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Importance: Perioperative use of dexmedetomidine, an alpha 2-adrenoreceptor 

agonist, reduces the incidence of postoperative acute kidney injury after adult 

cardiac surgery. However, large-scale randomized controlled trials of 

dexmedetomidine are lacking in pediatric patients. 

Objective: We evaluated the incidence of AKI and the pharmacokinetics of 

dexmedetomidine in cardiac surgery with cardiopulmonary bypass (CPB) in 

pediatric patients.  

Design, Setting, and Participants: We included 141 children under 7 years old, 

except neonates and randomly assigned them to dexmedetomidine or control 

groups. After anesthetic induction, in the dexmedetomidine group were 

administered 1 µg/kg of dexmedetomidine over 10 minutes, and an additional 

0.5 µg/kg of dexmedetomidine was administered every hour during surgery. 

Finally, 1 µg/kg of dexmedetomidine was infused immediately after 

cardiopulmonary bypass was initiated. Population pharmacokinetic analysis was 

performed with NONMEM VII level 4 software. The covariates analyzed were 

age, body weight, lean body mass, presence of CPB and CPB prime volume.  

Main Outcomes and Measures: The incidence of AKI defined as the Kidney 

Disease Improving Global Outcomes guidelines were evaluated. The effect of 

CPB on the pharmacokinetics of dexmedetomidine was characterized by the 

using the estimated pharmacokinetic parameters.  
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 Results: The final analysis included 139 patients. The incidence of AKI did not 

differ between dexmedetomidine and control groups (16.9% vs. 23.5%; odds 

ratio 0.661; 95% CI 0.285 to 1.525; p = 0.339). Postoperative creatinine levels 

were lower (mean difference [95% CI]; -0.03 mg/dl [-0.05 to -0.00 mg/dl], p = 

0.022), and the postoperative estimated glomerular filtration rate (mean 

difference [95% CI]; 10.7 ml/min/1.73m2 [1.4 to 20.0 ml/min/1.73m2]; p = 

0.023), and intraoperative urine output (mean difference [95% CI]; 4.9 ml/kg/h 

[3.1 to 6.7 ml/kg/h], p = 0.001) were higher in the dexmedetomidine than control 

group. The incidence of arrhythmia, mechanical ventilation duration, length of 

stay in the intensive care unit, and hospitalization were not different between the 

two groups. A Two-compartment mammillary model best described the 

pharmacokinetics of dexmedetomidine in pediatric patients under CPB. The 

central volume of distribution was markedly increased from 5.92(weight 10-

1)0.641 L for off-CPB state and 19.4(weight 10-1)0.641 L for CPB state. Meanwhile, 

clearance was not influenced by presence of CPB. At a simulation in a 

hypothetical child, the decrease of plasma concentration during CPB was not 

prominent 

Conclusions and Relevance: The intraoperative dexmedetomidine did not 

reduce the overall incidence of AKI in pediatric cardiac surgery patients. In 

addition, we can use dexmedetomidine without adjustment of dosage or addition 

of a loading dose at the beginning of CPB. 
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1 Introduction 

Acute kidney injury after pediatric cardiac surgery increases the risk of 

postoperative morbidity and mortality, and the incidence of AKI has been reported 

to be as high as 30-50% in pediatric cardiac surgery patients (1, 2).  

 The pathophysiology of AKI is variable and includes hemodynamic compromise 

during surgery, hypovolemia, ischemic-reperfusion injury, and cardiopulmonary 

bypass (CPB)-induced inflammatory responses. In addition, age (patients who are 

<12 months old), surgical complexity, CPB duration, preoperative hypoalbuminemia, 

and pulmonary hypertension are also risk factors that are associated with the 

development of AKI (3, 4). Several studies have suggested that reducing blood 

transfusion, avoiding nephrotoxic agents, reducing CPB duration, and using 

crystalloid fluids (rather than colloid fluids) may reduce AKI during cardiac surgery 

(5, 6). However, the optimal method for reducing AKI during cardiac surgery is still 

unknown.  

Recent studies have focused on the ability of a number of pharmacological 

interventions to reduce AKI. Results from these studies demonstrated that the 

incidence of postoperative renal dysfunction in adults was considerably reduced 

following treatment with B-type natriuretic peptide, dexmedetomidine, 

levosimendan, and N-acetyl cysteine, compared with the incidence of renal 

dysfunction in adults who received placebo (7).  Among them, dexmedetomidine 
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has recently received attention. Perioperative dexmedetomidine reduced the 

incidence and severity of acute kidney injury following valvular heart surgery in 

adults (8). Furthermore, studies that included pediatric patients revealed that 

dexmedetomidine effectively reduced AKI after cardiac surgery (9-13).  

However, a large scale, randomized controlled trial is still required to determine the 

clinical application of dexmedetomidine for pediatric cardiac surgery patients. 

Furthermore, plasma concentration and pharmacokinetics model of 

dexmedetomidine associated with AKI have not been validated.  

In this study, we investigated if the continuous infusion of intraoperative 

dexmedetomidine was associated with a reduced risk of postoperative AKI in 

pediatric patients undergoing cardiac surgery and aimed to establish the 

pharmacokinetics model of dexmedetomidine in pediatric patient with CPB to 

provide proper dosing regimen of dexmedetomidine.  
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2 Materials and Methods 

2.1 Ethics 

The institutional review board (IRB) of Seoul National University 

Hospital (H1608-052-784, Chairperson; Park Byung-joo) approved this 

prospective study. We registered this study at Clinicaltrials.gov 

(NCT02888275; August 30, 2016). On the day before each surgery, one 

of the investigators reviewed the protocol of this study and obtained 

written informed consent from each patient’s parents.  

2.2 Study protocol 

2.2.1  Intervention 

The patients were randomly assigned to the dexmedetomidine or control 

groups at a 1:1 ratio. Patients were eligible for participation if they were 

less than seven years of age, had an American Society of Anesthesiologists  

physical status of 1 to 3, were assigned to risk adjustment for congenital 

heart surgery (RACHS) categories 2 or 3, and were undergoing cardiac 

surgery with CPB (14). Neonates; patients with preoperative creatinine 

values exceeding 1.5 mg/dl; patients with a history of renal replacement 

therapy, diabetes mellitus, or allergies; and patients with substantially 
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elevated levels of aspartate transaminase >100 units/L or alanine 

aminotransferase > 100 units/L were excluded. 

