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Hypocapnia prolongs bradycardia induced by 
bupivacaine or levobupivacaine in isolated rat 
hearts 
[L'hypocapnie prolonge la bradycardie provoqule par la bupivacafne ou la 

l~vobupivacafne dans des coeurs isol& de rats] 

T o s h i a k i  M o c h i z u k i  MD PaD, S h i g e h i t o  S a t o  Mn VhD 

Purpose: Systemic alkalinization is recommended for resusci- 
tation from local anesthetic-induced cardiotoxicity. It has been 

suggested that inducing hypocapnic alkalosis, prior to exposure 
to toxic concentrations of local anesthetics, may minimize car- 
diotoxicity. However, it remains unclear whether inducing se- 
vere hypocapnic alkalosis after administration of local anesthet- 

ics will minimize the duration of bradycardia. We used isolated 
rat hearts to investigate the effects of hypocapnic alkalosis on 
heart rate (HR) recovery from bupivacaine or levobupivacaine- 
induced bradycardia. 

Methods: We measured the time required for the HR in 24 iso- 
lated rat hearts, respectively, to attain 90% of the baseline HR 

(recovery time) following bradycardia induced by I ~ug'ml_ -~ and 
10/./g-mL -j concentrations of either bupivacaine or levobupi- 
vacaine. Normal pH perfusate (bupivacaine or levobupivacaine 

with normal pH washout groups) or severe hypocapnic alkalosis 
perfusate (bupivacaine or levobupivacaine with hypocapnic al- 
kalosis washout groups) were reperfused after exposure to the 
local anesthetics. 

Results: Severe hypocapnic alkalosis prolonged the recovery 
time from 273 -+ 122 sec, at the I /ag'mL -~ bupivacaine con- 
centration with normal pH washout, to 1203 _+ 540 sec, in the 
bupivacaine with hypocapnic alkalosis washout (P = 0.029). 

Severe hypocapnic alkalosis also prolonged the recovery time 
from 1153 _+ 644 sec, at a 10/ug'mL -~ bupivacaine concen- 
tration in the normal pH washout group, to 2065 _+ 617 sec, 
in the bupivacaine with hypocapnic alkalosis washout group 

(P = 0.032). With levobupivacaine 10/ug'mL -~ in the normal pH 
washout group, HR recovery time increased from 863 + 186 

sec to 1565 -+ 567 sec, compared to the hypocapnic alkalosis 
washout group (P = 0.045). 

Conclusions: Severe hypocapnic alkalosis prolonged the re- 

covery time from bupivacaine or levobupivacaine-induced bra- 
dycardia in isolated rat hearts. When bradycardia occurs after 
intravascular bupivacaine or levobupivacaine administration, 

maintenance of normocapnia may minimize the duration of bra- 
dycardia. 
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O b j e c t i f  : L'alcalinisation syst~mique est recommand~e pour 
la r~animation dans les cas de cardiotoxicit~ provoqu& par un 
anesth~sique local. II a ~t~ sugg&~ que I'induction d'une alcalose 
hypocapnique avant I'exposition ~ des concentrations toxiques 
d'anesth&iques Iocaux pourrait minimiser la cardiotoxicit& 
Cependant, nous ne savons pas si I'induction d'une alcalose 
hypocapnique grave apr~s I'administration d'anesth~siques 
Iocaux minimise la dur& de la bradycardie. Nous avons utilis~ 
des cmurs isol~s de rats pour analyser les effets de I'alcalose 
hypocapnique sur le retour ~ une fr~quence cardiaque (FC) 
normale ~ la suite d'une bradycardie provoqu~e par la bupivacai'ne 
ou la I~vobupivacaine. 
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M(~thode : Nous avons mesur~ le temps requis pour que la 
FC de 24 coeurs isol~s de rats atteigne 90 % de la FC de base 
(temps de r&up6ration) apr~s une bradycardie provoqu~e par des 
concentrations de I l~g'mL -~ et 10 ~g.mL -~ de bupivacaine ou de 
I&obupivaca~ne. Un perfusat au pH normal (groupes bupivaca~ne 
ou I&obupivacaine avec solution de rin~age ~ pH normal) ou un 
perfusat d'alcalose hypocapnique s~v~re (groupes bupivacai'ne ou 
I&obupivaca~ne avec solution de rin~age alcaline hypocapnique) a 
~t~ reperfus~ apr6s que les coeurs ont ~t~ expos& aux anesth&i- 
ques Iocaux. 

