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Purpose: To determine the effect of moderate and deep hypothermic cardiopulmonary bypass (CPB) on the pharma-
cokinetic and pharmacodynamic behaviour of vecuronium in infants and children.
Methods: We studied 12 patients undergoing surgery for congenital heart disease under narcotic-nitrous oxide anes-
thesia. Neuromuscular blockade was maintained constant (T1 4-10% by Datex electromyograph) by adjusting a
vecuronium infusion. Plasma vecuronium concentrations (Cpss) were analysed by HPLC to describe a pseudosteady-
state during each of the pre-CPB, CPB and post-CPB phases. Paired arterial blood samples were taken 20 min apart
after at least 20 min of constant infusion.
Results: Nine cases were analysed, mean age 20 mo, mean weight 9 kg. Three patients had deep and six moderate
hypothermia. In the pre-CPB phase Cpss fell into two groups (mean ± SD: 330 ± 42 ng·ml–1; 127 ± 27 ng·ml–1

; P <
0.001); similarly the clearances showed a bimodal distribution (mean ± SD: 5.08 ± 0.94; 11.51 ± 0.2 ml·min–1·kg–1 P <
0.001), although in different patients. During CPB this bimodal distribution disappeared. Vecuronium infusion rate (VIR)
decreased by 84% and 92% from pre-CPB to CPB phase in deep and moderate hypothermia groups respectively (P <
0.05), paralleled by decreases in Cpss of 36% (P > 0.05) and 52% (P < 0.05).
Conclusion: Changes in vecuronium requirements and plasma concentrations during CPB demonstrate that vecuro-
nium pharmacokinetics and pharmacodynamics are both affected by hypothermic CPB in infants. The finding of bimodal
distributions for plasma vecuronium and vecuronium clearance highlights the need for individual monitoring of neuro-
muscular blockade in this age group.

Objectif : Déterminer l’effet d’une circulation extracorporelle (CEC) avec hypothermie modérée ou profonde sur les
paramètres pharmacocinétiques et pharmacodynamiques du vécuronium chez des nourrissons et des enfants.
Méthode : Nous avons étudié 12 patients opérés pour cardiopathie congénitale sous anesthésie avec un mélange de
narcotique et de protoxyde d’azote. Le blocage neuromusculaire a été maintenu constant (T1 4-10 % avec un élec-
tromyographe Datex) en ajustant une perfusion de vécuronium. Les concentrations plasmatiques de vécuronium (Cpss)
ont été analysées par chromatographie liquide haute performance (CLHP) afin de définir l’état pseudo-équilibre pen-
dant chacune des étapes pré-CEC, CEC et post-CEC. Des échantillons appariés de sang artériel ont été prélevés à
intervalles de 20 min, après au moins 20 min de perfusion constante.
Résultats : Neuf cas ont été analysés, âgés de 20 ms et pesant 9 kg en moyenne. Trois patients avaient une hypother-
mie profonde et six, une modérée. Pendant la pré-CEC, les Cpss se séparent en deux groupes (moyenne ± écart type
: 330 ± 42 ng·ml–1; 127 ± 27 ng·ml–1

; P < 0,001); les clairances ont affiché une distribution bimodale (moyenne ±
écart type : 5,08 ± 0,94; 11,51 ± 0,2 ml·min–1·kg–1 P < 0,001), chez différents patients cependant. Pendant la CEC,
cette distribution bimodale a disparu. La vitesse de perfusion du vécuronium (VPR) a diminué de 84 % et 92 %, com-
parée à celle de la pré-CEC chez les patients avec hypothermie profonde et modérée, respectivement (P < 0,05), par-
allèlement à une baisse des Cpss de 36 % (P > 0,05) et de 52 % (P < 0,05).
Conclusion : Les besoins différents de vécuronium et les changements de concentrations plasmatiques pendant la
CEC montrent que la pharmacocinétique et la pharmacodynamie du vécuronium sont influencées par une CEC
hypothermique chez l’enfant. La découverte de distributions bimodales de vécuronium plasmatique et de clairance du
vécuronium, souligne la nécessité d’un monitorage du blocage neuromusculaire chez les patients de cet âge.
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TUDIES performed both in animals and
humans during hypothermic CPB have indi-
cated that hypothermia below 32°C increases
sensitivity to vecuronium,1–5 pancuronium1,4,6