Patients in the dexmedetomidine group were administered 1 µg/kg of 

dexmedetomidine over a period 10 minutes after the induction of 

anesthesia. An additional dexmedetomidine was administered by 

continuous infusion of 0.5 µg/kg/h during surgery, and 1 µg/kg of 

dexmedetomidine was infused immediately after CPB was initiated. 

Patients in the control group were administered equal amounts of normal 

saline at the same time points. 

Anesthesia was induced with atropine (0.02 mg/kg), thiopental sodium (5 

mg/kg), and fentanyl (2-3 µg/kg) and maintained with sevoflurane 2-3 vol % 

and a continuous infusion of remifentanil (0.2 µg/kg/min). Rocuronium (1 

mg/kg) was infused continuously during the surgery to facilitate tracheal 

intubation. Transfusion of red blood cells, fresh frozen plasma, and 

platelets were managed as our institutional protocol. We maintained 

hemoglobin levels of > 8 g/dl in non-cyanotic children and > 10 g/dl in 

cyanotic children. Fresh frozen plasma or platelet concentrates were 

administered on the basis of rotational thromboelastometry (ROTEM, 

TEM International GmbH, Munich, Germany); a fibrinogen test (FIBTEM) 

and external test (EXTEM) were used to obtain data after protamine 

administration. 
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2.2.2  Outcomes 

2.2.2.1 Primary outcome  

The primary outcome was the incidence of AKI, which was 

determined by the Kidney Disease Improving Global Outcomes 

(KDIGO) guidelines (15). The definition from the international 

KIDIGO guideline merged Risk, Injury, Failure, Loss, and End-stage 

renal disease and the AKI Network. This guideline has been 

consistently used to define AKI stage in many studies (16, 17). The 

incidence of AKI was measured on postoperative days 1 through 7.  

The KDIGO classifies AKI into three stages: stage 1, a 0.3 mg/dl 

increase in plasma creatinine levels or plasma creatinine levels are 

1.5 – 1.9 times higher than baseline plasma creatinine levels; stage 2, 

plasma creatinine levels are 2.0-2.9 times higher than baseline 

plasma creatinine levels; and stage 3, plasma creatinine levels are 

3.0 times higher than baseline creatinine levels, an increase in serum 

creatinine levels to >4.0 mg/dl , initiation of renal replacement 

therapy, or an eGFR <35 ml /min /1.73 m2. 
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2.2.2.2 Secondary outcomes 

Secondary outcome measures were pharmacokinetics of 

dexmedetomidine; serum creatinine levels; estimated glomerular 

filtration rate eGFR=[k× height]/ serum creatinine (k = 0.45 for 

infants, k = 0.55 for all other children (18)); postoperative urine output 

for seven days; serum lactate levels, hemodynamic variables during 

infusion; perioperative fluid and transfusion requirements;  a large 

amount of red blood cell transfusion (more than the upper quartile); 

vasoactive inotropic scores (VIS; [dopamine dose (μg/kg/min)] + 

[dobutamine dose (μg/kg/min)] + [epinephrine dose × 100 

(μg/kg/min)] + [milrinone dose × 10 (μg/kg/min)] + [vasopressin dose 

× 10 000 (U/kg/min)] + [norepinephrine dose × 100 (μg/kg/min)]); 

perioperative arrhythmia; postoperative mechanical ventilation 

duration;  intensive care unit stay and hospitalization. 

Normal creatinine concentration and eGFR changes enormously 

with age (18-20). We therefore compared perioperative eGFR with 

that expected for age (average and range, 1-6 months, 77 and 39 

to114 ml/min/1.73 m2; 6-12 month, 103 and 49 to 157 ml/min/1.73 

m2; 12-24 months, 127 and 62 to 191 ml/min/1.73 m2; 2-12 years, 

127 and 89 to 165  ml/min/1.73 m2) (21). 
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2.2.3  Sample size calculation 

We calculated the sample size based on a 40.8% incidence of AKI after 

pediatric cardiac surgery at our institution. We assumed that 

dexmedetomidine would reduce the incidence of AKI by 50%. Using an 

alpha error of 5% and a beta error of 80%, the sample size was 68 patients 

per group. Considering the attribution rate of 10%, a total of 144 pediatric 

patients were required for this study. 

2.2.4  Randomization and blinding 

For grouping, we used a stratified randomization assignment based on 

RACHS criteria. A researcher independent to the study managed and 

concealed the randomization process and assigned the pediatric patients to 

each group. A research assistant nurse prepared 1 μg/ml of 

dexmedetomidine hydrochloride (Precedex, 100 mcg/ml, Pfizer Canada 

Inc., Kirkland, Canada) in a 50-ml syringe. The same amount of normal 

saline was prepared in a 50 ml syringe for the control group. Group 

assignment was blinded to participants, care providers, and those assessing 

the outcomes. 
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2.2.5  Blood sampling and assays 

Three-milliliters of arterial blood was sampled into ethylene-diamine-tetra-

acetic acid (EDTA) immediately after induction, and at 0, 5, 10, and 20 

min after the first intravenous bolus of dexmedetomidine, Samples were 

also collected at 0, 5, 10, 20, 30, 40, and 60 min after the initiation of CPB, 

at 30 and 60 min after the termination of CPB, and at the end of 

dexmedetomidine infusion. 