R~sultats : L'alcalose hypocapnique grave a prolong~ le temps de 
r&up~ration de 273 +- 122 sec, 6 la concentration de bupivaca~ne 
del /ug'mL -~ avec la solution de rin~age 6 pH normal, ~ 1203 +_ 
540 sec, dans le groupe de bupivaca~ne avec la solution de rin~age 
alcaline hypocapnique (P = 0,029). L'alcalose hypocapnique grave 
a ~galement prolong~ le temps de r&up&ation de 1153 +_ 644 
sec, ~ une concentration de bupivaca'l'ne 10 tug.mL -~, ~ 2065 +_ 617 
sec dans le groupe de bupivaca~ne avec solution de rin~age alcaline 
hypocapnique (P = 0,032). Avec de la I&obupivacai'ne I0 lsg'mL -I 
dans le groupe 6 la solution de rin~age au pH normal, le temps de 
r&up~ration de la fr~quence cardiaque a augment~ de 863 +- 186 
sec ~ 1565 +_ 567 sec, comparativement au groupe avec solution 

de lavage alcaline hypocapnique (P = 0,045). 

Conclusion : L'alcalase hypocapnique a prolong~ le temps de r&u- 
p~ration apr~s une bradycardie provoqu~e par la bupivacai'ne ou la 
I&obupivaca~ne dans des coeurs isol& de rats. Lorsque la bradycar- 
die survient apr& I'administration intravasculaire de bupivacaTne ou 
de I~vobupivacai'ne, le maintien de la normocapnie pourrait minimi- 
ser la dur~e de la bradycardie. 

S 
udden cardiovascular collapse has been re- 
ported to occur after accidental intravascular 
injection of  potent  local anesthetics, such as 
bupivacaine. 1 Local anesthetics have been re- 

ported to cause bradycardia, as well as re-entrant ar- 
rhythmias, after intravascular administration. 2~ Bupi- 
vacaine blocks many types of  ion channels, including 
sodium channels, s'6 Accordingly, systemic alkaliniza- 
tion has been recommended to treat potentially fatal 
arrhythmias secondary to the effects of  an overdose 
of  sodium channel blocking agents. 7 Furthermore, 
a canine study suggested that inducing hypocapnic 
alkalosis, prior to local anesthetic administration, 
ameliorates the electrocardiographic changes and 
the depression of  cardiac contractility associated 
with ropivacaine overdose. 8 Although bupivacaine is 
structurally similar to ropivacaine, it has long been 
known that the cardiodepressant effects and the 
electro-physiological toxicity induced by bupivacaine 
overdose are considerably more serious than the 

effects induced by high concentrations o f  ropiva- 
caine.9 

In clinical practice, it has been recommended that 
systemic alkalinization should be induced by hypo- 
capnic alkalosis after unintentional intravascular injec- 
tion of  local anesthetics. However, it remains unclear 
whether induction of  hypocapnic alkalosis, after acci- 
dental parenteral administration of  bupivacaine, exhib- 
its any beneficial effect with regard to minimizing the 
duration of  the recovery period from local anesthetic- 
induced bradycardia. Accordingly, the purpose of this 
study was to compare the effects ofhypocapnic alkalo- 
sis with the effects of its S (-) isomer, levobupivacaine, 
on the duration of  the recovery period resulting from 
bupivacaine-induced bradycardia in isolated rat hearts. 
We specifically tested the null hypothesis that the 
induction of  hypocapnic alkalosis, after exposure to 
either bupivacaine or levobupivacaine, does not affect 
the recovery time from local anesthetic-induced b 
radycardia. 