atracurium,5,7–9 rocuronium,10–12 metocurine1 3 and
doxacurium14 but not to alcuronium15,16 or d-tubocu-
rarine.1,17 Some studies have examined pharmacody-
namic parameters only1,4,5,7,18 but other authors have
performed a complete pharmacokinetic-pharmacody-
namic study.10,12,13 It has also been shown that neuro-
muscular transmission decreases during hypothermia,
even in the absence of muscle relaxants.19

The effect of hypothermic CPB on neuromuscular
blockade (NMB) pharmacokinetics, pharmacodynam-
ics or pharmacokinetic-pharmacodynamic interactions
has not been studied in neonates or children. Many
pediatric cardiac surgery cases are performed under
deeper hypothermia than in adults2 0 and deep
hypothermic circulatory arrest is frequently used in
infants < 10 kg undergoing complex congenital heart
repairs. This procedure enables the study of the effects
of deep hypothermia on NMB.

This study uses a constant neuromuscular blockade
method to examine the effect of hypothermia on
vecuronium pharmacokinetics and pharmacodynamics
during cardiopulmonary bypass (CPB) in neonates
and infants with the aim of establishing appropriate
dosing schedules. Although the lungs of the subjects
in this study will remain ventilated postoperatively,
many children having simpler cardiac procedures may
be extubated in the operating room or within a few
hours of surgery, thus making this an issue of clinical
as well as scientific relevance.

Methods
Clinical Protocol
After Institutional Review Board approval and with
parental written informed consent, 12 patients (ASA
physical status 1 or 2) participated in this study. All
were undergoing corrective surgery for congenital car-
diac anomalies. Patients with neuromuscular, pul-
monary, hepatic or renal disease were excluded. Other
exclusion criteria were history of multiple allergies or
the concurrent administration of drugs known to or
suspected to interfere with neuromuscular function.

In the Operating Room, after instituting routine
monitoring (pulse oximeter, non-invasive blood pres-
sure, electrocardiogram) anesthesia was induced with
5-10 µg·kg– 1 fentanyl and 1-2 mg·kg–1 ketamine, or by
inhalational induction with halothane in those babies
in whom intravenous access was difficult. Ketamine
increments, 1 mg·kg–1, were used as necessary to pre-
vent movement while the Datex Relaxograph™ was

applied. Anesthesia was maintained with fentanyl or
sufentanil and midazolam infusions, inhalational
agents being avoided to prevent potentiation of NMB.
Temperatures (nasopharyngeal (NP), rectal and skin)
were recorded throughout the procedure along with
vecuronium infusion rate (IR), pH and hematocrit.
Central venous access was by internal jugular cannula-
tion and arterial cannulation was via the radial artery.
Intravenous fluid (Ringers’ lactate) was given at main-
tenance rate before CPB.

Cardiopulmonary bypass was conducted with non-
pulsatile flow and membrane oxygenation. The pump
was primed with blood, albumin 25% and Normosol
R to maintain hematocrit between 0.18 and 0.28.
Heparin (300 U·kg–1) was administered to achieve an
activated coagulation time of 480 sec. Cardioplegia
solution was Plegisol (St. Thomas’ Hospital solution)
given at 30 ml·kg–1 after aortic cross-clamping.

Pharmacodynamics: neuromuscular monitoring
The Datex Relaxograph delivers stimuli every 20 sec
to measure an integrated electromyogram (EMG) and
gives digital readouts of first twitch ratio (T1%) and
train-of-four ratio (TOFR). The former, the ratio
between first twitch and the baseline first twitch
response, was used for controlling NMB by changes in
vecuronium infusion rate. Electrode positions were
adjusted to obtain good responses at the adductor hal-
lucis brevis muscle. The foot was used for monitoring
to leave both hands free in case of failed radial artery
cannulation on one side. 