All samples were centrifuged for 10 min at 3000 rpm and stored at −70C 

until assay. Plasma concentrations of dexmedetomidine were measured by 

liquid chromatography-tandem mass spectrometry (LC-MS/MS) after 

liquid-liquid extraction with methyl tertiary butyl ether (MTBE). 200 μL 

of human plasma was mixed with 50 μL of internal standard (IS, 50 ng/mL, 

tolazoline) and 100 μL of 5 N ammonium hydroxide, then extracted with 

1 mL of MTBE. Tolazoline was purchased from Toronto Research 

Chemicals Inc. (Toronto, Canada). Plasma samples were vortex mixed, 

centrifuged, and then the organic phase was evaporated to dryness at room 

temperature a stream of nitrogen. The residue was reconstituted in 75 μL 

of 50% methanol in 0.1% formic acid and injected into the LC-MS/MS 

system. The analyte and IS were separated on a Luna 3u CN, 100 A (100 x 

2.1 mm, 3 um, Phenomenex, USA) under isocratic condition. The mobile 
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phases consisted of 100% water in 0.1% formic acid and 100% acetonitrile 

in 0.1% formic acid. Positive electrospray ionization in multiple reaction 

monitoring (MRM) mode was employed. The MRM was based on m/z 

transition of 201.14>94.82 for dexmedetomidine and 161.10>90.75 for 

internal standard. The calibration curve was linear over the range of 0.005 

- 2 ng mL-1 with the coefficients of correlation (r) greater than 0.99 for all 

instances. The lower limit of quantification of dexmedetomidine was 0.005 

ng mL-1. The within-run precision and accuracy of the quality control 

samples (0.005, 0.015, 0.15 and 1.5 ng mL-1) were less than 10.04% and 

96.3%. The between-run precision and accuracy of the quality control 

samples were less than 8.89% and 95.4%.  
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2.2.6  Population pharmacokinetic analysis 

Population pharmacokinetic analysis was performed with NONMEM VII 

level 4 (ICON Development Solutions, Ellicott City, MD, USA). Measured 

plasma concentrations of dexmedetomidine were fitted to one-, two-, or 

three compartment mammillary models using the ADVAN 13 subroutines 

and first-order conditional estimation with interaction. Inter-individual 

random variabilities of pharmacokinetic parameters were estimated 

assuming a log-normal distribution. Diagonal matrices were estimated for 

the various distributions of , where  represents inter-individual random 

variability with a mean of zero and variance of ω2. Constant coefficients of 

variation and combined additive and constant coefficient of variation 

residual error models were evaluated during the model building process. 

NONMEM computed the minimum objective function value (OFV), a 

statistical equivalent to the −2 log likelihood of the model. An α level of 

0.05, which corresponds to a reduction in the OFV of 3.84 (chi-square 

distribution, degree of freedom = 1, p < 0.05), was used to distinguish 

between hierarchical models (22). The covariates analyzed were age, body 

weight, lean body mass (23), whether to implement cardiopulmonary 

bypass (CPB, 0 = no implementation, 1 = implementation), CPB prime 

volume, estimated glomerular filtration rate. The possible covariates were 
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first searched by plotting the relationship between the covariate candidates 

and the empirical Bayes post hoc estimates for all pharmacokinetic 

parameters. An allometric expression of body weight was applied to all 

pharmacokinetic parameters. Allometry, which addresses the relationship 

of body size to shape, anatomy, physiology, and behavior, might facilitate 

the development of a model that could be useful for children (24). Where 

i is pharmacokinetic parameter in the ith individual with body weight WTi, 

p is the pharmacokinetic parameter in a standardized child with a 

bodyweight of 10 kg; and k is scaling exponent for volumes and clearances. 

Non-parametric bootstrap analysis served to validate the models internally 

(fit4NM 3.3.3, Eun-Kyung Lee and Gyu-Jeong Noh; http://cran.r-

project.org/web/packages/fit4NM/index.html; last accessed: March 16, 

2011) (25). Predictive checks were also performed using fit4NM 3.3.3 (26). 

Deterministic simulations were performed to characterize the effect of 

CPB on the pharmacokinetic of dexmedetomidine by using the estimated 

pharmacokinetic parameters of the final model. 

          (1)
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2.2.7  Statistical methods 

The Kolmogorov–Smirnov test was used to evaluate the normality of the 

data. The chi-squared test was used to compare categorical data. Student’s 

t-test or the Mann–Whitney U test were used to compare continuous data. 

A mixed-effects ANOVA was performed to compare hemodynamic 

variables during dexmedetomidine/saline infusion over time between the 

control and dexmedetomidine groups. We analyzed the incidence of AKI 

according to diagnosis (VSD or not) and CPB duration (more than 180 min 

or not). For all analyses, P < 0.05 was considered statistically significant. 

MedCalc version 18.11.3 (MedCalc, Mariakerke, Belgium), SPSS version 

23.0 (IBM Corporation, Armonk, NY, USA), R (version 3.4.4; R 

Foundation for Statistical Computing, Vienna, Austria) or SigmaStat 

version 3.5 for Windows (Systat Software, Inc., San Jose, CA, USA) were 

used for statistical analysis. 
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3 Results 

The first participant was registered on October 12, 2016 and the last follow-up 

appointments were on February 15, 2018. Overall, 71 participants were 

included in the dexmedetomidine group, and seventy participants were included 

in the control group (Figure 1). Table 1 presents the demographic and clinical 

characteristics of each group at baseline. There were no significant differences 

in demographic and clinical characteristics, preoperative laboratory data, 

anesthesia time, CPB time, and aorta cross clamping time between the groups.  

3.1 Incidence of AKI 

The incidence of AKI defined by the KDIGO guidelines was not different 

between the dexmedetomidine group (16.9%) and the control group (23.5%; 

odds ratio [95% CI]: 0.661, [0.285 to 1.525]). The incidence of high-grade AKI 

was 7.0% in the dexmedetomidine group and 13.2% in the control group. (odds 

ratio [95% CI], 0.496, [0.157 to 1.565]; p = 0.23). Additionally, there were no 

significant differences in total mechanical ventilation duration; length of stay in 

the intensive care unit; hospitalization; and the rate of complications, including 

arrhythmia, re-sternotomy for bleeding control, and re-intubation, between the 

two groups (Table 2). Subgroup analysis according to the diagnosis and CPB 

duration showed that the incidence of AKI was not differ between groups (Table 
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3).  

Immediate postoperative creatinine was lower (mean difference [95% CI]: -0.03 

[-0.05 to -0.00]; p = 0.02), and immediate postoperative eGFR was higher 

(mean difference [95% CI]: 10.7 [1.4 to 20.0]; p = 0.02) in the dexmedetomidine 

group than those of the control group. However, considering age related normal 

range eGFR values, only 6 patients in the control group, and 5 patients in the 

dexmedetomidine group showed abnormal values from preoperative to 

postoperative 1 to 7 days. Incidence of abnormal eGFR values was not different 

between groups (P = 0.96). Also, the postoperative eGFR, creatinine, and urine 

output but, found no differences between the two groups. The intraoperative 

urine output was higher in the dexmedetomidine group than the control group 

(mean difference [95% CI]: 4.9 [3.1 to 6.7]; p < 0.01). (Table 4 and Figure 2). 