Materials and methods 
The Institutional Animal Care Committee of the 
Hamamatsu University School of  Medicine approved 
all experimental procedures and protocols used in this 
study. 

Langendorff isolated heart preparation 
We used the Langendorff isolated rat heart prepara- 
tion, as previously described, with minor modifica- 
tions. 1°,11 Briefly, male Sprague-Dawley rats weighing 
270 to 300 g were anesthetized with pentobarbital 
(50 mg.kg -1 ip), and heparin was injected intravenous- 
ly (500 IU-kg-1). After each heart was isolated, the 
aorta was cannulated within one minute. The heart 
was then perfused at a constant pressure of  approxi- 
mately 70 cm H20. A collapsed latex balloon LB-2 
(Nihon Kohden, Tokyo, Japan) was inserted into the 
left ventricular (LV) cavity via a left atrial incision, 
and the intra-balloon pressure was adjusted to 5-10 
mmHg.  Each heart was allowed to beat spontaneously 
(unpaced) and was suspended inside a heated glass 
cylinder. We used a thermostatically-controlled water- 
jacketed system in which all glass reservoirs, the glass 
cylinder, and as many of  the delivery lines as possible 
were surrounded by circulating water maintained at 
37 + 0.5°C throughout the study. The LV pressure 
waveforms were continuously recorded. An electro- 
cardiogram (ECG) was obtained by placing needle 
electrodes on the pulmonary artery, the right atrium, 
and the aortic root. 

Heart rate (HR) was calculated as the reciprocal of  
each peak-to-peak interval of  the LV pressure wave- 
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10 l~g.mL -1 of bupivacaine or levobupivacaine in normal pH perfusate 
FIGURE 1 Study protocol. 

forms. When no LV pressure waveform was observed 
within 60 sec, we regarded it as asystole; i.e., H R  = 0. 
Coronary blood flow was measured at constant pres- 
sure and temperature was measured by a transit-time, 
in-line ultrasound flow meter (MFV 3200, Nihon 
Kohden, Tokyo, Japan). All signals were acquired 
using the PowerLab 4 / 2 0  data acquisition system 
(AD Instrument Ltd, Castle Hill, Australia) and were 
stored in a computer. Data were analyzed off-line with 
Software Chart v4.2 (AD Instrument Ltd, Castle Hill, 
Australia). 

The hearts were perfused with one of  two types o f  
modified Krebs-Henseleit buffers in mmol.Lq: NaC1 
120, KCI 4.7, MgC12 1.24, CaCI 2 1.27, NaHCO 3 20, 
KH2PO 4 1.24, glucose 11. They were saturated with 
95% 02 + 5% CO v pH  7.35 maintained at 37 -+ 0.5°C, 
defined as the normal pH  perfusate, or were saturated 
with 95% 02 + 3% CO 2 + 2% N2, pH  7.55 maintained 
at 37 -+ 0.5°C, defined as the hypocapnic alkalosis 
perfusate. Immediately before use, the pH and pCO 2 
values o f  the perfusate were measured by Stat profile 
M (Nova Biochemical, MA, USA) from samples of  
continuously-aerated perfusate in the Langendorff  
apparatus via the connection port  to the heart. 

Investigations were undertaken in 24 isolated rat 
hearts. After initiation o f  coronary perfusion with 
the normal perfusate, a 15-min stabilizing period 
was followed by ten minutes of  exposure to local 
anesthetic at a final concentration o f  1 btg.mL q (low 
dose exposure period) in the normal p H  perfusate. 
After the low dose exposure was concluded, either 
local anesthetic-free normal pH perfusate or local 
anesthetic-free hypocapnic alkalosis perfusate was 
reperfused from the time point immediately after 
exposure to the local anesthetic. The perfusates were 
continued until such time as either the H R  (at nor- 
mal sinus rhythm) reached approximately 90% of  the 
bhseline H R  value, as estimated in-line during the 
low-dose recovery period, or after a maximum of  60 
min had elapsed. Subsequently, after an additional 
15-min stabilization period with the normal pH  
perfusate, a ten-minute exposure to local anesthetic 
was performed (the same local anesthetic that was 
used during the low-dose exposure period with the 
normal pH perfusate) at a final concentration o f  10 
gg.mL q (high-dose exposure period). Likewise, the 
same pH  local anesthetic-free perfusate, as was used 
during the low dose exposure period, was selected 
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during the high dose recovery period (Figure 1). We 
used either bupivacaine HC1 (bupivacaine; AstraZen- 
eca Co., Ltd, Osaka, Japan) or levobupivacaine HCI 
(levobupivacaine; the S (-) isomer of  bupivacaine; 
Maruishi Pharmaceutical Co., Ltd, Osaka, Japan) for 
all experiments. 

