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Abstract

Background: Dexmedetomidine (DEX) is increasingly used intraoperatively in infants undergoing cardiac surgery. This

phase 1 multicentre study sought to: (i) determine the safety of DEX for cardiac surgery with cardiopulmonary bypass; (ii)

determine the pharmacokinetics (PK) of DEX; (iii) create a PK model and dosing for steady-state DEX plasma levels; and

(iv) validate the PK model and dosing.

Methods: We included 122 neonates and infants (0e180 days) with D-transposition of the great arteries, ventricular septal

defect, or tetralogy of Fallot. Dose escalation was used to generate NONMEM® PKmodelling, and then validation was per-

formedtoachieve low (200e300pgml�1),medium(400e500pgml�1), andhigh (600e700pgml�1)DEXplasmaconcentrations.

Results: Five of 122 subjects had adverse safety outcomes (4.1%; 95% confidence interval [CI], 1.8e9.2%). Two had junc-

tional rhythm, two had second-/third-degree atrioventricular block, and one had hypotension. Clearance (CL) immedi-

ately postoperative and CL on CPB were reduced by approximately 50% and 95%, respectively, compared with pre-CPB CL.

DEX clearance after CPB was 1240 ml min�1 70 kg�1. Age at 50% maximum clearance was approximately 2 days, and that

at 90% maximum clearance was 18 days. Overall, 96.1% of measured DEX concentrations fell within the 5the95th

percentile prediction intervals in the PK model validation. Dosing strategies are recommended for steady-state DEX

plasma levels ranging from 200 to 1000 pg ml�1.

Conclusions: When used with a careful dosing strategy, DEX results in low incidence and severity of adverse safety

events in infants undergoing cardiac surgery with cardiopulmonary bypass. This validated PK model should assist cli-

nicians in selecting appropriate dosing. The results of this phase 1 trial provide preliminary data for a phase 3 trial of DEX

neuroprotection.
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Editor’s key points

� Preclinical evidence suggests that dexmedetomidine is

not neurotoxic and might be neuroprotective in young

animals.

� When used as an anaesthetic adjunct in humans, the

drug reduces hypnotic and analgesic dose

requirements.

� In a cohort of 122 neonates and infants undergoing

cardiac surgery with cardiopulmonary bypass, there

was a low incidence of adverse effects associated with

dexmedetomidine use.

� The authors produced and validated a pharmacokinetic

model for dexmedetomidine, and have shown that it

can be used to guide drug dosing to achieve steady-

state plasma concentrations.
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Dexmedetomidine (DEX) is a novel sedative/hypnotic agent

that acts at central nervous system a2-adrenergic receptor

binding sites as a highly selective agonist. DEX produces

hypnosis and anxiolysis by binding presynaptic a2 receptors in
the locus coeruleus and analgesia by binding to a2 receptors in
the spinal cord. DEX has gained widespread use in paediatric

patients for intensive care sedation in cardiac and noncardiac

populations, for procedural sedation, and as an adjunct to

general anaesthesia for cardiac and noncardiac surgery.1,2 DEX

maintains normal respiratory patterns and can be used

through and after the period of tracheal extubation after car-

diac surgery.3e5 DEX can reduce doses of volatile anaesthetic

agents, opioids, and benzodiazepines in the intraoperative and

postoperative settings and acts as an adjunct to opioid anal-

gesia.1 DEX has the ability to prevent and control atrial and

junctional tachydysrhythmias, and ventricular dysrhythmias,

in the intraoperative and postoperative period.6e8 DEX also

controls blood pressure in the postoperative period, limiting

hypertensive episodes in patients in whom this is a perioper-

ative goal.3,9

Data from neonatal rodent, fetal and neonatal sheep, and

neonatal rhesus monkey models indicate that DEX does not

produce neuroapoptosis at sedative doses.10e12 This is in

direct contrast to anaesthetic and sedative agents that bind to

g-aminobutyric acid (GABA) and N-methyl-D-aspartate

(NMDA) receptors, including all volatile anaesthetic agents,

benzodiazepines, and ketamine.13 DEX also reduces neuro-

apoptosis and ameliorates longer-term neurobehavioural ef-

fects caused by volatile anaesthetics in neonatal animal

models.14 Finally, DEX has intrinsic neuroprotective properties

in neonatal animal models of hypoxiaeischaemia and

inflammation.15,16 Despite these advantages of DEX, it is

associated with bradyarrhythmias including sinus arrest,

atrioventricular block, and sinus or junctional bradycardia;

hypotension with loading dose or prolonged infusion; and

hypertension with rapid loading doses.1

DEX is increasingly used intraoperatively as part

of a balanced anaesthetic technique in paediatric patients

undergoing cardiac surgery with cardiopulmonary bypass

(CPB).17,18,5,19 However, reports of its use in the neonatal and

young infant population are limited, and DEX pharmacokinetic

(PK) data in this age group when used before, during, and after

CPB have not been published.20 The aims of this phase 1
multicentre study were to: (i) determine the safety of DEX as

part of a balanced anaesthetic and sedative strategy for

corrective neonatal and infant cardiac surgery with CPB; (ii)

determine PK parameters of DEX in this setting, including

during CPB; (iii) create a PK model and dosing scheme to ach-

ieve steady-state DEX plasma concentrations throughout the

perioperative course; and (iv) externally validate the PK model

and dosing scheme to provide dosing guidance in this clinical

setting.
Methods

Overall

This multicentre, open-label dose escalation safety and PK

study was conducted in neonates (0e21 days) and infants

(22e180 days) undergoing complete corrective surgery with

CPB for D-transposition of the great arteries (arterial switch

operation), ventricular septal defect, or tetralogy of Fallot.

Specific age cut-offs were chosen based on previously pub-

lished data demonstrating rapid increase in DEX clearance

during the first 3 weeks of life.21 Exclusion criteria were pre-

maturity (less than 37 weeks completed gestation for neonates

and 36 weeks for infants); hepatic or renal dysfunction; pre-

operative administration of DEX or clonidine; major congen-

ital anomalies outside of the cardiovascular system;

preoperative central nervous system injury; planned deep

hypothermic circulatory arrest; history of second- or third-

degree heart block or sinus or junctional bradycardia; recent

history of hypotension; or history of cardiac arrest or extra-

corporeal membrane oxygenation (ECMO) use. The study was

approved by the Institutional Review Board for the Protection

of Human Subjects at each of the enrolling sites, and written

informed consent was obtained from a parent or legal guard-

ian. DEX was used under a US Food and Drug Administration

Investigational New Drug (IND) application (#118,058), and the

study was registered with Clinical Trials.gov (NCT01915277).