Ten patients (14.1%) in the dexmedetomidine group, and 5 patients (7.4%) in 

the control group had single ventricular physiology (P = 0.31). Of those, 2 

patients developed AKI (13.3 %). Incidence of AKI did not differ between 

single ventricular and biventricular physiology (P = 0.31).  

Intraoperative red blood cell transfusion was not different between 

dexmedetomidine and control groups (p = 0.16). The median [IQR] of 

transfused red blood cell volume was 13.2 [8.2-20.8] ml/kg in all patients. 

Incidence of a large amount of red blood cell transfusion (more than 20ml/kg, 
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cutoff point of the upper quartile) was not different between groups (17 patients 

in dexmedetomidine group, 21 patients in control group, P = 0.46). However, 

patients receiving large amounts of red blood cell transfusion showed higher 

AKI incidence compared to others (p < 0.01, Odds ratio 5.39, 95% CI 2.23 to 

13.03). 

Heart rate was reduced during loading infusion until 20 minutes after initiation 

of infusion in the dexmedetomidine group compared with control group. There 

was significant group and time interaction (main effect of group, p < 0.01; main 

effect of time p < 0.01; effect of the interaction, p < 0.01). However, there were 

no differences in mean arterial pressure during initial loading and CPB loading 

between the two groups (p = 0.48 for initial loading; p = 0.84 for CPB loading) 

(Figure 3). 

Post-CPB ROTEM variables showed that the EXTEM clotting time (p = 0.010, 

mean difference [95% CI]; 8.4 [1.4 to 15.5]), clot firmness time (p = 0.024, 

mean difference [95% CI]; 29.3 [3.7 to 55.0]) were prolonged and EXTEM 

alpha angle (p = 0.045, mean difference [95% CI]; -2.72 [-5.39 to -0.05]), A10 

(p = 0.019, mean difference [95% CI]; -2.79 [-5.14 to -0.46]), A20 (p = 0.011, 

mean difference [95% CI]; -2.93 [-5.21 to -0.65]), maximal clot firmness MCF 

(p = 0.005, mean difference [95% CI]; -3.4 [-5.9 to -1.0]) were decreased  in 

the dexmedetomidine group compared with control group. FIBTEM values 

were similar between the groups (Table 5). 
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3.2 Pharmacokinetics of dexmedetomidine 

Of the 30 patients enrolled, one was excluded from the analysis because of 

sampling error (n = 1). We obtained 376 blood samples from 29 children. 

Patients’ mean age, weight, and CPB time were 20.3 (19.3) months, 9.7 (4.1) 

kg, and 134.7 (65.1) minutes. Individual dexmedetomidine concentration plot 

are shown in Figure 4 and Figure 5. 

Time courses of measured plasma concentration of dexmedetomidine are shown 

in Figure 6A and 6B. Because two loading infusions were administered, two 

peaks per person were observed and the concentration range was 0.081−3.668 

ng/ml. Mean plasma concentration of dexmedetomidine before and after the 

CPB were 0.611 (0.531) ng/ml and 0.570 (0.684) ng/ml, respectively. Parameter 

estimates of the competing base and covariate pharmacokinetic models of 

dexmedetomidine are described in Table 6.  

A two-compartment mammillary model best described the pharmacokinetics of 

dexmedetomidine in pediatric patients undergoing congenital heart surgery. 

CPB was a significant covariate for the central volume of distribution (V1) 

(equation 2, and resulted in improvement in the OFV (43.83, p < 0.01, degree 

of freedom (27) = 1), compared to the basic model (number of model parameters 

= 9). 

𝑉1 = 5.92 × (1 − CPB) + 19.4 × CPB    (11)       
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Application of the body weight to allometric scaling lead to a lower objective 

function value (∆OFV=29.39).  

Table 7 shows the population pharmacokinetic parameter estimates and results 

of non-parametric bootstrap replicates of the final pharmacokinetic model of 

dexmedetomidine. Goodness-of-fit plots of the final pharmacokinetic model for 

dexmedetomidine showed no trends in these fit plots (Figure 7). No trends were 

observed in these fit plots. 

Predictive checks of the final pharmacokinetic model are presented in Figure 

6C and 6D. In total, 8.9% of the data were distributed outside of the 90% 

prediction intervals of the predictive check. Simulated time course of plasma 

concentration of dexmedetomidine after administration of a loading 

dexmedetomidine infusion of 1 g/kg for 10 min followed by continuous 

infusion at a rate of 0.5 g/kg/h during 290 min in a hypothetical child weighing 

10 kg are presented in Figure 8. The decrease of plasma concentration during 

CPB was not prominent. 
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Tables 

Table 1 Patients' characteristics 

 
Dexmedetomidine 

group (n=71) 

Control  

group (n=68) 

Age (months) 18.9 (18.7) 20.9 (22.7) 

Height (cm) 77.3 (16.6) 78.9 (20.5) 

Weight (kg) 9.8 (4.4) 10.3 (5.5) 

No. (%) Sex, male 47 (66.1) 40 (58.8) 

No. RACHS category   

1 0 0 

2 37 35 

3 34 33 

4 0 0 

5 0 0 

No. Operation   

VSD patch closure 31 32 

TOF total correction 9 8 

COA correction 0 1 

Tricuspid valve repair 2 3 

Mitral valve repair 4 6 

Fontan operation 5 2 

Rastelli operation 9 4 

BCPS 4 1 

BT shunt 1 0 

PVR 1 2 

TAPVR 0 1 

Others 5 8 

No. (%) Redo-sternotomy 24 (33.8) 16 (22.5) 

No. (%) Pulmonary 

hypertension (preoperative 
18 (25.3) 19 (27.9) 
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TTE) 

No. (%) Pre-operative diuretics  23 (32.3) 29 (42.6) 

No. (%) Intraoperative diuretics 39 (54.9) 40 (58.8) 

No. (%) Postoperative diuretics 21 (29.5) 23 (33.8) 

Anesthesia time (min.) 331.1 (94.5) 333.8 (78.3) 

Operation time (min.) 280.1 (93.6) 277.3 (75.9) 