The isolated rat hearts were randomly allocated 
into one of four groups using a computer-generated 
randomization sequence: 1) bupivacaine with normal 
pH washout; 2) bupivacaine with hypocapnic alkalosis 
washout; 3) levobupivacaine with normal pH wash- 
out; and 4) levobupivacaine with hypocapnic washout 
(Figure 1). "Recovery time" was defined as the time 
period following local anesthetic exposure until the 
H R  (at normal sinus rhythm) had attained 90% of the 
baseline H R  value. After the experiments had been 
completed, a blinded observer recorded the recovery 
times off-line. Heart rate, coronary blood flows, and 
left ventricular systolic pressure (LVSP) were mea- 
sured at the last minute of  each of  the stabilization 
periods (baseline), at each of  the exposure periods, 
and at the "recovery times." 

In a previous pilot study, we examined the dura- 
tion of  time for H R  to attain 95% of the baseline H R  
value (95% recovery time) in both normal pH and 
hypocapnic washout groups following exposure to 
bupivacaine. The upper limits of the 95% confidence 
interval (CI) values at the 95% recovery times for 
the normal pH (n = 3) and the hypocapnic alkalosis 
washout groups (n = 3) were 1123 sec and 1836 
sec, respectively. Therefore, we determined that the 
maximum recovery period was approximately twice 
the upper limit of  the latter group of  1836 sec; i.e., 
60 rain. In a separate pilot study, we found that, after 
high dose bupivacaine exposure, hypercapnic acidosis. 
reperfusion (pH = 7.14 and pCO 2 = 52.7 mmHg)  
prolongs H R  recovery times to more than 3600 sec 
(n = 2, data not shown). Hence, we did not attempt to 
measure recovery times using the hypercapnic acidosis 
perfusate in this study. 

Finally, to determine whether hypocapnic alkalosis 
affects coronary blood flow, independent of  the effect 
of  the cardiac toxicity induced by local anesthetics, 
six isolated hearts were perfused for 15 min with 
normal pH perfusate. Subsequently, the perfusate was 
switched to the hypocapnic alkalosis perfusate for ten 
minutes. Finally, reperfusion with normal pH perfus- 
ate was performed for 15 rain. Coronary blood flows 
were measured at the last minute of  each period. 

Statistical analysis 
To test for differences in recovery times with or with- 
out hypocapnic alkalosis, in response to both the low 
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100- 
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O 

-100 

+ normal pH washout 

. . . .  < > - ' -  hypocapnic alkalosis washout 

BASE1 EXP1 RECl BASE2 EXP2 REC2 

FIGURE 2 Changes in heart rate (HR) after exposure to 
bupivacaine. Low concentration = 1 gg.mL ~ bupivacaine. High 
concentration = 10 ~tg.mL ~ bupivacaine. Recovery time = the 
time required for H R  to return to 90% of the baseline H R  value 
after local anesthetic exposure, as measured by a blinded observer, 
off-line, bpm = beats.min-~; BASE1 = baseline 1; EXP1 = low dose 
bupivacaine exposure; REC1 = recovery time 1; BASE2 = baseline 
2; EXP2 = high dose bupivacaine exposure; REC2 = recovery 
time 2. Two-way repeated measures ANOVA and Tukey HSD 
post hoc test. **Significant vs baseline 1; within group (P < 0.01). 
#%ignificant vs baseline 2; within group (P < 0.01 ). 