Four Pediatric Heart Network (PHN) centres in the USA

enrolled participants. The study was overseen by the PHN’s

Data and Safety Monitoring Board, and adverse events (AEs)

were reviewed and adjudicated by the PHN’s independent

Medical Monitor.

Overall, the study was divided into two parts. Part 1

included a fixed dose escalation protocol in infants then neo-

nates. Part 2 of the study included model-driven dosing stra-

tegies to achieve predetermined low, medium, and high

steady-state concentrations (Css) in infants and neonates,

with an external validation of these doses through comparison

of concentrations achieved with the dosing vs those concen-

trations that were predicted. Safety endpoints were evaluated

throughout the study.
Anaesthetic and sedative protocol

All participants were subjected to a standardised general

anaesthetic technique in the operating room (OR): volatile

anaesthetic agent (sevoflurane, isoflurane, or desflurane)

with any end-tidal concentration deemed necessary by the

anaesthesiologist, and volatile agent in the sweep gas of the

CPB circuit was allowed at any concentration deemed

necessary by the anaesthesia/perfusion teams. In addition,

fentanyl to amaximum dose of 10 mg kg�1 h�1, with induction

dose of no more than 10 mg kg�1 was administered. DEX was
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initiated in the OR and continued for later cohorts during the

postoperative period. Postoperative sedation and analgesia,

for all cohorts, was standardised to use of any of the

following agents alone or in combination per usual institu-

tional protocol by either continuous infusion or intermittent

bolus dosing: fentanyl, morphine, ketamine, midazolam, or

lorazepam.
Safety outcomes

The primary safety outcomewas occurrence of any one of four

types of haemodynamic or three additional safety events

occurring within 4 h of the last DEX dosing, if they were

determined to be related to DEX administration. Four hours

was chosen as the cut-off as the elimination half-life of DEX is

approximately 2 h.21e23 Haemodynamic effects included the

following: bradycardiad(i) sinus bradycardia below 80 beats

min�1 or (ii) junctional bradycardia below 80 beats min�1; (iii)

second- or third-degree heart block; (iv) hypotension: mean

arterial blood pressure (MAP) lower than 35 mm Hg for 0e21-

day-old subjects in the Neonatal Group, and below 40 mm

Hg for 22e180-day-old subjects in the Infant Group.24e27 These

haemodynamic changes met safety outcome criteria if they

were sustained for longer than 15 min or required rescue

treatments, and occurred before or after CPB. Additional safety

outcomes included: (v) excessive sedation in the ICU: Univer-

sity of Michigan Sedation Scale (UMSS) score of 4 in the ICU,

maintained for longer than 4 h despite no doses of opioids and

benzodiazepines for 2 h or longer, and documented absence of

neuromuscular block with nerve stimulator; (vi) cardiac arrest

or ECMO cannulation during DEX infusion or within 4 h of the

end of infusion; or (vii) other serious adverse events (SAE).

Events determined to be possibly, probably, or definitely

related to DEX administration were also classified as a dose-

limiting toxicity (DLT). Secondary safety endpoints included:

all-cause mortality through 30 days after the end of DEX

infusion; adrenal insufficiency, suspected by catecholamine-

resistant hypotension as defined by negative response to ad-

renocorticotropic hormone (ACTH) stimulation test28; and

hypertension, defined as MAP above approximately the 95th

percentile for age sustained for longer than 15 min. For neo-

nates aged 0e21 days, hypertension was defined as MAP >60
mmHg, and for infants, hypertension was defined as MAP >70
mm Hg.23e26 AEs were recorded throughout the study period

and for 30 days thereafter. AEs were adjudicated by an inde-

pendent Medical Monitor for determination of primary safety

outcomes.
Measurement of dexmedetomidine concentrations

PlasmaDEX concentrationswere determined using a validated

high-performance liquid chromatography tandem mass

spectrometry assay with a lower limit of quantitation of 5 pg

ml�1. The intra- and inter-day coefficients of variation are

0.74e6.67% and 0.67e4.86%, respectively, for DEX concentra-

tions in the range of 5e1200 pg ml�1.29 Samples were obtained

by study personnel assisted by anaesthesiologists and bedside

nurses, centrifuged at 760 g for 15 min to separate plasma, and

plasma tubes were frozen ate70�C. Sampleswere batched and

shipped overnight with dry ice packaging to the Children’s

Hospital of Philadelphia Center for Clinical Pharmacology

(Philadelphia, PA, USA). Sampling times for all cohorts are

reported in Supplementary Appendix 1.
Part 1

Dose escalation

For the dose escalation, cohort size was determined a priori to

provide a sample size sufficient to evaluate short-term safety

and allow characterisation of the PK endpoints in this popu-

lation, and to validate the PK model. The study was not pow-

ered to detect statistically significant differences in safety

profiles for different doses. A planned seven participants were

to be enrolled in each of five dosing cohorts in each of the

neonatal and infant groups, for an initial target of a total of 70

subjects for Part 1 (Fig. 1). The first two cohorts in each age

group (specifically N-1, N-2, I-1, and I-2) were designed for DEX

dosing only in the CPB prime volume, with a portion of the

dose to account for the CPB circuit volume in mg ml�1 of prime

volume, and a second portion for the subject’s weight in mg
kg�1. Initial dosingwas selected based on previously published

data and in vitro data measuring DEX plasma levels with CPB

circuit only.21e23 For cohorts N-1 and I-1, the loading dose was

administered to the CPB circuit as a single bolus over 1e2 min,

10e30 min before the initiation of CPB to allow uniform drug

distribution within the circuit before cannulation. Cohorts N-2

and I-2 were also dosed directly into the circuit, but instead

had the CPB priming dose infused over 10 min directly into the

CPB circuit within 5 min after the initiation of CPB in the

subject. After the CPB-only cohorts, subsequent cohorts (N-3

through N-5; and I-3 through I-5) were planned to receive a

loading dose administered to the subject over 10 min after

induction of anaesthesia but before surgical incision, an

infusion started immediately after the loading dose and the

CPB priming dose infused over 10 min directly into the circuit

within 5 min of initiation of CPB. The DEX infusion that was

started after the bolus was continued through CPB and up to

6e12 h after the end of the operation.