After baseline T1% response had been obtained,
blood was taken for baseline vecuronium assay1 5 and
muscle relaxation was initiated with 0.1 mg·kg– 1

vecuronium, given by peripheral iv, and the tracheal
was intubated at 90% depression of T1%. Once the
T1% had returned to 5% of baseline an infusion was
started at 0.075 mg·kg–1 via the central venous line
and adjusted to maintain a T1% of 5 to 10%. This
technique, the maintenance of a constant degree of
blockade by adjustment of infusion rate, is well
described in the literature on NMB dose-response
relationships.5,7,8 If the twitch response declined to
zero, the infusion was stopped until a twitch returned.

Pharmacokinetics
The establishment of “pseudo-equilibrium” during
each of the pre-CPB, CPB and post-CPB phases was
verified by paired blood samples; once the infusion rate
had been constant for at least 20 min the first of a pair
of blood samples was drawn, the second sample being
taken 20 min later. Each sample was of 3 ml taken into
heparinised tubes kept on ice. When the difference in
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plasma concentration for the two specimens was < 15%,
the mean value was used for pharmacokinetic analysis.
For larger differences, the concentration of the last
sample drawn was used for analysis.

Total body clearance was determined by dividing
the infusion rate by the plasma concentration at pseu-
do-equilibrium (Cpss).

Assay
Determination of vecuronium concentration in plasma
was carried out by high performance liquid chromatog-
raphy with electrochemical detection.21 The mobile
phase consisted of 0.033 M phosphoric acid (60% v/v)
and acetonitrile (40% v/v) adjusted to a final pH of
5.55 with ammonium hydroxide. A prepacked
Spherisorb CN (5 µm, particle size) was used for HPLC
separation at 35°C. Solid-phase extraction of vecuroni-
um from plasma was performed using Bond-Elut C1
cartridges.

Although the assay was previously validated for
plasma concentrations of vecuronium ranging from
3.9 to 4000 ng·ml– 1, calibration curves ranging from
15 to 500 ng·ml–1 were used for this study. The assay
is specific for vecuronium and its metabolites but the
latter were not quantified. The coefficient of variation
for the intra-assay precision is less than 10%. The inter-
assay reproducibility gave a mean coefficient of varia-
tion of 5.8% for vecuronium.

Statistical analysis 
Values are expressed as means and standard deviations.
The F-test has been used to establish comparability in
variance between groups. Student’s t test was used to
assess statistical significance at a 5% level of signifi-
cance between hypothermic and deep hypothermic
groups. Paired t testing was used to assess statistical
significance at a 5% level of significance between pre-
CPB, during CPB and post-CPB values.

Results
Of the 12 patients enrolled, two were excluded
because of complete neuromuscular blockade
throughout surgery and one for technical difficulties.
The nine patients analysed (five male, four female) had
a mean age of 20 mo and a mean weight of 9 kg
(Table I). Three of these patients underwent DHCA
(one male and two female). Hematocrit was 0.31-0.43
pre-CPB and 0.18-0.28 during CPB (Table II). Prime
volume was 800-1250 ml. The T1% was maintained at
3-11% throughout anesthesia. In some cases the T1%
declined to zero until the infusion rate was reduced
adequately. Samples were taken when the infusion rate
had been constant for at least 20 min, with T1% in the

target range. Infusion rates, vecuronium plasma con-
centrations (Cpss) and plasma clearance (Cl) before,
during and after CPB are represented for each subject
in Figure 1.