and high concentrations of local anesthetic exposure, 
and to evaluate changes of HR, coronary blood flow, 
and LVSP, data were compared by two-way repeated 
measures analysis of  variance (RMANOVA). To specify 
time points of  differences when RMANOVA was signif- 
icant (P < 0.05), we applied a Tukey HSD test, post hoc, 
using SPSS 15 J (SPSS Japan Inc., Tokyo, Japan). From 
a previous pilot study of three heart preparations, we 
found that the 90% upper one-sided confidence limit in 
recovery times, following low dose exposure to bupi- 
vacaine with normal pH washout, was approximately 
400 sec (sample size = 3). We considered a minimal 
clinically important difference of  treatment to be 600 
sec; i.e., ten minutes. With 0t = 0.05 and ]3 = 0.90, the 
required sample size was five animals/heart prepara- 
tions per group. To accommodate for potential drop- 
outs or for incomplete studies, we selected a sample size 
of six animals per group. For these analyses, we used 
Excel 11.4 (Microsoft Corp., WA, USA) operating on 
a Macintosh OS X-based computer. Results in the text 
and figures are expressed as mean + SD (CI), and statis- 
tical significance was assumed when P < 0.05. 

R e s u l t s  
The low and high concentrations of  bupivacaine were 
associated with significant reductions in H R  in both 
the bupivacaine with normal pH washout groups, 
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FIGURE 3 Changes in heart rate (HR) after exposure of  
levobupivacaine. Low concentration = 1 lag.mL -1 bupivacaine. 
High concentration = 10 lag.mL ] levobupivacaine. Low 
concentration = 1 ~tg.mL t levobupivacaine. High concentration 
10 lag.mL * levobupivacaine. Recovery time = the time required for 
H R  to return to 90% of  the baseline H R  value after local anesthetic 
exposure, as measured by a blinded observer, off-line, bpm = 
beats.min-~; BASE1 = baseline 1; EXP1 = low dose levobupivacaine 
exposure; REC1 = recovery time 1; BASE2 = baseline 2; EXP2 
= high dose levobupivacaine exposure; REC2 = recovery time 2. 
Two-way repeated measures ANOVA and Tukey HSD post hoc test. 
##Significant vs baseline 2; within group (P  < 0.01). 

25OO 

[] Normal pH washout 
• Hypocapnic alkalosis washout 
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Bupivacaine low dose Bupivacaine high dose 

FIGURE 5 Hypocapnic alkalosis washout  after exposure to 1 
~tg-mL -] (low concentration) and 10 lag.mL ~ (high concentration) 
bupivacaine significantly prolonged the recovery times. *P < 0.05 
vs normal pH  washout group,  by two-way repeated measures 
ANOVA followed by Tukey HSD post hoc test. 

1o ~,g~L 4 ~um 

100 

0 - -  ,m 
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J 

F IGURE 4 A representative H R  trace o f  the stabilization period, 
high-dose local anesthetic exposure, and the recovery period o f  a 
case o f  bupivacaine with normal p H  washout.  

respectively (P = 0.006; Table I, Figure 2). The high 
dose of levobupivacaine reduced HR in the levobu- 
pivacaine with normal pH washout group (Table II, 
Figure 3). Figure 4 shows representative HR tracings 
during the stabilization period following high dose 
bupivacaine exposure and during the recovery period 
following bupivacaine with normal pH washout. 