Dose escalation from lower to higher doses occurred only

upon completion of data collection for a full dosing cohort

(after all DEX PK samples had been obtained), an interim safety

analysis for all subjects in that cohort, and the assessment of

all DEX plasma concentrations. If themaximum tolerated dose

(MTD; defined as the dose at which a second subject in a given

cohort experienced an adjudicated safety outcome) was not

achieved/exceeded, escalation to the next highest dose cohort

within that age group occurred. This process was repeated for

each cohort, through cohorts N-5 and I-5, or until the MTD had

been achieved/exceeded. The original planned dosing cohorts

are displayed in Figure 1.
PK modelling

After the completion of the dose escalation in all cohorts in

both age groups, a compartmental population PK model using

non-linear mixed-effects modelling to fit the combined co-

horts was constructed. The population PK analysis was con-

ducted using NONMEM® (ICON Development Solutions,

Ellicott City, MD, USA) version 7, level 2.0 (ADVAN 3, TRANS 4).

DEX plasma concentrations below the limit of quantitation

were not included in the analysis if they were less than 10% of

data points. All models were run with the first-order condi-

tional estimation with interaction method. S-Plus version 6.2

(Insightful, Inc., Seattle,WA, USA) was used for goodness-of-fit

diagnostics and graphical displays. The goodness-of-fit from

each NONMEM® run was assessed by examining the following

criteria: visual inspection of diagnostic scatter plots (observed

vs predicted concentration, observed and predicted
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concentration vs time, and weighted residual vs predicted

concentration or time), the precision of the parameter esti-

mates as measured by asymptotic standard errors (SE) derived

from the covariance matrix of the estimates, successful min-

imisation with at least three significant digits in parameter

estimates, changes in the minimum value of the objective

function (MVOF), and changes in the estimates of inter-

individual and residual variability for the specified model.

One-, two-, and three-compartment models were investi-

gated. A two-compartment disposition model was deemed

optimal to describe the DEX plasma concentration profile

based on results from the model building process (goodness-

of-fit as described above) and supported by previously pub-

lished data.21,23,30-32 Models were parameterised by clearance

(CL, ml min�1), inter-compartmental clearance (Q, ml min�1),

central volume of distribution (V1, L), and peripheral volume

of distribution (V2, L). Parameters were estimated for the time

course during CPB, and again during the post-CPB period. As

such, each parameter is represented by two estimates (i.e.

CLcpb and CLpost). The final model also included parameter

estimates for the time course prior to the initiation of CPB

(CLpre, V2pre, Qpre, and V2pre).

An exponential variance model was used to describe the

unexplained random variability of PK parameters across in-

dividuals in the form: Pi¼qkexp(hki), where Pi is the estimated
Fig 1. Dexmedetomidine phase 1 study enrolment plan. PK, pharmaco
parameter value for the individual subject i, qk is the typical

population value of parameter k, and hki (eta values) are the

inter-individual random effects for individual i and parameter

k. Modelswere explored using various inter-individual random-

effect covariance structures. Inter-individual variability was

initially estimated for clearance, and then subsequently for the

remaining PK parameters. Additive, proportional, and com-

bined (additive and proportional) residual error models were

considered during the model building process. Ultimately, a

combined additive and proportional error model was used to

describe random residual variability.

The impact of weight on all PK parameters was investigated

using an allometric model: TVP¼qTVP�(WTi/WTref)
qallometric,

where qallometric is an allometric power parameter based on

physiologic consideration of size impact on metabolic pro-

cesses and is fixed at a value of 0.75 for clearances, and a value

of 1 for volumes.33 A referenceweight of 70 kgwas used. Visual

inspection of the base model in exploratory graphics for as-

sociations between covariates of interest with parameter es-

timates and non-linear relationships of eta values with

covariates was performed to guide further testing if physio-

logically plausible. As such, total CPB time was evaluated as a

covariate on CLpost, V1cpb, and V1post using a power model

normalised to the median total bypass time. The effect of

temperature on CLpost, V1cpb, and V1post was investigated as a
kinetic; NONMEM®, non-linear mixed-effects modelling.



Table 1Dexmedetomidine dosing scheme for Part 2. *Infusion dose 1 to subject before and during CPB, to be given in OR through 2 h 13
min CPB. yInfusion dose 2 to subject restarted or decreased (if less than 2 h 13 min CPB) in the OR after CPB before ICU admission.
zInfusion dose 1 to subject before and 1 h during CPB. ¶Infusion dose 2 to subject after infusion dose 1 completed during CPB through
hour 4 (omitted if CPB 1 h or less). xPostoperative infusion dose 3 to subject 2 h after CPB. jjInfusion dose 2 to subject after infusion dose
1 completed during CPB (omitted if CPB 1 h or less). #Postoperative infusion dose 3 to subject 1 h after CPB. I, infant; N, Neonatal; DEX,
dexmedetomidine; CPB, cardiopulmonary bypass; OR, operating room.

Cohort Target steady-state
DEX plasma level (pg ml¡1)

Age (days), number
of subjects

Loading dose to
subject (mg kg¡1)

Infusion to subject
(mg kg¡1 h¡1)

Loading dose to CPB
prime volume (mg ml¡1)

I-Low 200e300 22e180, n ¼ 6 0.5 Dose 1*: 0.4
Dose 2y: 0.25

0.0006

I-Medium 400e500 22e180, n ¼ 6 0.9 Dose 1z: 0.8
Dose 2¶: 0.2
Dose 3x: 0.5

0.0024

I-High 600e700 22e180, n ¼ 6 1.1 Dose 1z: 1.4
Dose 2jj: 0.15
Dose 3#: 0.6

0.014

N-Low 200e300 0e21, n ¼ 6 0.4 Dose 1z: 0.3
Dose 2jj: 0.1
Dose 3#: 0.25

0.006

N-Medium 400e500 0e21, n ¼ 6 0.8 Dose 1z: 0.6
Dose 2jj: 0.2
Dose 3#: 0.5

0.012

N-High 600e700 0e21, n ¼ 6 1.0 Dose 1z: 0.8
Dose 2jj: 0.25
Dose 3#: 0.7

0.016
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power model normalised to 37�C. Age was evaluated as a co-

variate on clearance using the Hill equation, after the inclu-

sion of weight in the model. Ultrafiltration was also assessed

as a covariate on intraoperative parameters. The final model

from this analysis was deemed Model 1.
Fig 2. Iterative approach for model development and simulation strate
Part 2

External validation and target concentration attainment

Part 2 of the study targeted 36 additional subjects for external

validation and trial simulations to achieve predetermined
gy for Part 2. PK, pharmacokinetic; Pop, population.