CPB time (min.) 147.8 (64.2) 142.4 (53.7) 

ACC time (min.) 89.3 (46.2) 86.3 (39.5) 

No. (%) CPB more than 2 times 4 (5.6) 3 (4.4) 

Intraoperative maximal VIS 14.1 (4.3) 13.6 (3.7) 

Data shown as absolute value and mean (SD], Risk adjustment for congenital heart surgery; RACHS, 

VSD; ventricular septal defect, ASD; Atrial septal defect, COA; coarctation of aorta, BCPS; 

bicarbopulmonary shunt, BT shunt; Blalock-taussig shunt, PVR; pulmonary valve replacement, 

TAPVR; total anomalous pulmonary venous return, TTE; Transthoracic echocardiography, CPB; 

cardiopulmonary bypass, ACC; Aorta cross clamping, VIS; vasoactive inotropics score
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Table 2 Postoperative variables in the dexmedetomidine and control group 

 
Dexmedetomidine 

group (n=71) 

Control 

group (n=68) 

Incidence of Acute Kidney Injury 

None 59 (83.0) 52 (76.4) 

Stage 1 7 (9.8) 7 (10.2) 

Stage 2 2 (2.8) 7 (10.2) 

Stage 3 3 (4.2) 2 (2.9) 

   

Total MV duration (min.) 736 [420 – 1492] 780 [436 – 1510] 

ICU stay (h) 27 [20 - 70] 27 [22 - 47] 

Hospital stay (days) 9 [7 – 12] 8 [7 - 11] 

Arrhythmias 11 7 

Reoperation for 

bleeding control 
1 (1.4) 0 

Re-intubation 2 (2.8) 0 
Data are present as mean (SD) or median [IQR], or n (%). Arrhythmias; atrial premature complex, 

ventricular premature complex, junctional ectopic tachycardia, MV; mechanical ventilation, ICU; 

intensive care unit 
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Table 3 Subgroup analysis according to the diagnosis and CPB duration 

 Patients with VSD Patients other than VSD 

 
Dexmedetomidine 

group (n=31) 

Control 

group 

(n=32) 

Dexmedetomidine 

group (n=40) 

Control 

group 

(n=36) 

No AKI 28 (90.3) 23 (71.8) 31 (77.5) 29 (80.6) 

AKI 3 (9.7) 9 (28.1) 9 (22.5) 7 (19.4) 

P value 0.062 0.742 

 CPB time >= 180min. CPB time < 180min. 

 Dexmedetomidine 

group (n=18) 

Control 

group 

(n=17) 

Dexmedetomidine 

group (n=53) 

Control 

group 

(n=51) 

No AKI 12 (66.6) 11 (64.7) 47 (88.6) 41 (80.3) 

AKI 6 (33.3) 6 (35.2) 6 (11.3) 10 (19.6) 

P value 0.902 0.241 

Data are present as n (%). AKI; acute kidney injury, VSD; ventricular septal defect, CPB; 

cardiopulmonary bypass 
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Table 4 Perioperative laboratory data in the dexmedetomidine and control 

group 

 
Dexmedetomidine 

group (n=71) 

Control 

Group (n=68) 

Preoperative laboratory data   

WBC (103 /μl) 9.4 (3.2) 9.6 (2.6) 

Hg (g/dl) 12.9 (2.5) 12.7 (2.4) 

Hematocrit (%) 39.2 (7.6) 37.7 (7.0) 

Platelet (103/μl) 322.4 (96.4) 350.5 (93.1) 

INR  1.07 (0.11) 1.05 (0.07) 

aPTT (sec) 38.3 (3.8) 36.0 (4.3) 

Fibrinogen (mg/dl) 233.0 (67.9) 242.4 (58.6) 

Albumin (g/dl) 4.3 (0.3) 4.2 (0.3) 

AST (IU/L) 35.0 [29.5 – 41.0] 34.0 [29.0 – 41.0] 

ALT (IU/L) 21.0 [ 13.0 – 27.5] 19.0 [15.0 -- 24.0] 

Creatinine (mg/dl) 0.31  0.31  

eGFR (ml/min/1.73 m2) 107.0 (22.3) 107.2 (26.9) 

Na (mmol/L) 138.0 (1.6) 138.3 (1.7) 

K (mmol/L) 4.5 (0.7) 4.7 (0.6) 

Cl (mmol/L) 106.2 (2.3) 104.7 (12.9) 

Hs-CRP (mg/dl) 0.05 [0.03-0.12] 0.04 [ 0.02-0.06] 

Glucose (mg/dl) 98.5 (21.9) 97.8 (13.9) 

   

Intraoperative fluid variables   

Crystalloids (ml/kg/h) 20.7 (6.9) 19.2 (7.1) 

Red blood cells  110 [75 – 150] 130 [100 - 175] 

Red blood cells (ml/kg) 12.3 [7.5-18.7] 11.9 [8.6-21.9] 

Fresh frozen plasma  0 [0 – 0] 0 [0 – 0] 

Platelet pheresis  0 [0 – 0] 0 [0 – 0] 

Albumin  22.8 (7.0) 23.9 (6.7) 

Urine output (ml/kg/h)  10.8 (5.3)* 5.8 (5.1) 

Cardiopulmonary bypass  

urine output (ml/kg/h) 
19.9 (11.2)* 11.5 (12.2) 

   

Postoperative laboratory data   

Immediate postoperative creatinine 

(mg/dl) 
0.30 (0.07)* 0.33 (0.08) 
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Immediate postoperative eGFR 

(ml/min/1.73 m2) 
108.4 (30.1)* 97.7 (24.9) 

Immediate postoperative urine 

output (ml/kg/h) 
3.3 (1.8) 3.8 (4.5) 

Immediate post op weight gain (kg) -0.01 (0.51) -0.04 (0.54) 
Data are present as mean (SD) or median [IQR], or n (%).  * p < 0.05
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Table 5 Postcardiopulmonary bypass rotational thromboelastometry variables 

in dexmedetomidne and control group. 

 
Dexmedetomidine 

group (n=71) 

Control  

group (n=68) P- value 

EXTEM_clotting time 110.5 (22.4) 102.0 (19.3) 0.018 

EXTEM_clot firmness 

time 

205.1 (90.0) 175.5 (58.7) 
0.024 

EXTEM_alpha angle 56.1 (8.4) 58.8 (7.3) 0.045 

EXTEM_amplitude at 

10min. 