At both the low and the high concentrations of 
bupivacaine, hypocapnic alkalosis significantly pro- 

3000 

2500 

~ 2000 

"~ 1500 
® 

¢~1000 

5O0 

Levobupivacaine low dose 

Normal pH washout 

• Hypocapnic alkalosis washout 

Levobu~vacaine high dose 

FIGURE 6 Hypocapnic alkalosis washout  after exposure to 
10 gg .mL -1 (high concentration) levobupivacaine significantly 
prolonged the recovery times. The low-dose was defined as a final 
local anesthetic concentration o f  i gtg.mL -1. * P <  0.05 vs normal  
p H  washout  group by two-way ANOVA followed by Tukey HSD 
post hoc test. 

longed the mean HR recovery times (Figure 5). Simi- 
larly, at the high concentration of levobupivacaine, 
hypocapnic alkalosis prolonged HR recovery times 
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T A B L E  III  p H  and pC O 2 o f  the perfusate used in recovery period 

Perfusate pH pCO 2 

Bupivacaine with normal p H  washout  (n = 6) 7.36 ± 0.04 [7.33-7.40] 36.2 ± 3.9 m m H g  [33.0-39.3] 

Bupivacaine with hypocapnic alkalosis washout (n = 6) 7.55 ± 0.03 [7.53-7.57] 20.9 _+ 0.9 m m H g  [20.2-21.7] 

Levobupivacaine with normal pH  washout  (n = 6) 7.36 ± 0.04 [7.33-7.39] 38.2 _+ 1.2 m m H g  [37.3-39.2] 

Levobupivacaine with hypocapnic alkalosis washout  (n = 6) 7.54 ± 0.03 [7.51-7.56] 20.8 ± 0.6 m m H g  [20.4-21.2] 

Values are mean ± SD (95% confidence interval). 

(Figure 6). Coronary blood flows remained similar 
within groups (Tables I, II). The lower concentra- 
tions of local anesthetic exposure did not prolong the 
recovery time beyond 60 min in any group for any 
heart preparation. The pH and pCO 2 values of the 
perfusates are presented in Table III. 

No spontaneous tachyarrhythmias were observed in 
any heart preparation. Transient Mobitz type II car- 
diac conduction defects were observed in 10/12 and 
2/12 hearts during exposure to the high concentra- 
tions of bupivacaine and levobupivacaine, respectively. 
Idioventricular rhythms were observed in 8/12 hearts 
during the exposure to high concentration bupiva- 
caine. Asystole was observed in 1/12 hearts exposed 
to bupivacaine. All hearts spontaneously reverted to 
normal sinus rhythm during the recovery period. 

Finally, hypocapnic alkalosis reduced coronary 
blood flow from 11.7 ± 2.3 mL-min ~ (CI 9.4-14.0 
mL.min-1), after the initial normal pH perfusion (n = 
6), to 8.9 -+ 2.2 mL.min -1 (CI 6.7-11.1 mL-min-I), 
after the hypocapnic alkalosis perfusion (n = 6); i.e., 
resulting in an attenuation to 76% of the initial normal 
pH perfusion (P < 0.001, Figure 5). 

D i s c u s s i o n  
This laboratory investigation demonstrated that the 
HR recovery times, following bupivacaine or levobu- 
pivacaine-induced bradycardia, were prolonged when 
conditions of hypocapnic alkalosis were applied. 

Bupivacaine blocks the fast sodium channels and 
slows conduction through calcium and potassium 
channels. 12 However, bupivacaine altered coronary 
blood flow at a concentration of 3 pg.mL -1 in an iso- 
lated rat heart model with constant coronary perfusion 
pressure. 13 Conversely, in the current investigation, we 
did not detect significant differences in coronary blood 
flow with time. Since the time intervals between local 
anesthetic exposure and the "recovery time" were 
somewhat variable between experiments, the effects 
of the local anesthetic and pH/pCO 2 ratios of perfus- 
ate to coronary blood flow at each time point may 
have been subject to fluctuations, while hypocapnic 

16 

14 

E 

2 
8 4 

i 

0 L _ _ _ _ _ _  

Effect of hypocapnic alkalosis on coronary flow 

Normal pH perfusion 

_ . ~  l l Hypocapnic a,kalosis perfusion 

~. ', Normal pH reperfusion 

acidbase status of perfusate 

FIGURE 7 Effect o f  hypocapnic alkalosis on coronary, blood 
flow. Coronary blood flow was reduced by 76% during the hypo- 
capnic alkalosis perfusion period. **P < 0.001 vs initial normal 
pH  perfusion by one-way repeated measures ANOVA followed by 
Tukey post  hoc test. 

