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Abstract

Purpose In previous studies, insulin reversed the cardiac

toxicity gradually induced by a continuous infusion of

bupivacaine. In this randomized controlled study, we

intended to simulate a more relevant clinical situation by

injecting bupivacaine rapidly as a bolus to induce sudden-

onset circulatory collapse in dogs. We then evaluated the

insulin effect.

Methods Bupivacaine (10 mg�kg-1 iv) was rapidly

administered intravenously to 12 dogs. At the onset of

circulatory collapse (defined as a mean arterial pressure

[MAP] of 30 mmHg), external chest compression was

initiated. Insulin (2 U�kg-1 iv) was given to the insulin-

glucose (IG) group (n = 6) and the same volume of 0.9%

saline was given to the control (C) group (n = 6). The

primary outcome was successful resuscitation defined as

both MAP C 60 mmHg and sinus rhythm on an electro-

cardiogram that lasted C 60 sec. Hemodynamic and blood

variables were measured, including cardiac output and

electrocardiogram intervals.

Results All IG dogs were successfully resuscitated within 15

(3) min, whereas none of the control dogs were resuscitated

(P = 0.002). After circulatory collapse, the average MAP was

higher in group IG than in group C (P = 0.006).

Conclusion Insulin effectively reversed the sudden-onset

circulatory collapse in dogs caused by an intravenous

bolus injection of bupivacaine.

Résumé

Objectif Dans des études précédemment publiées, il a été

démontré que l’insuline neutralisait la toxicité cardiaque

progressivement induite par une perfusion continue de

bupivacaı̈ne. Dans cette étude randomisée contrôlée, nous

avons tenté de simuler une situation clinique plus pertinente

en injectant rapidement de la bupivacaı̈ne en bolus afin

d’induire un collapsus circulatoire subit chez les chiens.

Nous avons ensuite évalué l’effet de l’insuline.

Méthode De la bupivacaı̈ne (10 mg�kg-1 iv) intraveineuse

a été rapidement administrée chez 12 chiens. Au début du

collapsus circulatoire (défini tel qu’une tension artérielle

moyenne [TAM] de 30 mmHg), un massage cardiaque a été
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commencé. De l’insuline (2 U�kg-1 iv) a été administrée au

groupe insuline-glucose (IG) (n = 6), et le même volume de

solution salée 0,9 % a été administré au groupe témoin (T)

(n = 6). Le critère d’évaluation principal était la réussite

de la réanimation, définie comme une TAM C 60 mmHg et un

rythme sinusal sur l’électrocardiogramme durant C 60 sec.

Les variables hémodynamiques et sanguines ont été mesurées,

y compris le débit cardiaque et les intervalles sur

l’électrocardiogramme.

Résultats Tous les chiens du groupe IG ont été réanimés

avec succès en 15 (3) min, alors qu’aucun des chiens du

groupe témoin n’a été réanimé (P = 0,002). Après le

collapsus circulatoire, la TAM moyenne était plus élevée

dans le groupe IG que dans le groupe T (P = 0,006).

Conclusion L’insuline neutralise avec succès le collapsus

circulatoire subit provoqué par l’injection intraveineuse

d’un bolus de bupivacaı̈ne chez les chiens.