Fig 3. Screening/eligibility/enrolment flow diagram. CV, cardiovascular; CPB, cardiopulmonary bypass; DEX, dexmedetomidine; ECMO,

extracorporeal membrane oxygenation; VSD, ventricular septal defect.
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steady-state concentrations (Fig. 1). Six cohorts of six subjects

each were planned to be enrolled: three neonatal and three

infant cohortsdresulting in an original planned total number

of 106 subjects for both Parts 1 and 2. Dosing schemes in

each age groupwere validated for their ability to achieve target

low (200e300 pg ml�1), then medium (400e500 pg ml�1),

and lastly high (600e700 pg ml�1) DEX plasma steady-state

concentrations21,30e32,34 (Table 1). The final covariate model

from Part 1 (Model 1) developed after Part 1 dose escalation

was complete was used to simulate expected

concentrationetime profiles in subjects previously enrolled in

Part 1 under various dosing scenarios using 500 Monte Carlo

simulation replicates, incorporating inter-individual and re-

sidual random variability and covariate effects, to achieve a

Css of 200 pg ml�1 in the infant population. The 5the95th

percentile prediction interval was determined for each sub-

ject’s model-predicted concentrationetime profile. Six infants

in each age group received the model-based dosing strategy
and underwent PK sampling. Each subject’s measured PK

concentrations were compared with their model-predicted

concentrations. Model prediction for an individual subject

was considered successful if at least 80% of an individual’s

measured DEX concentrations fell within the 5the95th

percentile prediction interval of their model-predicted

concentrationetime profile. This external validation pro-

vided a robust approach to evaluate the predictive perfor-

mance of the model.35e37 Once the model was deemed

successful, it was updated with each new cohort’s data and

then used to simulate the dosing for the next respective cohort

(Fig. 2) in an iterative fashion.
Final model

After completion of the three dosing schemes in both cohorts,

the data were pooled from Part 1 and Part 2 to create the final

PK model. Covariates were evaluated as described above. The



Table 2 Subjects characteristics and medical history. *P-values from Wilcoxon test for median or Fisher exact test for frequencies,
neonate vs infant groups. CPB, cardiopulmonary bypass; DEX, dexmedetomidine.

Characteristic Enrolled (n¼119) Neonate (n¼60) Infant (n¼59) P-value

n % n % n %

Male sex 79 66 47 78 32 54 0.007
Cardiac diagnosis
D-transposition of the great arteries 53 45 51 85 2 3 <0.001
Tetralogy of Fallot 37 31 8 13 29 49 <0.001
Ventricular septal defect 39 33 9 15 30 51 <0.001

Median (Q1, Q3) Median (Q1, Q3) Median (Q1, Q3)

Gestational age (weeks) 39 (38, 39) 39 (38, 39) 39 (38, 40) 0.44
Age at surgery (days) 18 (5, 93) 5 (4, 6) 93 (70, 126) <0.001
Male 7 (5, 87) 5 (4, 6) 97 (61, 128) <0.001
Female 81 (9, 117) 5 (5, 8) 93 (80, 126) <0.001

Length at surgery (cm) 54.0 (50.8, 58.0) 51.0 (48.5, 52.1) 58.0 (55.5, 61.5) <0.001
Weight at surgery (kg) 3.8 (3.4, 5.2) 3.4 (3.1, 3.7) 5.2 (4.2, 5.7) <0.001
CPB time (min) 92.0 (63.0, 163.0) 125.5 (73.5, 206.0) 75.0 (42.0, 119.0) <0.001
Lowest CPB temperature (�C) 33.1 (28.0, 34.2) 32.1 (27.7, 34.0) 33.6 (28.0, 34.5) 0.06
Anaesthesia time (h) 5.2 (3.9, 6.7) 5.7 (4.5, 8.0) 4.6 (3.4, 6.0) <0.001
Duration of ICU DEX infusion (h) 6.9 (6.0,11.8) 6.7 (5.9, 10.8) 8.1 (6.1, 12.0) 0.02
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impact of weight on all PK parameters was also investigated

using an allometric model as described above in addition to a

linear model: TVP ¼qTVP�(WTi/WTref) using a reference

weight of 70 kg. This was performed by removing the 0.75
Table 3 Adjudicated safety events. I, infant cohort; VSD, ventricular s
picograms; AV, atrioventricular; DDD, dual-chamber atrioventricula

Cohort Cardiac
diagnosis

Age at
time
of
event
(days)

Weight
(kg)

Event

I-2 VSD 175 5.73 Junctional rhythm rate
65e85 beats min�1;
sinus bradycardia/junctional
rhythm rate 85e95 beats min�1

I-5 TOF 98 5.30 Second-degree AV block
90e95 beats min�1

I-5 VSD 173 6.22 Junctional rhythm rate
103e109 beats min�1

I-4a TOF 42 3.50 Third-degree AV block
rate 85e95 beats min�1

I-High TOF 32 3.60 Hypotension
allometric scaling factor for clearances (CL and Q) and

replacing it with 1. Parameters were again estimated for the

time course during CPB, and during the post-CPB period.

However, an additional pre-CPB period was also estimated for
eptal defect; TOF, tetralogy of Fallot; DEX, dexmedetomidine; pg,
r; MAP, mean arterial pressure; CPB, cardiopulmonary bypass.

DEX
level
during
start of
event
(pg ml¡1)

Description Additional
drugs

Outcome

126 Junctional rhythm for
60 min after
CPB requiring atrial
pacing at
112 beats min�1.
Postoperative
intermittent sinus
bradycardia
and junctional
rhythm requiring
atrial pacing for 12 h.