37.7 (7.0) 40.5 (6.8) 
0.019 

EXTEM_amplitude at 

20 min. 

45.2 (6.8) 48.1 (6.7) 
0.011 

EXTEM_maximal clot 

firmness 

47.3 (7.9) 50.8 (6.5) 
0.005 

EXTEM_maximal lysis 4.5 (10.7) 2.7 (3.6) 0.177 

FIBTEM_clotting time 174.6 (277.8) 117.6 (61.6) 0.101 

FIBTEM_amplitude at 

10min. 

5.7 (2.2) 7.5 (9.3) 
0.117 

FIBTEM_amplitude at 

20min. 

6.3 (2.4) 6.6 (2.1) 
0.506 

FIBTEM_maximal clot 

firmness 

6.6 (2.7) 6.7 (2.6) 
0.702 

FIBTEM_maximal lysis 10.3 (19.4) 7.4 (11.5) 0.290 

Data are present as mean (SD) or median [IQR] 
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Table 6 Parameter estimates (RSE, % CV) of competing basic and covariate 

pharmacokinetic models of dexmedetomidine 

 Model 1 Model 2* Model 3 Model 4† 

Covariate - - V1: CPB V1: CPB, WT 

V1, (L) 

5.14 

(13.9, 

55.7) 

5.07 (8.2, 

29.9) 

CPB_off: 

5.45 (10.7, 

42.3) 

CPB_off: 

5.92(WT/10)0.641 (8.4, 

28.5) 

   

CPB_on: 

19.1 (14.7, 

42.3) 

CPB_on: 

19.4(WT/10)0.641 

(14.7, 28.5) 

V2, (L) − 

120 (44.9, 

85.2) 

147 (24.4, 

127.3) 

146(WT/10)0.641 

(25.5, 126.1) 

Cl, (L/min) 

0.354 

(8.1, 42.4) 

0.133 

(46.8, 

69.3) 

0.0801 

(13.2, −) 

0.101(WT/10)0.52 

(13.6, −) 

Q, (l/min) − 

0.36 

(16.4, 

35.5) 

0.382 (9.2, 

45.2) 

0.397(WT/10)0.52 

(7.4, 37.4) 

OFV −586.96 −752.38 −796.21 −821.60 

Number of 

parameters 

(p) 

5 9 9 9 
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AIC −576.96 −734.38 −778.21 −799.60 

OFV: objective function value (−2 log likelihood, −2LL); AIC: Akaike information criteria (−2LL + 

2 p); CV: coefficient of variation; RSE: relative standard error = SE/estimate  100 (%); CPB: 

cardiopulmonary bypass, CPB_off: not applied, CPB_on: applied, V1: central volume of distribution; 

V2: rapid peripheral volume of distribution; Cl: metabolic clearance; Q: inter-compartmental clearance 

of rapid peripheral compartment. ; σ2, variance of residual random variability.
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Table 7 Population pharmacokinetic parameter estimates and results of non-

parametric bootstrap replicates of the final pharmacokinetic model of 

dexmedetomidine  

Parameters**  
Estimates 

(RSE, %) 
CV (%) Median (2.5−97.5%) 

V1 (L) = 1  

(WT/10)2 

1 5.92 (8.4) 28.5 5.95 (5.32−6.58) 

 2 0.641 (23.7) − 0.66 (0.44−0.90) 

V1_CPB (L) = 3  

(WT/10)2 
3 19.4 (14.7) 28.5 18.8 (14.7−22.9) 

V2 (L) = 4  

(WT/10)2 
4 146 (25.5) 126.1 148 (106−295) 

Cl (L/min) = 4  

(WT/10)5 
4 0.101 (13.6) − 0.102 (0.0008−0.131) 

 5 0.52 (24.4) − 0.54 (0.32−0.73) 

Q (L/min) = 6  

(WT/10)5 
6 0.397 (7.4) 37.4 0.387 (0.345−0.461) 

σ2 (%)  0.13 (14.9)  0.13 (0.006−0.14) 
*selected basic model. †selected final model. **A log-normal distribution of inter-individual random 

variability was assumed. Residual random variability was modeled using a constant coefficient of 

variation model. Non-parametric bootstrap analysis was repeated 2,000 times 
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Figures 

 

Figure 1 CONSORT flow diagram   



40 

 

Figure 2 Perioperative changes of creatinine, eGFR, lactate, and urine output  

in dexmedetomidine and control group 
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Figure 3 Changes of heart rate and mean blood pressure with dexmedetomidine 

infusion 
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Figure 4 Dexmedetomidine concentration individual plot 1 
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Figure 5 Dexmedetomidine concentration individual plot 2 
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Figure 6 Measured plasma concentrations of dexmedetomidine (A, B) over time 

in 29 children and predictive checks (C,D) of the final pharmacokinetic model 

for dexmedetomidine.  

 

Children received a loading dexmedetomidine infusion of 1 μg/kg for 10 min followed by continuous 

infusion at a rate of 0.5 μg/kg/huntil the end of surgery. In addition, a second loading dose of 1 μg/kg 

was administered for 5 minutes before implementing cardiopulmonary bypass (CPB). The red solid line 

and shaded areas indicate the 50% prediction line and 90% prediction intervals, respectively. +: 

measured plasma concentration of dexmedetomidine. 
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Figure 7 Goodness-of- fit plots of the final pharmacokinetic model for 

dexmedetomidine.  

A: PRED (population predicted plasma concentration of dexmedetomidine) vs. DV (measured plasma 

concentration of dexmedetomidine), B: IPRED (individually predicted plasma concentration of 

dexmedetomidine) vs. DV, C: conditional weighted residuals (CWRES) vs. PRED, D: CWRES over 

time. The dashed line is the line of identity. 
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Figure 8 Simulated time course of plasma concentration of dexmedetomidine in 

a hypothetical child weighing 10 kg  

 

After administration of a loading dexmedetomidine infusion of 1 μg/kg for 10 min followed by 

continuous infusion at a rate of 0.5 μg/kg/h during 290 min in a hypothetical child weighing 10 kg. The 

brown shaded area represents the cardiopulmonary bypass (CPB) period (120 min). 
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4 Discussion 

4.1 Incidence of AKI 

This study demonstrates that intraoperative dexmedetomidine does not reduce 

the overall incidence of AKI in pediatric patients who underwent congenital 

cardiac surgery. 