alkalosis decreases coronary blood flow independently 
(Figure 7). Any decrease in coronary blood flow 
induced by hypocapnic alkalosis would retard the local 
anesthetic washout from myocardium during the local 
anesthetic-free washout period. Moreover, since CO 2 
molecules shift rapidly via the cellular membrane, 1~ 
hypocapnic alkalosis might increase the intracellular 
pH of the cardiomyocytes in our study. This might 
have accelerated the binding of bupivacaine or levobu- 
pivacaine to ion channel proteins, thus prolonging the 
bradycardia induced by bupivacaine or levobupiva- 
caine. Further study is warranted to investigate these 
potential mechanisms. 

Porter et  al. 8 have suggested that hypocapnic alka- 
losis improves the ECG changes and cardiac contrac- 
tility induced by amide local anesthetics. However, 
in their laboratory investigation, hypocapnic alkalosis 
was induced prior to loading of the local anesthet- 
ics. 8 Under conditions of hypocapnic alkalosis prior 
to loading of local anesthetics, intracellular pH would 
be increased compared with normal pH conditions, 
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due to CO 2 molecules rapidly shifting via the cellular 
membrane. 14 Therefore, when hypocapnic alkalosis 
is induced prior to loading of  local anesthetics, the 
amount  of  intracellular local anesthetic that shifts 
from the systemic circulation - which could potentially 
affect ion channel proteins - would be decreased com- 
pared to conditions at physiological pH. 

Bupivacaine has been reported to impair conduc- 
tion o f  electrical impulses in isolated mammalian 
hearts. 2,1s On the other hand, bupivacaine exhibited 
reverse frequency-dependent  depression of  contrac- 
tility in isolated mammalian papillary muscles. 6 The 
reverse frequency-dependent  depression of  contrac- 
tility o f  bupivacaine suggests that myocardial con- 
tractility might be restored when H R  was reduced 
by secondary to bupivacaine toxicity. Ultimately, 
when administered intraveneously to animals in 

vivo, bupivacaine appeared to reduce H R  and cardiac 
o u t p u t )  6 However,  in a model  o f  isolated unpaced 
hearts under  constant coronary perfusion pressure, 
after bupivacaine exposure at a concentration that 
corresponded to our study, local anesthetic-free 
washout restored all hemodynamic variables, includ- 
ing H R  and LV contractile force. ~3 Therefore,  we 
regarded H R  as a critical variable when we evaluated 
the recovery by local anesthetic-free washout follow- 
ing cardiotoxic doses of  bupivacaine and levobupiva- 
caine. 

In our  study, hypocapnic alkalosis pro longed 
recovery times at a low concentrat ion of  bupiva- 
caine. On the other  hand, hypocapnic alkalosis did 
not  prolong recovery times at a low concentrat ion 
o f  levobupivacaine (Figures 5, 6). The bupivacaine 
used in our  study consisted ofdextrobupivacaine and 
levobupivacaine as enantiomers. It has been report- 
ed that recovery from sodium channel blockade is 
faster with levobupivacaine compared to dextrobu- 
pivacaine. 17 Since recovery from the chronotropic 
cardiotoxicity o f  local anesthetics was assumed to 
be faster with levobupivacaine compared to bupiva- 
caine, hypocapnic alkalosis would not  have affected 
recovery times when exposed to low concentrations 
o f  levobupivacaine under our  experimental model. 

Based on their animal studies, several investigators 
reported that cardiac resuscitation, following bupi- 
vacaine-induced toxicity, is difficult under hypoxic 
and acidotic conditions. 18,19 In a pilot study, we 
found that hypercapnic acidosis (pH = 7.14 and 
pCO 2 = 52.7) remarkably prolonged the cardiac 
recovery period. Taken together ,  these findings sug- 
gest that hypercapnic acidosis should be avoided 
when recovery is a t tempted following bupivacaine 
cardiac toxicity. 