At each stage of the operation (pre-CPB, CPB and
post-CPB), no statistical differences were observed for
IR, Cpss and Cl between the moderate and deep
hypothermia groups and the values were therefore
pooled together. During CPB, the infusion rate
declined by 84% (from 0.074 ± 0.025 mg·kg–1·hr–1 to
0.012 ± 0.016 mg·kg–1·hr– 1) for patients who under-
went deep hypothermia and by 92% (from 0.099 ±
0.067 mg·kg–1·hr–1 to 0.008 ± 0.014 mg·kg–1·hr–1) for
patients under moderate hypothermia. In the moderate
hypothermia group, there were differences for I.R. (P =
0.021) and Cpss (P = 0.032). In the deep hypothermia
group, the difference was statistically significant for the
I.R. only (P = 0.019) when comparing pre-CPB with
CPB values. During the pre-CPB period, at a mean
temperature of 35.8°C, a wide range of infusion rates
was used to maintain adequate muscle relaxation. A
bimodal distribution was observed with respect to pre-
CPB vecuronium pseudosteady-state Cpss associated
with a 3-11 T1% (Figure 1). Patients appeared equally
divided into two clear groups requiring higher (330 ±
42 ng·ml–1) or lower (127 ± 27 ng·ml– 1) vecuronium
Cpss (P < 0.001) for adequate NMB.

The mean clearance for the pooled data was 7.22
ml·min– 1·kg–1. Upon visual inspection of individual
data (Figure 1), patients also appeared to fall into two
distinct groups having a mean Cl of 5.08 ± 0.94
(3.82;6.17) or 11.51 ± 0.2 ml·min– 1·kg–1, respectively
(P < 0.001). Patients in the two groups did not differ
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TABLE I Demographic data

Patients Age (mo) Weight (kg) Sex Type of surgery

B 10 7.3 F TOF
C 41 19.5 F Fontan
D 66 17.7 M ASD, VSD, PDA
G 8 7 M RVOTO, ASD, BTS
H 32 9.7 M Repair of truncus
T 11 7.12 M TOF
L (DHCA) 0.5 2 F Switch
N (DHCA) 6 6.2 M Glenn shunt
O (DHCA) 4 4.8 F TOF

Legend
TOF: Tetralogy of Fallot repair
ASD: atrial septal defect closure
VSD: ventricular septal defect closure
BTS: Blalock Taussig shunt
PDA: patent ductus arteriosus ligation
RVOTO: relief of right ventricular outflow tract obstruction
CAVC: complete atrioventricular canal repair



in terms of demographics, type of lesion (cyanotic vs
non-cyanotic) or type and parameters of surgery.
However, patients having a lower Cl were not neces-
sarily those requiring higher vecuronium Cpss.

During CPB, infusion rates were reduced (from
0.091 ± 0.056 mg·kg–1·hr–1 to 0.009 ± 0.014
mg·kg–1·hr–1) compared with the pre-CPB period (P =
0.002) and a narrow range of infusion rates was
required to maintain adequate relaxation in all
patients. The bimodal distribution of vecuronium
Cpss persisted with mean values of 146 ± 25 ng·ml– 1

and 90 ± 24 ng·ml–1 for the higher and lower groups,
respectively (P = 0.01). However, vecuronium Cl
appeared evenly distributed in these patients.

In the post-CPB period, although infusion rate
requirements were not different from those in the pre-
CPB period (0.034 ± 0.033 mg·kg–1·hr–1 vs 0.091 ±
0.056 mg·kg–1·hr–1; P = 0.087), Cpss levels remained
slightly lower than those observed in the pre-CPB
period (138 ± 47 ng·ml–1 vs 217 ± 112 ng·ml– 1; P =
0.008). The pre-post difference is mostly attributable
to the group of patients who had required higher
vecuronium levels in the pre-CPB period (330 ± 42
ng·ml–1 vs 156 ± 41 ng·ml– 1; P = 0.0016). Overall, Cl
in the post-CPB period did not differ from that
observed pre-CPB; some patients having either lower
or higher Cl compared with the pre-CPB period.
However, a bimodal distribution was not observed for
either the Cpss or Cl.

Discussion
This study demonstrates a major effect of hypothermia
on vecuronium pharmacokinetics and pharmacody-
namics in neonates and infants undergoing CPB. It
also provides an indication of the variability of vecuro-
nium clearance in pediatric patients undergoing major
cardiovascular surgery.