Accidental intravascular injection of bupivacaine is associ-

ated with cardiovascular collapse, cardiac arrest, and even

death,1 all of which are resistant to standard resuscitation

techniques.2,3 Insulin can reverse bupivacaine-induced car-

diac toxicity in animal experiments, presumably via

metabolic, inotropic, and electrophysiologic mechanisms.4,5

In the previous insulin studies, bupivacaine was infused at a

rate of 0.5 mg�kg-1�min-1 iv, inducing cardiac depression in a

progressive pattern.4,5 In the studies, continuously infused

bupivacaine (15 mg�kg-1 iv) induced reversible cardiac

depression in dogs with recovery to baseline hemodynamics

in 30 min without any treatment.5 In contrast, when a lower

bupivacaine dose (10 mg�kg-1 iv) was rapidly injected, it

caused irreversible cardiac arrest in dogs.6 Hence, previous

continuous infusion experiments are less clinically applicable

to inadvertent intravascular injection compared with fast

absorption from the site of injection.1 Clinically, bupivacaine-

induced cardiovascular collapse often has a sudden onset

resulting from accidental bolus administration of the drug.1

Therefore, we hypothesized that insulin could effectively

resuscitate sudden-onset circulatory collapse caused by

bupivacaine. We used a dog model in which bupivacaine was

injected as a bolus dose, and chest compression was initiated at

the onset of circulatory collapse, similar to a clinical situation.

Survival (primary outcome), cardiopulmonary hemodynamic

variables, and electrocardiogram (ECG) and laboratory

parameters (secondary outcomes) were measured.

Methods

This randomized double-blind study was approved by the

Animal Care and Use Committee of Seoul National

University College of Medicine in August 2010 (No: 10-

0189). Twelve male mongrel dogs weighing 12-25 kg were

studied.

Dogs in the insulin/glucose (IG) group were given an

intravenous bolus of regular insulin (2 U�kg-1 iv) in syr-

inge, followed by 2 mL�kg-1 of 50% dextrose in water

(intravenous bag) for 30 min. The dogs in group control

(C) received 0.9% saline as a placebo in a volume equal to

that of the insulin and dextrose given to the dogs in the IG

group.

To mask the study drugs, a research assistant prepared

six identical syringes and corresponding intravenous bags

in advance for all dogs. The research assistant was unaware

of the study objectives and was not involved in any other

aspect of the study. A randomization list was prepared by a

second research assistant who did not participate in any

other aspect of the study. Six pieces of paper were marked

in yellow (IG) and six were marked in red (C), and they

were then concealed in sealed opaque envelopes. The

envelopes were then well shuffled and placed in a box.

Thiopental sodium (10 mg�kg-1 iv) and vecuronium

(0.2 mg�kg-1 iv) were administered for tracheal intubation,

followed by a continuous infusion of sodium pentobarbital

(5 mg�kg-1�hr-1 iv), vecuronium (0.02 mg�kg-1�hr-1 iv),

and 0.9% saline (5 mL�kg-1�hr-1 iv throughout the

experiment) via the right antecubital vein. The dogs were

mechanically ventilated with 30% O2 in air, and normo-

carbia was maintained. The urinary bladder was

catheterized, and the core body temperature was main-

tained at 37-38�C with a heating pad.

Both femoral arteries were catheterized to obtain blood

samples and monitor the mean arterial pressure (MAP). A

fibreoptic pulmonary artery catheter (Opticath� P 7110-

EH; Abbott, Chicago, IL, USA) was placed in the right

external jugular vein for continuous monitoring of the

central venous pressure (CVP) and mixed venous oxygen

saturation (SvO2).

After a 30-min stabilization period, baseline data and

hemoglobin concentrations were measured. Each dog was

infused with 0.5% bupivacaine (10 mg�kg-1 iv) over ten

seconds via the left antecubital vein. Upon the onset of

circulatory collapse (defined as mean arterial pressure

\ 30 mmHg), external chest compression at a rate of 100

compressions�min-1 was initiated in the right lateral

decubitus position, thiopental sodium was discontinued,

ventilation was maintained with 100% oxygen, and sodium

bicarbonate (2-4 mmol�kg-1�hr-1 iv) was subsequently

infused to maintain an arterial pH of 7.35-7.45 because

hypoxia and acidosis can aggravate bupivacaine cardio-

toxicity.4 Upon circulatory collapse, an envelope was

selected to indicate which study drug (red or yellow) to

administer. To keep other research personnel, including

those performing chest compressions, blinded to the group
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allocation, the person selecting the envelope initiated the

infusions to the dogs after detaching the labels.

Chest compression was paused when the MAP reached

40 mmHg. If the MAP decreased below 40 mmHg within

ten seconds after discontinuing cardiac massage, chest

compression was resumed. Cardiac massage was ended

when a MAP C 40 mmHg was maintained over 30 sec.