Preoperative
digoxin

Resolved

738e977 DDD paced 48 h. Esmolol,
amiodarone

Resolved

455e677 Junctional rhythm
75 min after
termination
of DEX infusion r
equiring
atrial pacing for 2 h.

Propranolol Resolved

159e289 Third-degree AV block
requiring DDD pacing
after CPB, resolved
within 30 min.

Resolved

233 32 min after DEX infusion
stopped MAP was
<40 mm Hg, agitation and
hypovolaemia.

Lorazepam,
midazolam,
morphine,
fentanyl

Resolved



Table 4 Final dexmedetomidine dosing scheme for Part 1 of the DEX study: CPB only cohorts. DEX, dexmedetomidine; CPB, cardio-
pulmonary bypass.

Cohort Age (days), number
of subjects

DEX dose for CPB circuit
volume (mg ml¡1)

DEX dose for subject
weight (mg kg¡1) to CPB circuit

N-1 0e21, n ¼ 7 0.0004 0.2
N-2 0e21, n ¼7 0.0008 0.4
I-1 22e180, n ¼7 0.0004 0.35
I-2 22e180, n ¼7 0.0008 0.70
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the final model. This was defined as the time when the subject

was in the OR before the initiation of CPB, after the bolus was

administered to the subject and during the infusion. Subjects

except those in cohorts N1, N2, I1, and I2 underwent one PK

sampling during this period. The final model was used to

simulate the final dosing strategies for Css of 200, 500, 700, and

1000 pg ml�1 for both neonates and infants.

Log-likelihood profiling (LLP) was performed for each of the

estimated fixed-effect parameters, in an effort to illustrate the

marginal (approximate) e2 log-likelihood profile for each

parameter. Assuming that the difference in e2 log-likelihood

for nested models is c2 distributed, 95% confidence intervals

(CIs) were constructed by selecting fixed-effect parameter

values associated with a change of 3.84 points in the MVOF,

when compared with the maximum likelihood estimate. It is

acknowledged that the accuracy of these methods may be

compromised under conditions when an approximation to the

likelihood is required, but the purpose was simply to provide a

relative comparison of parameter precision. Predictive checks

were performed for both the allometric and linear scaled final

models.
Results

A total of 124 subjects were enrolled; there were five early

withdrawals (Fig. 3). Patient characteristics and other in-

formation are reported in Table 2. The 122 subjects who

entered the OR and received anaesthesia were evaluated for

safety outcomes; three subjects entered the OR but did not

receive all DEX dosing and sampling and did not have

complete PK data; the remaining 119 subjects all had com-

plete PK data and comprised the final PK dataset. The final

number of 119 subjects, instead of the targeted 106, resulted

from the addition of two additional cohorts of six subjects,

and early termination of cohort I5 at six subjects, resulting
Table 5 Final dexmedetomidine dosing scheme for Part 1 of the DEX s
CPB, cardiopulmonary bypass.

Cohort Age (days),
number of subjects

Loading dose to
subject (mg kg¡1)

N-3 0e21, n¼7 0.2
N-4 0e21, n¼7 0.4
N-5 0e21, n¼7 0.6
N-6 0e21, n¼7 0.8
I-3 22e180, n¼7 0.35
I-4 22e180, n¼7 0.7
I-4a 22e180, n¼7 0.85
I-5 22e180, n¼6 1
in 83 Part 1 subjects (instead of the targeted 70). Part 2 had

the planned 36 subjects for a total of 119; the five early

withdrawal subjects were replaced, thus the total of 124

enrolled subjects.

In Part 1 of the study (fixed dose escalation), the infant

group I-5 (0.75 mg kg�1 h�1 prolonged infusion dose) included

two adjudicated safety events, so the MTD was exceeded at

that dose, and enrolment was terminated after six subjects.

For the primary outcome, there were a total of five adjudicated

safety events (4.1%; 95% CI, 1.8e9.2%). The events are

described in detail in Table 3. An additional lower dose cohort

I-4A was added (Table 5). Because the neonatal group N-5

dosing did not meet theMTD, an additional higher dose cohort

N-6 was added, per protocol. The MTD was neither met nor

exceeded in neonates (maximum prolonged infusion dose, 0.7

mg kg�1 h�1). There were two episodes of junctional rhythm

with heart rate slowing to 65e109 beatsmin�1, two episodes of

second-/third-degree atrioventricular block with HR 85e95

beats min�1. None of these episodes was associated with hy-

potension; all four required temporary atrial or atrioventric-

ular pacing for 30 min to 48 h. Three of four were receiving

drugs with known effects on the conduction system: digoxin,

amiodarone, or b-adrenergic receptor blocking drugs. In each

of these events, DEX was deemed possibly related, but not the

primary cause of the event. There was one episode of hypo-

tension with multifactorial aetiology; DEX was deemed

possibly related. All adjudicated safety outcomes occurred in

the Infant age group; there were none in the Neonatal age

group. Of the five safety outcomes, two were deemed serious

AEs, and three non-serious AEs. There were no instances

of oversedation, cardiac arrest, or ECMO cannulation related

to DEX administration. There were no unexpected AEs. The

most common secondary safety events are displayed in

Supplementary Figure S1, and complete AE data are reported

in Supplementary Appendix 2.
tudy: loading dose plus infusion cohorts. DEX, dexmedetomidine;

Infusion to
subject (mg kg¡1 h¡1)

Loading dose to CPB
prime volume (mg ml¡1)

0.1 0.0004
0.2 0.0008
0.3 0.0012
0.4 0.0016
0.25 0.0004
0.5 0.0008
0.625 0.0010
0.75 0.0012



Table 6 Pharmacokinetic model progression during Part 2 of the study. *Infusion dose 1 to subject before and during CPB, to be given in
the operating room (OR) through 2 h 13min CPB. yInfusion dose 1 to subject pre and 1 h during CPB. zInfusion dose 2 to subject restarted
or decreased (if less than 2 h 13 min CPB) in the OR after CPB before ICU admission. ¶Infusion dose 2 to subject after infusion dose 1
completed during CPB through hour 4 (omitted if CPB 1 h or less). xInfusion dose 2 to subject after infusion dose 1 completed during CPB
(omitted if CPB 1 h or less). jjPostoperative infusion dose 3 to subject 2 h after CPB. #Postoperative infusion dose 3 to subject 1 h after
CPB. I, infant; N, Neonatal; DEX, dexmedetomidine; CPB, cardiopulmonary bypass; CL, clearance; CPB, cardiopulmonary bypass; POST
OP, after operation; V1, volume of distribution to compartment 1; Q, intercompartmental clearance; V2, volume of distribution to
compartment 2; CPBt, cardiopulmonary bypass temperature; Css, steady state plasma concentration. NA, not available.