Dexmedetomidine is a selective α2- adrenoreceptor agonist which can provide 

analgesia and anxiolysis with minimal respiratory depression (28). Through the 

α2- adrenoreceptor, dexmedetomidine has sympatholytic effects, resulting in 

hemodynamic stability and mitigating renal ischemic- reperfusion injury (29-

31). Also, dexmedetomidine improves tubular architecture and function 

following renal ischemia (32).   

A growing body of literature in animal studies suggest the effects of 

dexmedetomidine on major organ protection are due to diminishing ischemia 

and hypoxic injury and reduced systemic inflammatory response in various 

conditions (33). Previous studies have reported that dexmedetomidine has a 

renoprotective effect in adult patients undergoing cardiac surgery under CPB (7, 

8, 34). However, studies that have focused on the effects of dexmedetomidine 

in pediatric patients are limited. Jo et al. conducted a small randomized 

controlled trial that investigated the effects of intraoperative dexmedetomidine 
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on the incidence of AKI, which was defined as an increase in serum creatinine 

in 29 patients (12). However, the sample size was too small and only included 

atrial or ventricular septal defect repair patients who had a low risk of renal 

complication (3, 35) ; therefore, it was difficult to generalize these findings to 

other samples. 

Here, we conducted a randomized controlled trial that included a relatively large 

number of pediatric cardiac patients to evaluate the effects of dexmedetomidine 

on AKI using the KIDIGO guideline. We found that the incidence of AKI was 

not different between the two groups. Although, we used stratified 

randomization assignment based on RACHS criteria, the types of procedures 

were variable from simple VSD repair to complex cardiac surgery, accordingly, 

the duration of CPB also showed wide range. We performed subgroup analysis 

to minimize confounding effects of types of surgery and CPB duration. The 

incidence of AKI seemed much more reduced in the dexmedetomidine group 

(9.7%) compared with control group (28.1%) only in patients with VSD. It 

would have been difficult to differentiate the renoprotective effect of 

dexmedetomidine in patients undergoing complex cardiac surgery because of 

the large number of factors affecting the occurrence of AKI in these patients.  

However, in patients undergoing simple VSD repair, the renoprotective effects 

of dexmedetomidine could be identified beyond other factors related with the 

renal injury. Therefore, perioperative dexmedetomidine could have possible 
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renoprotective effect in pediatric patients undergoing cardiac surgery.  

Serum creatinine values are influenced by multiple non-renal factors (36). 

Additionally, there is a delayed increase in serum creatinine values after AKI. 

The use of more sensitive biomarkers, such as serum cystatin C or neutrophil 

gelatinase-associated lipocalin (NGAL), may have allowed for a more accurate 

assessment of renal function during the early postoperative period (37).  

However, serum creatinine remains the standard for diagnosing AKI and is a 

reliable predictor of AKI after cardiac surgery (38). Also, numerous studies 

reported that small changes in serum creatinine levels are associated with 

significant changes in outcomes (39-41). For example, Tolpin et al. (41) 

demonstrated that a 0.1–0.2 mg/dL increase in creatine levels (and <50% 

increase from baseline) was associated with a 3.9-fold increase in 30-day all-

cause mortality in adults after cardiac surgery. In this study, the immediate 

postoperative creatinine was increased by 3% from the baseline in the 

dexmedetomidine group, whereas creatinine was increased by 12% in the 

control group. Recent studies have suggested that hyperlactatemia may be 

linked to the development of AKI after cardiac surgery (42). Although these 

changes may be small and clinically insignificant, they may demonstrate the 

renoprotective effects of dexmedetomidine.  

The immediate post-CPB EXTEM clotting and clot firmness times were 
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significantly longer and the EXTEM alpha angle, A10, A20, and MCF were 

significantly shorter in the dexmedetomidine group than those in the control 

group. There were no significant differences in the FIBTEM variables between 

the two groups. Additionally, the preoperative and postoperative coagulation 

profile, transfusion amount, and the incidence of re-exploration for bleeding 

control were not significantly different between the two groups. Chen et al. 

investigated the effect of dexmedetomidine on blood coagulation in patients 

with radical gastrectomy and found that adjunctive dexmedetomidine with 

general anesthesia attenuated postoperative hypercoagulation (43). They 

postulated that the anti-inflammatory effects of dexmedetomidine (44, 45) 

reduced the perioperative stress response, and resulted in prevention of 

coagulation following surgery (46, 47).  

In the current study, dexmedetomidine was only administered intraoperatively; 

however, Kwiatkowski et al. conducted a cohort study that included 102 patients 

who received dexmedetomidine after cardiac surgery. These researchers 

reported that the continuous infusion of postoperative dexmedetomidine 

reduced the incidence of AKI after congenital heart surgery (13). Furthermore, 

Cho et al. reported that the incidence of AKI was reduced in adult patients when 

dexmedetomidine was infused at a rate of 0.4 µg/kg/h at the beginning of 

anesthetic induction until 24 h after valvular heart surgery (8). Therefore, 

additional postoperative infusions may enhance the effects of dexmedetomidine 
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after cardiac surgery.  

Transfusion of red blood cells is an important risk factor for developing 

perioperative AKI (48, 49). We compared patients with or without a large 

amount of red blood cell transfusion. The incidence of AKI was higher in 

patients with large blood volume transfusion regardless of using 

dexmedetomidine or not. 

Some previous randomized controlled trials demonstrated that 

dexmedetomidine significantly reduced the incidence of perioperative 

arrhythmias (50), major morbidity end points, and the length of stay in the 

intensive care unit (8). However, we did not observe any differences in the 

incidence of perioperative arrhythmia, length of mechanical ventilation, length 

of stay in the intensive care unit, and hospitalization between the two groups. 

In the current study, the mean mechanical ventilation duration was 23 hours and 

the mean length of stay in the intensive care unit was 60 hours. Given the short 

duration of mechanical ventilation and stay in the intensive care unit, renal 

protection was unlikely associated with the changes in clinical outcomes in the 

current study. The association of renal protection with clinical outcomes may 

have been more robust if this analysis included higher risk patients, such as 

neonates.  
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4.2 Population pharmacokinetic analysis 

Population pharmacokinetic analysis showed that the CPB was a significant 

covariate for the central volume of distribution, with marked increment with 

presence of CPB. Meanwhile, clearance was not influenced by presence of CPB. 