Age has previously been shown to affect neuromus-
cular blocker requirement.2 2 Although information on

pediatric dose adjustment for vecuronium is scarce, it
has been reported that neonates and infants have the
lowest vecuronium requirements,2 3 children between
three and ten years have the highest,2 4while adolescents
and adults require an almost identical dose to infants.2 5

Onset is faster in infants, while duration, recovery times
and rate of recovery after neostigmine reversal are
longest in infants and shortest in children.26 These dif-
ferences highlight why it is inappropriate to extrapolate
adult data to the pediatric age range.

In view of the wide spread of ages in our study pop-
ulation, age and weight-related changes in vecuroni-
um clearance were also expected. The longer duration
and recovery time for infants receiving vecuronium
have previously been attributed to a slower clearance
or a larger volume of distribution (Vd).26,27 However,
despite the important role played by the liver in the
biliary excretion of vecuronium, Fisher et al. have
shown that there were no age-related differences in
Cl, thus the longer mean residence time in infants
results from a larger Vd.2 8 Extracellular fluid (ECF)
decreases from 44% of body weight at birth to 26% at
one year. Therefore, because vecuronium distributes
into ECF, its Vd would be expected to be greater in
infants than in older subjects. Similar age-related
changes in steady state Vd have been demonstrated for
d-tubocurarine,26,29 another drug whose Vd is similar
to that of ECF. Neuromuscular function recovers
mainly during the distribution phase of vecuronium
rather than in the elimination phase.2 8

In the pre-CPB phase, we unexpectedly found a
group of vecuronium responsive and a group of
vecuronium resistant children, as defined by lower and
higher pseudosteady-state Cpss respectively while T1
was 3-11%. This bimodal distribution is of interest
with respect to safety. The fact that some patients (not
definable by age, weight or pathophysiology) require
a higher than average vecuronium dose to achieve a
target T1% underlines the importance of individual
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TABLE II Intraoperative data

Patients CPB XC DHCA Lowest Temp pre Hct CPB Hct Prime vol
(min) (min) (min) (NP) (ml)

B 135 73 26.4 0.35 0.21 600
C 141 72 17.2 0.38 0.18 1000
D 63 38 28.5 0.32 0.18 1250
G 67 26 29 0.38 0.26 600
H 285 169 20 0.42 0.28 600
T 166 73 21.8 0.42 0.23 600
L (DHCA) 169 95 48 18.9 0.43 0.25 325
N (DHCA) 183 82 29 19.8 0.31 0.24 600
O (DHCA) 136 70 52 19.4 0.43 0.28 450



neuromuscular monitoring during anesthesia. The
maintenance of adequate NMB during cardiac surgery
is essential, not only to prevent movement during del-
icate surgery, but to prevent rises in oxygen consump-
tion which may occur in poorly paralysed patients.
However, during CPB the plasma vecuronium con-
centrations in these two groups became indistinguish-
able although there was a greater decrease in the
resistant group during CPB compared to pre-CPB val-
ues. This cluster may be explained by an almost com-
plete block caused by hypothermia rather than
increased sensitivity to the NMB, meaning that during
hypothermia the patient’s initial sensitivity to vecuro-
nium is no longer determinant. 

A bimodal distribution was also found for pre-CPB
clearance. The group having a lower Cl had values
comparable to those observed in adult patients (mean
range of 4.00–5.29 ml·min·kg–1).18,30,31 Although a
clear explanation cannot be provided for this finding,
our wide age range and the well known bell-shaped of
the age-related change in Cl for NMB32 contributes to
the already identified difficulty in adjusting dose
requirements in pediatrics. However, during the CPB
period, the gap disappeared between these two groups.
One might deduce that the initial condition of the
patient and their general hemodynamic function are
mostly responsible for the pre-post difference in Cl.