Cohort contributions I-Low I-Med I-High N-Low N-High

N1 n¼7 n¼7 n¼7 n¼7 n¼7
N2 n¼7 n¼7 n¼7 n¼7 n¼7
N3 n¼7 n¼7 n¼7 n¼7 n¼7
N4 n¼7 n¼7 n¼7 n¼7 n¼7
N5 NA n¼7 n¼7 n¼7 n¼7
N6 NA NA n¼7 n¼7 n¼7
I1 n¼7 n¼7 n¼7 n¼7 n¼7
I2 n¼7 n¼7 n¼7 n¼7 n¼7
I3 n¼7 n¼7 n¼7 n¼7 n¼7
I4 n¼7 n¼7 n¼7 n¼7 n¼7
I4a n¼7 n¼7 n¼7 n¼7 n¼7
I5 n¼6 n¼6 n¼6 n¼6 n¼6
I low NA n¼6 n¼6 n¼6 n¼6
I med NA NA n¼6 n¼6 n¼6
I high NA NA NA NA n¼6
N low NA NA NA NA n¼6
N med NA NA NA NA n¼6
N high NA NA NA NA NA

CL POST OP (ml min�1 70 kg�1) 771 727 686 686 756
CL CPB (ml min�1 70 kg�1) 0.276 0.153 0.845 0.845 0.047
V1 POST OP (L 70 kg�1) 167 149 157 157 245
V1 CPB (L 70 kg�1) 36.4 118 68.7 68.7 35.1
Q POST OP (ml min�1 70 kg�1) 189 100 228 228 388
Q CPB (ml min�1 70 kg�1) 7930 4270 9610 9610 4590
V2 POST OP (L 70 kg�1) 64.4 70.5 93.5 93.5 79.2
CPB V2 (L 70 kg�1) 370 386 362 362 547
AGE on CL POST OP (days) 0.795 2.1 0.935 0.935 1.02
CPBt on V1 CPB 1.4 0.268 0.625 0.625 NA
Model name Model 1 Model 2 Model 3 Model 3 Model 4
Target Css (pg ml�1) in simulations 200e300 400e500 600e700 200e300 600e700
Loading dose to subject (mg kg�1) 0.5 0.9 1.1 0.4 1
Loading dose to CPB (mg ml�1) 0.0006 0.0024 0.014 0.006 0.016
Infusion to Subject 1 (mg kg�1 h�1) 0.4* 0.8y 1.4y 0.3y 0.8y
Infusion to Subject 2 (mg kg�1 h�1) 0.25z 0.2¶ 0.15x 0. x 0.25x
Infusion to Subject 3 (mg kg�1 h�1) NA 0.5jj 0.6# 0.25# 0.7#
n (%) within 90th percentile prediction interval 95 (90.5) 106 (94.6) 86 (100) 116 (96.7) 77 (96)
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The final dosing schema, after addition of cohorts N-6, and

I-4A, are displayed in Tables 4 and 5. In the infant age group,

two of the three additional safety events occurred at 0.6 and

0.625 mg kg�1 h�1, and the final safety event occurred with DEX

dosing only to the CPB circuit. Thus, four of five safety out-

comes occurred at higher DEX dosing. DEX plasma concen-

trations at the time of the five adjudicated safety events

ranged from 126 to 977 pgml�1, and thuswere not consistently

associated with high DEX concentrations.

No subjects died during the study period or the 30 day

follow-up period. Of the secondary safety outcomes, adrenal

insufficiency was suspected in five subjects, with three

exhibiting catecholamine-resistant hypotension. ACTH stim-

ulation test was performed in two of these subjects, with one

exhibiting test results diagnostic of adrenal insufficiency

(basal serum cortisol level �20 mg dl�1, with an increase of �9

mg dl�1 after ACTH).28 Four of five subjects received supple-

mental corticosteroid treatment. Hypertension was the most

common secondary outcome; 70 episodes were recorded in 35

subjects.
PK modelling

The finalmodel included 1967 plasma concentrations from 119

subjects. There were 168 samples below the level of quantifi-

cation (8.5%). The model progression from the development of

Model 1 at the end of Part 1, through Part 2, with dosing stra-

tegies, model evolution, and success of external validations,

are displayed in Table 6. The external validation was suc-

cessful for all subjects for all targeted DEX concentrations with

96.1% of 597 measured DEX concentrations falling within the

5the95th percentile prediction intervals in Part 2

(Supplementary Appendix 3). The PK parameters for both the

allometrically and linearly weight scaled models and the final

model are displayed in Table 7. The linear scaled model

demonstrated a 10 point reduction in the MVOF and Akaike

information criterion (AIC). DEX clearance after CPB was 623

(allometric) or 1240 (linear) ml min�1 70 kg�1 and decreased by

about 95% during CPB in both models when compared with

pre-CPB values. Ultrafiltration (whether conventional during

CPB or modified after CPB) and duration of CPB had minimal



Table 7 Dexmedetomidine pharmacokinetic parameters for final models. 95% CI are derived from log likelihood profiles
(LLPdindividual LLP curves are presented in Supplementary Appendix 6) for fixed effect parameter estimates are indicated in pa-
rentheses. SE% is the standard error percent derived from the NONMEM asymptotic standard errors. Inter-individual variability and
proportional residual variability point estimates are presented as percent coefficient of variation (square root of variance)�100. s2
additive point estimate is expressed as a standard deviation. AIC, Akaike information criterion; CI, confidence interval; CL, clearance;
Q, intercompartmental clearance; V1, central volume of distribution; V2, peripheral volume of distribution; CPB, cardiopulmonary
bypass; post, post-CPB values; cpb, values during CPB; u2, between-subject variability.