This regimen was based on our previous findings that

bupivacaine-infused dogs were resuscitated without addi-

tional treatments after the MAP recovered to 40 mmHg

with insulin administration.4 The maximal duration of

chest compression was arbitrarily set as 15 min.

Successful resuscitation (the primary outcome) was

defined as both MAP C 60 mmHg and sinus rhythm on an

ECG that lasted C 60 sec without additional treatments.

The time from circulatory collapse to resuscitation was

recorded. Anesthetic agents were resumed after resuscita-

tion. When asystole appeared after the termination of chest

compressions, the experiment was ended.

The following data were recorded at baseline, at the

onset of circulatory collapse, and every five minutes

afterward for 30 min: MAP, heart rate (HR), cardiac output

(CO), SvO2, CVP, systemic vascular resistance (SVR),

end-tidal carbon dioxide concentration (ETCO2), PR

interval, QRS duration, corrected QT (QTc) interval (i.e.,

QT interval corrected for HR), arterial blood gas analysis,

and serum Na?, K?, Ca2?, glucose, and bupivacaine.

Additionally, the MAP and HR were recorded at one-

minute intervals during the first 15 min after collapse.

Cardiac output was determined using the thermodilution

technique, and SvO2 was measured using a continuous

SvO2 monitoring system (Oximetrix� 3; Abbott). Systemic

vascular resistance and QTc intervals were calculated using

the following standard formulas:

SVR dyn � sec�1 � cm�5
� �

¼ MAP� CVPð Þ � 80 � CO�1

QTc msecð Þ ¼ QT� 0:087� ðRR� 1000Þ

Chest compression was paused for \ ten seconds when

ECG rhythm was checked; otherwise, chest compression

was not interrupted during measurement of variables. The

dogs were euthanized with intravenous KCl (40 mEq) after

each experiment.

Statistics

The data are expressed as means (standard deviation) or

numbers (%). Fisher’s exact test was applied to compare

the primary outcome (success or failure of resuscitation)

between the groups. Differences between the two groups

over time were identified with the repeated measures

analysis of variance (rmANOVA). The group 9 time

interaction term in the rmANOVA model assesses whether

the groups show different response curves over time. Times

within four minutes from circulatory collapse were exclu-

ded from the rmANOVA because it took more than four

minutes for insulin treatment to show its effect in our

previous bupivacaine-induced cardiac depression model;4

consequently, including those data in the statistical analysis

could mask the effect of insulin. All statistical analyses

were performed using PASW Statistics 17, Release Ver-

sion 17.0.2 (SPSS, 2009, Chicago IL, USA). All reported P

values are two-sided, and P \ 0.05 was taken to indicate

significance.

Sample size determination

No a priori sample size calculation was done. A conve-

nience sample of six dogs per group was selected based on

previous studies.4-6

Results

All dogs met the criteria for circulatory collapse after

administering bupivacaine (10 mg�kg-1 iv). Times to cir-

culatory collapse (sec) were 10, 35, 42, 42, 43, 70 [40.3

(19.2)]; 5, 40, 40, 46, 54, 64 [41.5 (20.1)] in the IG and C

groups, respectively (Table 1). All IG dogs were success-

fully resuscitated (the primary outcome) within 15 (3) min,

whereas none of the control dogs were resuscitated

(P = 0.002, Fisher’s exact test; Table 2).

Variables at baseline, at circulatory collapse, and during

the resuscitation are summarized in Tables 2 and 3 and in

Figs. 1 and 2. Electrocardiogram recordings at the onset of

circulatory collapse showed pulseless electrical activity,

ventricular tachycardia, complete heart block with P waves

only, or idioventricular rhythm. Sinus rhythm eventually

appeared in the IG group, but group C dogs developed

asystole within one minute after termination of cardiac

massage.