Many pharmacokinetic factors are altered by
CPB.3 3 Hemodilution is responsible for an increase in
the apparent Vd and in the free fraction of drugs,
while changes in hemodynamics will directly alter
hepatic and renal clearances. The impact of hemodilu-
tion is mostly apparent on initiation of CPB, as reflect-
ed by an increase in muscle relaxant requirement.34,35

Such an increase was not observed in our patients the
samples having been collected after the IR has been
constant for at least 20 min at the lowest temperature.
Since the median pump priming volume was 600 ml
(Table II), the increase in Vd would have been large
in the 2 kg patient, but around 20% in the bigger
patients if one assumes a Vd of at least 0.2 L·kg– 1(the
extracellular fluid volume) i.e., weight-related. We did
not find changes in IR and Cpss to be weight-related.
The 30 – 48% reduction in hepatic blood flow result-
ing from CPB will, in turn, cause a lower biliary excre-
tion of vecuronium and necessitate a decrease in the
infusion rate to maintain a suitable degree of muscle
relaxation.36–38

In addition to these physiological changes,
hypothermia may also affect muscle relaxation by fur-
ther altering vecuronium distribution/excretion pat-
tern and by reducing acetylcholine release and/or
muscle contractility.3 9 During hypothermic CPB,
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FIGURE Pharmacokinetics of vecuronium during cardiopul-
monary bypass.



vecuronium ceases to be a short-acting muscle relax-
ant and behaves like pancuronium.4,5 Animal work has
suggested that a likely explanation for this is a partial
failure of acetyl choline release4 0 which has been sug-
gested in man by Feldman’s work.4 1Decreased muscle
perfusion during hypothermia may also decrease dis-
sociation of non-depolarising neuromuscular blocker
from the receptor, thus prolonging its action.4 2 In
adults, mild to moderate hypothermia has been
demonstrated to prolong the action of, and recovery
from, vecuronium and pancuronium and thus increase
the patient’s sensitivity to muscle relaxant.1,4,5Twitch
tension is unaffected by temperatures above 35.2°C
but decreases by approximately 15% per degree
Celsius decrease in muscle temperature below this
value. However, core hypothermia must be distin-
guished from muscle hypothermia.4 3 During CPB,
core temperature should provide a close approxima-
tion of muscle temperature. It is possible that,
although core and skin temperatures returned to nor-
mal values post CPB, muscle temperature may have
remained low, thereby explaining the lower IR and
Cpss values. Unfortunately, muscle temperature was
not monitored in our children due to the ethical con-
cern about using needle electrodes. 

The net effect of combined CPB and hypothermia
is not readily foreseeable. In our study, vecuronium
requirements were decreased during CPB but pseu-
dosteady-state Cpss were decreased in the moderate
hypothermia group but not significantly decreased in
the deep hypothermia group. This may be due to the
small number of patients in the deep hypothermia
group. A similar finding has previously been reported
for pancuronium in adult patients undergoing moder-
ate hypothermia (28.3 ± 0.4°C).4 4 In our patients the
mean reduction in vecuronium requirements during
CPB for deep and moderate hypothermia groups were
respectively 84% less and 92% less than the control rate
at 36°C. In three of five patients vecuronium infusion
had to be stopped, probably as a consequence of
hypothermia. A similar trend was observed for vecuro-
nium by Kansanaho et al. in adults patients under
moderate and deep hypothermia.3 4 During the post-
CPB period, rewarming returned the infusion require-
ments towards pre-CPB values in most patients.

Impaired renal and hepatic function resulting from
CPB-related hemodynamic changes are postoperative
complications that may affect drug plasma clear-
ance.39,45,46 Due to our small sample size and the
apparent bimodal distribution observed in our
patients during the pre-CPB period, it was impossible
to identify a general trend in the relative changes in Cl
during the post-CPB period.

In conclusion, our results demonstrate that the phar-
macokinetic and pharmacodynamic behaviour of
vecuronium are changed during and after hypothermic
CPB in children. The major findings are a 84 to 92%
decrease in vecuronium requirement during CPB in the
deep and moderate hypothermic group, respectively.
The infusion rate reduction was associated with a lesser
decrease in pseudo steady-state plasma concentration in
infants undergoing moderate hypothermic CPB. In
almost 70%, vecuronium plasma clearance was found to
be similar to that reported in adults. Finally, variations
in vecuronium requirements, plasma concentration and
clearance could not be correlated with age in our small
patient sample.
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