Allometric weight normalised model Linear weight normalised model

AIC¼16 328 AIC¼16 318

Parameter Point estimate
(NONMEM SE%)

95% CI from LLP Point estimate
(NONMEM SE%)

95% CI from LLP

CLpre (ml min�1 70 kg�1) 1240 (14) 1030, 1470 2580 (14) 1950, 3400
CLcpb (ml min�1 70 kg�1) 74.1 (42.1) 59, 126 142 (53.5) 130, 300
CLpost (ml min�1 70 kg�1) 623 (7.9) 560, 670 1240 (8.39) 1020, 1400
V1pre(L 70 kg�1) 132 (26.4) 109, 152 139 (25.8) 94.6, 202
V1cpb (L 70 kg�1) 115 (14.7) 106, 136 116 (14.9) 103, 146
V1post (L 70 kg�1) 155 (7.61) 141, 167 159 (7.92) 129, 185
Qpre (ml min�1/70 kg�1) 2300 (96.1) 50, 6800 4120 (107) 100, 400 000
Qcpb (ml min�1 70 kg) 2980 (18.7) 2410, 3710 6160 (16.9) 4300, 8400
Qpost (ml min 70 kg�1) 209 (18.6) 161, 270 422 (20.3) 280, 700
V2pre(L 70 kg�1) 78.9 (36) 19.5, 154 69.6 (43) 5, 90
V2cpb (L 70 kg�1) 144 (12.4) 135, 162 147 (12.4) 101, 149
V2post (L 70 kg�1) 105 (9.4) 92.3, 113 97 (10.6) 78.6, 130
Age CLpost 50% mature (days) 1.77 (25.4) 1.11, 2.28 1.29 (33.9) 0.4, 2
Temp effect V1cpb e1.6 (6.6) e1.69, e1.41 e1.57 (6.43) e1.73, e1.21

Inter-individual variability Covariance SE% Covariance SE%

u2CLpre 75.5% 30.4 73.3% 31.1
u2CLCPB 192.6% 46.1 195.4% 50.8
u2CLpost 48.0% 13 47.6% 13.1
u2V1pre 65.4% 54 63.0% 55.7
u2V1CPB 70.3% 16.8 70.6% 16.8
u2V1post 49.5% 13.7 48.9% 12.8
u2V2CPB 63.9% 24.5 71.6% 24.5
u2V2post 71.1% 28.5 66.4% 30.7
u2QCPB 55.7% 57.4 49.2% 86
u2Qpost 137.1% 25.7 134.2% 27.1

Inter-individual covariance Point estimate (correlation) SE% Point estimate (correlation) SE%

CLpost, CLcpb 0.23 72.2 0.23 71.6
CLpost, V1post 0.81 129 0.84 12.5
CLcpb, V1post 0.54 42.8 0.51 45.3

Residual variability Point estimate SE% Point estimate SE%

s2 proportional 0.0199 4.3 0.0198 4.11
s2 additive 9.99 18.5 11.0 17.5
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effect on DEX PK parameters, and were not included in the

final PK model. Despite the exclusion of subjects who under-

went deep hypothermic cardiac arrest, temperature did have

an effect on V1 during CPB, in which there was an increase in

V1 during CPB for temperatures lower than 37�C (Temp/37)�1.6

in both models). Neonates achieved 90% maximum clearance

at approximately 18 days (100% maximum clearance¼180-

day-old infant for this study). The impact of age and temper-

ature in the model is demonstrated in Table 8 through a

backwards reduction, for both the allometrically and linearly

scaled models. Predictive checks demonstrated that the allo-

metrically scaled model had 7.6% of observations outside of

the 90th prediction interval, whereas the linearly scaledmodel

had 5.8% of observations outside of the 90th prediction
interval. The observed vs population predicted, and observed

vs individual predicted, DEX plasma concentrations for allo-

metrically and linearly scaledmodels are displayed in Figure 4.

The final mathematical model is displayed in Supplementary

Appendix 4, and the NONMEM® control files are contained in

Supplementary Appendix 5. The individual log likelihood

profile (LLP) curves are displayed in Supplementary Appendix

6a for the allometric model and in Supplementary Appendix

6b for the linear model.

Recommendations for DEX dosing to achieve and maintain

steady-state plasma concentrations of 200, 500, 700, and 1000

pg ml�1 by age group are displayed in Table 9. These dosing

recommendations are based on simulations using the subjects

enrolled in the study, including weights, ages, and



Table 8 Results of stepwise reductions. MVOF, minimum value of the objective function; CL, clearance; V1CPB, volume of distribution
in compartment 1 during cardiopulmonary bypass.

Description MVOF Change in MVOF

Allometric weight normalised model
Final allometric model 16 265.6
Remove age on CL from full model 16 292.9 27.3
Remove temperature on V1CPB from full model 16 458.9 193.3
Remove both age and temperature from full model 16 481.9 216.3
Linear weight normalised model
Final linear model 16 256.1
Remove age on CL from full model 16 268.6 12.5
Remove temperature on V1CPB from full model 16 449.3 193.2
Remove both age and temperature from full model 16 456.8 200.7
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temperatures, a minimum CPB temperature of 32�C. Simu-

lated concentrations based on this dosing guidance are

demonstrated in Supplementary Appendix 7.
Discussion

Safety

Despite concern about bradyarrhythmias and hypotension, in

the current study these events were of low incidence and

severity, demonstrating that DEX can be a feasible addition to

the anaesthetic regimen for infant cardiac surgery. In a pre-

viously published study by Su and colleagues21 in an infant

cardiac surgery population aged 0e36 months receiving post-

operative DEX infusion, five subjects experienced bradyar-

rhythmias, hypotension, or oversedation. This incidence of

five AEs in 59 subjects (8.5%) is within the range reported in the

current study; thus DEX infusion before and during CPB does

not appear to increase the incidence of AEs compared with the

study of Su and colleagues,21 who assessed AEs with DEX

administered only after CPB.
PK model

After bypass, DEX clearance and other PK parameters for the

overall study population were similar to previously published

single-centre data in neonates and infants up to 24 months of

age.21 We determined postoperative CL to be 623 ml min�1 70

kg�1 in an allometrically scaled model and 1240 ml min�1 70

kg�1 in the linearmodel. Pre-CPB CLwas precisely estimated at

1240 and 2580mlmin�1 70 kg�1 in the linear model. Themodel

determined that CL in the immediate postoperative periodwas

reduced by approximately 50% and CL on CPB was reduced by

approximately 95% when compared with pre-CPB values.