All IG group dogs showed MAP [ 40 mmHg over

30 sec within a mean cardiac massage duration of 9.7

(1.2) min. In group IG, MAP was significantly higher than

in group C from five minutes after circulatory collapse

(P = 0.006, rmANOVA; Fig. 1). Heart rate was not

Table 1 Weight, hemoglobin, and time to circulatory collapse

Parameter Group IG Group C

Weight (kg) 18.7 (4.4) 21.9 (2.4)

Hemoglobin (g�L-1) 91 (17) 94 (16)

Time to circulatory collapse (sec) 40.3 (19.2) 41.5 (20.1)

Data are expressed as mean (standard deviation)

IG = insulin-glucose; C = control
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significantly different between the groups (P = 0.32,

rmANOVA; Fig. 2).

The CO, SvO2, ETCO2, QRS, QTc, and serum K? level

were significantly different between the groups (P \ 0.05,

rmANOVA; Tables 3 and 4). Bupivacaine concentrations

are shown in Table 3 (n = 4 and 2 in groups IG and C,

respectively, due to missing data). Total dose of sodium

bicarbonate administered was comparable between the

groups [42.5 (17.2) mEq in group C; 37.5 (15.4) mEq in

group IG].

Discussion

In this study, insulin treatment successfully resuscitated

bupivacaine-induced circulatory collapse in dogs, whereas

chest compression alone could not. This study differs from

our previous work in which it took 33-49 min for the MAP

Table 2 Resuscitation data

Parameter Group

IG

Group

C

P
value

Successful resuscitations (n) 6 (100) 0 (0) 0.002

Time from circulatory collapse to

successful resuscitation (min)

15 (3) - -

Data are number (%) or mean (standard deviation)

IG = insulin-glucose; C = control

Table 3 Cardiopulmonary hemodynamic variables and ECG intervals

Parameter Baseline Circulatory collapse 5 min 10 min 15 min 20 min 25 min 30 min P value

CO (L�min-1) 0.013

IG 3.3 (1.3) 0.8 (0.4) 1.5 (0.3) 1.6 (0.3) 2.1 (0.7) 2.7 (0.9) 2.6 (0.6) 2.8 (0.8)

C 3.6 (1.8) 0.6 (0.1) 0.9 (0.5) 1.2 (0.5) 1.1 (0.3) - - -

SvO2 (%) 0.001

IG 85 (8) 61 (14) 49 (12) 45 (16) 57 (11) 67 (15) 69 (11) 68 (16)

C 77 (19) 55 (19) 41 (8) 31 (4) 29 (8) - - -

CVP (mmHg) 0.61

IG 6 (6) 14 (4) 18 (8) 19 (11) 8 (4) 7 (2) 6 (2) 4 (3)

C 5 (2) 12 (4) 11 (8) 12 (8) 20 (17) - - -

SVR (dyn�sec�cm-3) 0.3

IG 2,282 (590) 1,932 (379) ? 1,161 (918) 2,369 (871) 2,246 (573) 2,342 (419) 2,418 (430)

C 1,997 (756) 2,276 (900) ? 953 (434) 647 (1,254) - - -

ETCO2 (mmHg) 0.006

IG 37 (6) 18 (1) 22 (6) 23 (5) 24 (7) 38 (6) 38 (6) 35 (5)

C 39 (7) 21 (4) 23 (2) 18 (3) 15 (4) - - -

ECG

PR (msec) 0.065

IG 109 (6) 174 (23) 152 (28) 155 (22) 141 (20) 140 (23) 120 (8) 118 (5)

C 112 (7) 171 (10) 188 (55) 187 (41) 196 (93) - - -

QRS (msec) \ 0.001

IG 40 (1) 97 (22) 99 (44) 91 (36) 69 (33) 51 (15) 44 (4) 48 (16)

C 41 (1) 95 (15) 120 (24) 208 (64) 201 (28) - - -

QTc (msec) 0.005

IG 392 (50) 449 (77) 401 (41) 410 (31) 405 (43) 398 (52) 387 (27) 387 (42)

