentiation of the bupivacaine cardiotoxic effect 
when sevoflurane is added to the system [8]. Sevo-
flurane preconditioning also appears to diminish the 
severity of the ischemic reperfusion injury [14, 15]. 
This effect has not been examined sufficiently in 
the context of bupivacaine toxicity during com-
bined regional and GA, making it a possible direc-
tion for further research. Currently, available data 
suggest that bupivacaine does not affect the cardio-
protective effect of sevoflurane preconditioning [9].

It is debatable whether the later occurrence 
of ECG changes improves patient safety. In this 
study, the delay coincided with delayed complete 
circulatory arrest. On the other hand, early identifi-
cation of excessive local anesthetic delivery would 
allow for its earlier termination and treatment ini-
tiation. Despite decades of research, the choice of 
a hypnotic agent for combined anesthesia remains 
a controversial matter.

It is important to note that the risk of LAST is 
further augmented by extensive pharmacotherapy. 
This is particularly important for wounded sol-
diers who have a long recovery process. The usual 
prolonged treatment of mine-blast trauma with 
antibiotics, analgesics, and antidepressants often 
diverges from best practices due to the chaotic 
nature of wartime medical evacuation [16]. Bupi-
vacaine metabolism may be affected through sev-
eral mechanisms that are not routinely considered. 
Selective serotonin reuptake inhibitors (notably 
escitalopram) inhibit CYP3A4, which may cause ac-
cumulation of bupivacaine in plasma [17, 18]. Drug-
induced toxic hepatitis is often diagnosed in these 
patients and should also be considered.

Future research
Plasma concentration thresholds of clinically 

apparent neurotoxicity have previously been iden-

tified in healthy volunteers undergoing intravenous 
infusion of bupivacaine [19]. Research into delayed 
effects of critical doses of extravascularly adminis-
tered bupivacaine in humans under GA cannot be 
conducted without endangering their well-being 
beyond the ethically permissible boundaries. We 
intend to conduct further observational studies that 
incorporate ECG monitoring in human patients who 
receive large daily doses of local anesthetics to de-
tect minimal consistent changes while measuring 
corresponding serum local anesthetic concentra-
tions and examining clinical outcomes.

Study limitations
No blood pressure monitoring or echocardio

graphy was performed, making it impossible to 
objectively determine the point when the cardio-
vascular collapse occurred. Lack of EEG also means 
that the clinically important impact of the anes-
thetic agents on the central nervous system was 
not assessed. The results of the study only reflect 
the effects of slow intravenous infusion and can 
only be applied to long-term bupivacaine exposure 
scenarios to a limited extent.

Conclusions
At similar infusion rates, the cardiotoxic action 

of bupivacaine may be detected on an ECG ear-
lier when propofol is used as an anesthetic agent 
compared with sevoflurane, as it develops at lower 
plasma drug concentrations in rabbits. A complete 
circulatory arrest occurs later and at higher plasma 
concentrations when sevoflurane anesthesia is con-
ducted, which suggests that it may be a safer agent 
when exposure to high concentrations of bupiva-
caine is suspected or anticipated. Continuous ECG 
analysis may be useful in the early detection of bu-
pivacaine cardiac toxicity when propofol or sevoflu-
rane is being used.
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