Contrary to our results, several previous reports also showed marked diminished 

dexmedetomidine clearance during and after CPB due to decreased hepatic flow 

from lowered cardiac output and hypothermia during CPB (51-53). We did not 

measure cardiac output before and after the CPB, but we could conjecture that 

it was maintained in our patients. Also, we used normothermic bypass not 

hypothermic, it could contribute maintained clearance of dexmedetomidine in 

our patients. Further studies considering the effects of real-time cardiac output 

monitoring and temperature management for providing proper dosing regimen 

is needed. However, in this study, the change in plasma concentration during 

CPB was not prominent in simulation. We can suggest that the use of 

dexmedetomidine in pediatric patients undergoing cardiac surgery without 

adjustment of dosage or addition of a loading dose at the beginning of CPB. 

There needs further study to validate optimal therapeutic concentration of 

dexmedetomidine to prevent AKI in pediatric patients undergoing cardiac 

surgery.  
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4.3 Limitations 

This study had several limitations. First, we only included patients in RACHS 

categories 2 and 3 with normal renal function and excluded neonates who are at 

the highest risk for AKI and associated adverse outcomes because we wanted to 

avoid potential biases (35, 54). However, our results cannot be extrapolated 

beyond this sample of patients. Therefore, the generalizability of these results 

may be reduced. Second, the mechanism of renal injury during cardiac surgery 

with CPB was multifactorial. Even though we only enrolled patients in RACHS 

categories 2 and 3, included patients had a wide range of surgical complexities 

and physiologic differences (single or biventricular physiology), which could 

affect perioperative renal function. Third, we calculated the sample size based 

on the incidence of AKI from our previous study (40.8%). However, the overall 

incidence of AKI was smaller in this study than that in our previous study. 

Furthermore, for subgroup analysis, the sample size was too small to draw a 

conclusion. A larger sample size will increase the differences in the incidence 

of AKI and clinical outcomes. 
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5 Conclusion 

In conclusion, intraoperative of dexmedetomidine did not reduce the overall 

incidence of AKI in pediatric patients with preoperative normal renal function, 

receiving RACHS category 2 and 3 cardiac surgery.  
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7 국문요약 

요약 (국문초록) 

 

심장 수술을 받는 소아에서  

덱스메데토미딘의 신보호 효과 

: 무작위 배정 연구 

 

연구배경 및 중요성: 주술기 급성 신손상은 수술 후 이환율과 사망률

을 증가시키며, 소아에서 그 발생 빈도는 35-50% 로 보고된다. 이를 

감소시키기 위한 다양한 방법이 제시되고 있고, 최근 성인의 연구에

서 주술기 덱스메데토미딘의 주입이 급성 신손상의 빈도를 줄였다. 

소아에서는 그 연구가 아직 부족하여 주술기 사용에 대한 근거가 부

족하다. 이에 본 연구에서는 덱스메데토미딘의 사용이 주술기 급성 

신손상을 감소시킬 수 있는지 알아보고, 적정 용량을 주입하기 위해 

약동학을 함께 확인해보고자 한다.  

연구방법: 이중 눈가림 무작위 배정 연구로 선천성 심장질환으로 수

술을 받는 7세 미만의 환아 141명을 대상으로 연구를 진행하였다. 마

취 유도 후 덱스메데토미딘군은 덱스메데토미딘 1 µg/kg을 10분에 

걸쳐 주입하고, 이후 0.5 µg/kg/h로 지속 주입하였다. 이후 심폐우회

술 시작 시 1 µg/kg을 추가적으로 주입하였으며, 대조군은 동량의 생

리식염수를 주입하였다. 덱스메데토미딘군 중 30명을 대상으로 약동

학 분석을 위한 샘플을 시행하였고, 약동학은 NONMEM VII을 이용

하여 분석하였다.  

평가변수: 일차 평가변수는 Kidney Disease Improving Global 

Outcomes guidelines에 따른 두 군의 급성 신손상의 발생 빈도의 차

이이며 주요 이차 평가변수는 덱스메데토미딘의 약동학에 심폐우회술

이 미치는 영향을 확인하는 것이다. 

연구결과: 

고찰: 

 

 

주요어:  
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연구결과: 최종 139명을 분석하였고, 급성신손상의 발생은 두 군에서 

다르지 않았다 (16.9% vs. 23.5%; odds ratio 0.661; 95% CI 0.285 to 

1.525; p = 0.339). 하지만 수술 중 소변량은 덱스메데토미딘군에서 

많았고 (mean difference [95% CI]; 4.9 ml/kg/h [3.1 to 6.7 

ml/kg/h], p = 0.001), 수술 후 측정한 크레아티닌은 덱스메데토미딘 

군에서 낮았다 (mean difference [95% CI]; -0.03 mg/dl [-0.05 to -

0.00 mg/dl], p = 0.022). 주술기 부정맥, 수술 후 기계환기 시간, 중

환자실 재원시간, 입원기간은 두 군에서 다르지 않았다. 29명의 환아

를 대상으로 약동학을 분석하였고, 이구획 모델이 심폐우회술 중의 

약동학을 가장 잘 설명할 수 있었다. 심폐우회술로 인해 중심구획이 

증가하였지만, 덱스메데토미딘의 청소율은 심폐우회술에 영향을 받지 

않았다. 10kg의 환아로 시뮬레이션 하였을 때, 심폐우회술 중의 혈장 

농도 감소는 뚜렷하지 않았다. 

고찰: 선천성 심장질환으로 수술을 받는 소아에서, 덱스메데토미딘은 

주술기 급성 신손상의 빈도를 감소시키지 않았다. 심폐우회술을 이용

한 심장 수술을 받는 소아에서 덱스메데토미딘은 심폐우회술 시작시

에 용량을 증가하거나, 추가 주입없이 혈장 농도를 유지하며 사용할 

수 있다. 

주요어: 급성 신손상, 심장 수술, 덱스메데토미딘, 소아 

학  번: 2016-30593 
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