C 352 (35) 432 (26) 520 (92) 542 (98) 527 (93) - - -

Bupivacaine (lg�mL-1) 0.094

IG (n = 4) 0 86.8 (71.0) 8.8 (2.2) 6.5 (1.7) 4.5 (1.1) 4.5 (1.0) 4.3 (0.7) 4.4 (0.8)

C (n = 2) 0 85.8 (15.1) 12.5 (4.4) 9.9 (3.5) 9.8 (3.3) - - -

Data are expressed as mean (standard deviation)

P value: the P value for the treatment x time interaction term of the rmANOVA. Times less than five minutes were excluded (see text)

IG = insulin-glucose group (n = 6); C = control group (n = 6); CO = cardiac output; SvO2 = mixed venous oxygen saturation;

CVP = central venous pressure; SVR = systemic vascular resistance; ETCO2 = end-tidal carbon dioxide concentration; ECG = electrocar-

diogram; PR = PR interval; QRS = QRS complex duration; QTc = corrected QT interval
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to decrease gradually to 40-65 mmHg with a continuous

infusion of bupivacaine (24.5 mg�kg-1 iv).4,5 In this study,

a MAP of 30 mmHg was induced rapidly (41.5 sec) after a

bolus injection of bupivacaine (10 mg�kg-1 iv) despite the

lower amount of bupivacaine infused. This suggests that a

bolus administration of bupivacaine is more detrimental

than a continuous infusion. In a human volunteer study, the

dose of local anesthetic tolerated decreased as the infusion

speed was increased.7 In other words, local anesthetic

toxicity increases substantially with the infusion rate;7

therefore, the previous continuous infusion studies4,5 were

considered insufficient to verify the resuscitating effects of

insulin on cardiotoxicity induced by a bolus injection of

bupivacaine. This study suggests that insulin can reverse

sudden-onset circulatory collapse caused by intravascular

bupivacaine injection.

In addition to insulin therapy, lipid emulsion can reverse

bupivacaine cardiotoxicity.6 Nevertheless, there are also

opposing views on its efficacy,8,9 and there are concerns

regarding pulmonary embolism10 with lipid emulsion.

Moreover, as lipid emulsion, a component of parenteral

nutrient, may not be ordinarily stocked in some operating

rooms, more readily available insulin could be used in its

place. In this regard, a comparison of insulin and lipid

emulsion, alone or in combination, is worthy of further

research.

Several possible mechanisms exist regarding the thera-

peutic effect of insulin in bupivacaine cardiotoxicity. One

theory is that bupivacaine suppresses Ito, inhibiting myo-

cardial cell repolarization, whereas insulin enhances Ito.11

This electrophysiological effect may have contributed to

the recovery of sinus rhythm in insulin-treated dogs, as

indicated by recovery to nearly baseline QTc intervals on

electrocardiography, while the control group showed con-

sistently prolonged QTc. Alternatively, bupivacaine

decreases Ca2? transport and uptake via the sarcoplasmic

reticulum and depresses myofilament Ca2? sensitivity,

causing suppressed myocardial contractility.12 Decreased

Ca2? content in myocytes may account for diminished

contractile response to adrenergic agonists,13 which may

partly explain the failure of inotropes to treat bupivacaine-

induced cardiac depression.3 Insulin possibly attenuates

this effect and exerts inotropic effects by activating Ca2?

adenosine triphosphate (ATP) synthase in the sarcoplasmic

reticulum, increasing sarcoplasmic Ca2? uptake and

upregulating myofilament Ca2? sensitivity.14 Another

possible mechanism involves the negative effect of

bupivacaine on oxidative phosphorylation,15 decreasing the

ATP synthesis that is required for cardiac contractility. In

contrast, insulin shifts myocardial energy metabolism from

fatty acid catabolism to glycolysis,16 providing glycolytic

ATP.17,18 Adenosine triphosphate supplementation has

been shown to recover contractility of bupivacaine-treated

depressed myocardium in vitro.19 Furthermore, insulin

improves oxygen utilization efficiency during moderate

and severe (10% of baseline coronary flow) ischemia,

which may be partly due to less oxygen demand for gly-

colytic ATP production than that for fatty acid

catabolism.17,20 Nevertheless, the contribution of this

insulin effect is unclear in the setting of the current study in

which the severity of myocardial ischemia and the amount

of coronary blood flow may have varied from the previous

experiments.