In clinical practice, hypercapnic acidosis tends to 
occur following accidental intravenous administra- 
tion o f  local anesthetics, including bupivacaine. ~ 
To treat bupivacaine- or levobupivacaine-induced 
cardiac toxicity, we recommend that either severe 
hypocapnic alkalosis; i.e., pCO 2 < 20 m m H g  or 
hypercapnic acidosis should be avoided. Instead, it 
is essential to maintain normocapnia during recov- 
ery from bupivacaine- or levobupivacaine-induced 
bradycardia. Mt h o u g h  "modera te"  hypocapnia; i.e., 
pCO 2 of  approximately 30 mmH g ,  can be seen in 
clinical settings, we did not  examine the influence 
o f  this "modera te"  hypocapnic level on recovery 
times in this study. Additionally, several recent 
reports illustrate the potential benefit o f  intrave- 
nous infusion o f  lipid emulsion; i.e., "lipid rescue," 
for treating bupivacaine-induced cardiac arrest that 
was refractory to standard cardiopulmonary resus- 
ci tat ion? °,21 It remains unclear which pCO 2 range 
should be recommended before or during the "lipid 
rescue" to have a maximum effect towards successful 
recovery from bupivacaine-induced cardiovascular 
collapse. 

The Langendorf f  isolated perfused rat heart  prep- 
aration has limitations in the assessment o f  recov- 
ery from local anesthetic exposure. The hearts are 
denervated during the isolation process. In this 
model,  spontaneous H R  and coronary blood flow 
differ from the in vivo situation. On the other  hand, 
isolating the heart  has important  advantages, includ- 
ing the assessment o f  coronary and myocardial 
effects, the evaluation o f  preparation controls for the 
influence of  altered systemic hemodynamics,  such as 
preload and afterload, and the appraisal o f  changes 
in the humoral and autonomic nervous systems. We 
selected a blood and protein-free perfusate to ensure 
the maintenance o f  stable local anesthetic perfusate 
concentrations. The pH,  electrolyte, glucose, and 
perfusate gas concentrat ions can also be maintained 
at constant levels, and continuous administration 
o f  anesthetics is not  necessary. Finally, the target 
concent ra t ion  o f  local anesthetics in the per- 
fusate could be easily manipulated a n d / o r  kept 
constant. 

Although we maintained the intra-balloon pres- 
sure at 5-10 m m H g ,  it has been recommended that 
LV end diastolic pressure would be adjusted to 4 -8  
m m H g  at the beginning o f  the study in the isolated 
heart models. = The volume o f  the latex balloons 
to measure LV pressure parameters were relatively 
small in relation to the LV cavity of  the isolated rat 
hearts used in this study. As a result, the initial LV 
end-diastolic volumes which we recorded might  not  
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have reached a sufficient size to reflect the initial LV 
contractile force parameters  described in a previous 
study. 2~ Although the H R  values were derived from 
peak-to-peak intervals o f  LV pressure waveforms for 
convenience, the baseline H R  values were consistent 
with previous reports.  2z Fur thermore ,  the primary 
concern of  our  study was not  to measure the abso- 
lute values of  LV pressure parameters,  but to mea- 
sure the changes of  the H R  recovery in response to 
several interventions. Thus,  the findings o f  our  study 
should have implications relevant to the clinical 
setting. 

In summary,  compared  with H R  recovery at nor- 
mal p H ,  severe hypocapnic alkalosis p ro longed  the 
period of  H R  recovery following bupivacaine- or 
levobupivacaine-induced bradycardia, in the isolated 
perfused rat heart model .  Our  data suggest that,  it 
may be beneficial, when treating bradycardia follow- 
ing accidental intravascular injection o f  bupivacaine 
or levobupivacaine, to maintain normocapnia  to 
minimize the durat ion o f  bradycardia. Further  inves- 
t igation is warranted to recommend  a specific range 
for carbon dioxide regulation during resuscitation 
f rom local-anesthetic induced cardiotoxicity. 
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