Weight and scaling adjustments should be performed when

comparing values from the allometric model to other in-

dividuals or populations. For example, 623 ml min�1 70 kg�1

translates to 243 ml min�1 for a 20 kg child, 86 ml min�1 for a 5

kg child, and can be calculated using the equation: CL (ml

min�1)¼623�(wt/70)0.75. Both the allometric and linearly

scaled models performed well, although the linear model was

statistically superior to the allometric model. Clearance can

also be calculated using a simpler approach with the linear

scaled model. For example, a 20 kg child would have a post-

operative clearance of 354 ml min�1, calculated using the

equation CL (ml min�1)¼1240�(wt/70). However, clearance

during CPB diminished by ~95%, a novel and very important

finding for the appropriate use of DEX during CPB.
Explanations for this profound decrease in clearance are likely

secondary to reduced hepatic blood flow with CPB, and

reduced DEX metabolism with hypothermia; a similar effect

has been demonstrated with fentanyl.38,39

Because of this reduced clearance, we recommend that the

DEX infusion dose be reduced significantly after 1 h of bypass

according to the dosing recommendations in Table 9. Hepatic

metabolism of DEX increased rapidly in the first 3 weeks of

life, concurring with published studies of DEX and other

drugs, with 50% of maximum clearance at 6 months reached

by 2 days of life, and 90% by 18 days.21 This finding supports

the age grouping in the current study by designating neonates

as 0e21 days for PK purposes. The very narrow SE percent-

ages for the PK parameters, the inter-individual and residual

variability, the inter-individual covariance, and the model

plots of actual vs expected DEX plasma concentrations, for

the entire population and for individuals, indicate a robust

model that should achieve excellent generalisability for this

patient population. Zimmerman and colleagues20 reported a

single-centre DEX PK model during CPB in 18 infants and

children; DEX infusion was started without loading dose at

0.5 mg kg�1 h�1; clearance after CPB was estimated at 701 ml

min�1 70 kg�1, similar to the value in this study. Clearance on

CPB decreased by 68%.19 However, 21% of DEX concentrations

were below the lower concentration of quantification of the

assay or of insufficient quantity for analysis, and SEs for the

PK parameters were much larger because of the significantly

smaller subject population. Therapeutic DEX concentrations,

as predicted, would require 4e5 half-lives, or 8e10 h, with

this common approach to DEX administration, and therefore

will have little effect for adding to anaesthetic and sedation

depth in the OR period.20

Our study is the first to report DEX PK model creation and

thenmodel validation in a separate phase of the study in infants

and children. Only a small number of published PK studies, in

both children and adults, report model validation.35e37 In the

validation experiment, all cohorts had >90% of measured DEX

concentrations within the 5the95th percentile prediction in-

terval, indicating successfulmodel validation for all dose ranges

and age cohorts. The performance of this study in four centres

with significantly different CPB durations should make this

model more generalisable to the actual clinical population.

In preclinical studies, DEX is reported to have neuro-

protective properties, ameliorating the histopathologic in-

juries induced by GABA and NMDA binding agents, and

hypoxiceischaemic and inflammatory injuries.10e12 In addi-

tion, DEX does not cause neurodegeneration in animalmodels,

including non-human primates, except at doses that are



Fig 4. Observed vs predicted plasma dexmedetomidine concentrations. Black solid lines are lines of identity, whereas red lines are slope of

observed vs population predicted concentrations. (a) Observed vs population predicted dexmedetomidine (DEX) plasma concentrations for

the allometrically scaled covariate model. (b) Observed vs individual predicted dexmedetomidine plasma concentrations for the allo-

metrically scaled covariate model. (c) Observed vs population predicted dexmedetomidine plasma concentrations for the linearly scaled

covariate model. (d) Observed vs individual predicted dexmedetomidine plasma concentrations for the linearly scaled covariate model.

Table 9 Dosing recommendations for dexmedetomidine steady-state concentrations. Css, steady-state concentration; CPB, cardio-
pulmonary bypass.

Age group
(days)

Target Css
(pg ml¡1)

Initial loading
dose (mg kg¡1)

Infusion 1: pre-CPB,
first 60 min of CPB
(mg kg¡1 h¡1)

Loading dose to
CPB prime volume
(mg ml¡1)

Infusion 2: after 60 min of
CPB until end of CPB
(mg kg¡1 h¡1)

Infusion 3: 60 min
after CPB
(mg kg¡1 h¡1)

Neonatal (0e21) 200 0.24 0.22 0.004 0.04 0.14
Neonatal (0e21) 500 0.6 0.55 0.01 0.1 0.35
Neonatal (0e21) 700 0.84 0.77 0.014 0.14 0.49
Neonatal (0e21) 1000 1.2 1.1 0.02 0.2 0.7
Infant (22e180) 200 0.29 0.26 0.005 0.05 0.17
Infant (22e180) 500 0.72 0.66 0.012 0.12 0.42
Infant (22e180) 700 1.01 0.92 0.017 0.17 0.59
Infant (22e180) 1000 1.44 1.32 0.024 0.24 0.84
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significantly supratherapeutic.40 Therefore, DEX is an attrac-

tive candidate to study for neuroprotection in neonatal and

infant cardiac surgery. Although exact plasma concentrations

for neuroprotection in preclinical studies have not been re-

ported, the robust PK model described in this study allows a

range of plasma concentrations to be targeted, with low risk of

haemodynamic AEs and oversedation.
Conclusions

When used with a careful dosing strategy, DEX results in low

incidence and severity of safety events in infants undergoing

cardiac surgery with CPB. The robust, validated PK model

derived from this study should assist clinicians in selecting

appropriate DEX dosing as a component of a balanced
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anaesthetic regimen starting before surgical incision that

maintains steady-state concentrations throughout the entire

perioperative procedure. The results of this phase 1 trial pro-

vide preliminary data for dosing for a phase 3 trial of DEX

neuroprotection in this population.
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