We commenced chest compression upon the onset of

circulatory collapse because it can increase blood flow

through vital organs21 when CO is decreased markedly

during bupivacaine intoxication. In addition, chest com-

pression can produce some coronary blood flow,22 which

may at least slightly reduce the accumulation of anaerobic

glycolytic products during bupivacaine-induced cardiac

arrest.

Fig. 1 Sequential changes in the mean arterial blood pressure during

the 30 min after circulatory collapse. Data are expressed as means

(dots) with standard deviation (lines). IG = insulin-glucose (n = 6);

C = control (n = 6); B = baseline; CC = circulatory collapse;

(mean arterial pressure [MAP] \ 30 mmHg); P value for the

treatment 9 time interaction term of the repeated measures analysis

of variance. Times less than five minutes were excluded (see text)

Fig. 2 Sequential changes in the heart rate (HR) during the 30 min

after circulatory collapse. Data are expressed as means (dots) with

standard deviation (lines). IG = insulin-glucose (n = 6); C = control

(n = 6); B = baseline; CC = circulatory collapse (mean arterial

pressure \ 30 mmHg); P value for the treatment 9 time interaction

term of the repeated measures analysis of variance. Times less than

five minutes were excluded (see text)
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Despite the effects of chest compressions, our observa-

tion that the dogs failed to survive with chest massage

alone after bupivacaine-induced circulatory collapse is

consistent with the findings of other reports.1,6 Closed-

chest compressions generate 1*5% of the normal coronary

blood flow and approximately 32% of the average resting

CO.23 In addition, bupivacaine binds to inactivated cardiac

sodium channels with high affinity, and dissociation from

the channel is slow and incomplete.24 Consequently, the

CO and coronary blood flow produced by chest compres-

sion may not be sufficient for the metabolism and

redistribution of bupivacaine. Although chest compression

is emphasized for cardiac arrest, survival after cardiac

arrest requires both basic and advanced life support.21 The

survival rate increases only marginally when chest com-

pression is continued without other treatments.25 As

defibrillation and inotropes have limited use in the treat-

ment of bupivacaine cardiotoxicity,3 this study explored

the use of insulin combined with cardiac compression as an

alternative means to recover sinus rhythm in dogs.

The absolute values of bupivacaine concentrations were

lower in group IG, although it was statistically insignificant

(P = 0.094) probably due to a too small sample size

(n = 4 and 2 in groups IG and C, respectively; Table 3). In

the previous study,4 insulin consistently decreased bupiv-

acaine concentrations, presumably via enhanced hepatic

extraction by increased hepatic blood flow and facilitated

distribution of bupivacaine,26 secondary to insulin-induced

increase in CO. In another report, the bupivacaine con-

centration in cardiac tissue was lineally correlated with its

plasma concentration and inversely correlated with cardiac

function.27 These results imply a possible contribution to a

reduction in plasma bupivacaine levels resulting from

resuscitation; however, this effect can be attenuated in

humans because of a lower hepatic extraction ratio com-

pared with that of dogs (0.38 vs 0.55, respectively).26,28

Other recovery modalities, including defibrillation and

epinephrine, were omitted from this study because they

have limited application in bupivacaine toxicity3 and also

to avoid confounding interactions between insulin and

other therapies. Chest compressions were used because

they are essential for maintaining circulation to vital organs

until the insulin exerts its effects. Further studies are

required to evaluate the use of insulin in tandem with other

Table 4 Arterial blood gas values, plasma electrolytes, and glucose levels

Parameter Baseline Circulatory collapse 5 min 10 min 15 min 20 min 25 min 30 min P value

pH value 0.81

IG 7.38 (0.06) 7.50 (0.08) 7.38 (0.08) 7.34 (0.09) 7.32 (0.10) 7.29 (0.05) 7.28 (0.05) 7.30 (0.05)

C 7.40 (0.03) 7.49 (0.05) 7.43 (0.05) 7.37 (0.09) 7.27 (0.07) - - -

PaO2 (mmHg) 0.19

IG 308 (268) 241 (179) 296 (196) 265 (208) 240 (227) 183 (94) 183 (94) 204 (197)

C 212 (182) 276 (176) 238 (178) 130 (125) 73 (22) - - -

PaCO2 (mmHg) 0.22

IG 31 (4) 24 (6) 32 (7) 33 (10) 36 (11) 41 (4) 44 (5) 43 (4)

C 36 (1) 28 (2) 30 (6) 39 (6) 44 (8) - - -

Plasma

Na? (mmol�L-1) 0.79

IG 146 (5) 146 (4) 146 (5) 147 (4) 147 (5) 147 (7) 148 (6) 148 (7)

C 146 (8) 146 (10) 147 (10) 149 (13) 149 (11) - - -

K? (mmol�L-1) 0.036

IG 3.7 (0.3) 3.5 (0.3) 3.5 (0.6) 3.4 (0.6) 3.1 (0.6) 3.0 (0.5) 2.8 (0.5) 2.8 (0.5)

C 3.6 (0.2) 3.4 (0.5) 3.8 (0.4) 4.1 (0.6) 4.3 (0.7) - - -

Ca2? (mmol�L-1) 0.5

IG 2.3 (0.1) 2.1 (0.1) 2.1 (0.1) 2.0 (0.2) 2.0 (0.1) 2.1 (0.1) 2.0 (0.1) 2.1 (0.1)

C 2.5 (0.2) 2.2 (0.1) 2.2 (0.2) 2.2 (0.2) 2.2 (0.2) - - -

Glucose (mmol�L-1) 0.91

IG 5.6 (0.8) 5.7 (0.7) 6.2 (1.7) 6.4 (2.1) 6.2 (2.2) 5.8 (2.4) 6.3 (3.0) 5.6 (2.9)

C 5.4 (0.8) 5.5 (1.0) 5.9 (0.9) 5.9 (1.3) 6.7 (1.4) - - -

Data are expressed as mean (standard deviation)

P value: the P value for the treatment 9 time interaction term of the rmANOVA. Times less than five minutes were excluded (see text).

IG = insulin-glucose group (n = 6); C = control group (n = 6)
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CPR modalities, such as cardioversion and epinephrine, in

order to elucidate fully their application in bupivacaine-

induced cardiotoxicity.

One limitation of our study is that cardiac massage was

discontinued after the arbitrarily set maximum duration of

15 min, as we assumed that the prolongation of chest

compressions without other therapies would not increase

the survival rate. Prolonging external cardiac massage to

four minutes without defibrillation did not promote the

return of spontaneous circulation in a previous study.25

Nevertheless, possible benefits of extended chest com-

pression cannot be excluded. Another point to emphasize is

the pharmacokinetics of insulin and bupivacaine. Insulin

has a plasma half-life of 15-20 min and a time-to-peak of

two to four hours, whereas the plasma half-life of bupiv-

acaine is 3.5 hr in adults. Thus, need for supplemental

insulin to prevent recrudescence of bupivacaine toxicity

cannot be excluded, which requires further studies. Lack of

a control group administered glucose alone is also regarded

as a limitation, considering the possible role of glucose as

an energy substrate for the heart to synthesize ATP.18

Notwithstanding, glucose supplementation without insulin

did not add benefits to hemodynamic outcomes compared

with a control group during bupivacaine-induced cardiac

depression in the previous report.5

In conclusion, a single injection of insulin combined

with closed-chest compression was sufficient to resuscitate

circulatory collapse abruptly induced in dogs by a bolus

injection of bupivacaine. This suggests that insulin therapy

could be considered as a supplement to cardiac massage

when circulatory collapse occurs after inadvertent intra-

vascular administration of bupivacaine.
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