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Aims: Aripiprazole is one of the most commonly prescribed antipsychotic drugs to

children and adolescents worldwide, but it is associated with serious side-effects,

including weight gain. This study assessed the population pharmacokinetics of aripi-

prazole and its active metabolite and investigated the relationship between pharma-

cokinetic parameters and body mass index (BMI) in children and adolescents with

autism spectrum disorder (ASD) and behavioural problems. Secondary outcomes were

metabolic, endocrine, extrapyramidal and cardiac side-effects and drug effectiveness.

Methods: Twenty-four children and adolescents (15 males, 9 females) aged 6–

18 years were included in a 24-week prospective observational trial. Drug plasma

concentrations, side-effects and drug effectiveness were measured at several time

points during follow-up. Relevant pharmacokinetic covariates, including CYP2D6,

CYP3A4, CYP3A5 and P-glycoprotein (ABCB1) genotypes, were determined. Non-

linear mixed-effects modelling (NONMEM®) was used for a population pharmacoki-

netic analysis with 92 aripiprazole and 91 dehydro-aripiprazole concentrations.

Subsequently, model-based trough concentrations, maximum concentrations and

24-h area under the curves (AUCs) were analysed to predict outcomes using general-

ized and linear mixed-effects models.

Results: For both aripiprazole and dehydro-aripiprazole, one-compartment models

best described the measured concentrations, with albumin and BMI as significant

covariates. Of all the pharmacokinetic parameters, higher sum (aripiprazole plus

dehydro-aripiprazole) trough concentrations best predicted higher BMI z-scores
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(P < .001) and higher Hb1Ac levels (P = .03) during follow-up. No significant associa-

tion was found between sum concentrations and effectiveness.

Conclusions: Our results indicate a threshold with regard to safety, which suggests

that therapeutic drug monitoring of aripiprazole could potentially increase safety in

children and adolescents with ASD and behavioural problems.
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1 | INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental disorder

characterised by impairments in social communication and interaction,

and restricted, repetitive patterns of behaviour.1 Besides these core

symptoms, children with ASD also frequently display irritable and

aggressive behaviour.2 Globally, it is estimated that about 1% of chil-

dren are diagnosed with ASD.3 While the core symptoms of ASD can

be treated with behavioural and psychoeducational therapy, the asso-

ciated behavioural problems warrant the use of atypical antipsychotic

drugs, like aripiprazole.

Aripiprazole has been proven to significantly reduce ASD-related

irritability and aggression in patients, as demonstrated in several

randomized controlled trials as well as a meta-analysis.4 However, the

use of atypical antipsychotic drugs is also associated with consider-

able side-effects, like weight gain, metabolic disturbances, extrapyra-

midal symptoms (EPS) and sedation.5 Aripiprazole is often thought to

have a more favourable metabolic side-effect profile than other atypi-

cal antipsychotic drugs, because of its unique mechanism of action as

a partial dopamine D2 receptor agonist. While some studies did

indeed find that aripiprazole led to less weight gain than most other

atypical antipsychotic drugs,5,6 weight gain was still found to be

significant. A meta-analysis carried out on studies conducted only in

children with ASD even found a larger effect size for aripiprazole than

for risperidone, albeit with lower absolute weight gain.4 This results in

serious long-term health risks, including metabolic abnormalities and

diabetes mellitus.7,8

Because of the propensity of aripiprazole to induce side-effects,

there is a need for more evidence on its proper and safe use.9 Dose

optimization studies are an important area of research that can

contribute to this. In order to optimize dosing, it is important to

understand the pharmacokinetics (PK) of aripiprazole in the paediatric

population, and how these relate to clinical outcomes (pharmacody-

namics, PD). So far, five studies have reported on blood plasma con-

centrations of aripiprazole in children and adolescents and presented

several traditional PK analyses.10–14 In populations with various

psychiatric disorders, they described a linear PK and mostly similar PK

parameters to those found in adults. However, none of these studies

performed population PK (pop-PK) analyses, an approach with which

variability in PK can be quantified and which can be used to correlate

PK to PD in order to inform dosing regimens.

While some of the PK studies also reported on clinical out-

comes, in only one study was a therapeutic reference range calcu-

lated.11 This yielded a range for children and adolescents with

psychotic disorders that was comparable to the therapeutic refer-

ence range for adults, and slightly lower limits when all diagnoses

were included. However, the researchers used a rough estimation

method, which did not take into account side-effects, levels of the

active metabolite dehydro-aripiprazole, or other covariates apart

from diagnosis.

The objective of our current research is twofold. First, we aim to

correlate aripiprazole and dehydro-aripiprazole blood concentrations,

obtained using pop-PK analyses, to weight gain, other side-effects

and therapy effectiveness in children and adolescents with ASD and

What is already known about this subject

• Aripiprazole is a valuable treatment option for autism

spectrum disorder related irritability and aggression in

children and adolescents, but often causes weight gain

and other side-effects.

• While some studies have looked into the pharmacokinet-

ics of aripiprazole in this population, very little is known

about the relationship between pharmacokinetic parame-

ters and pharmacodynamic effects.

What this study adds

• Higher sum trough concentrations of aripiprazole and

dehydro-aripiprazole correspond to higher body mass

index z-scores and HbA1c levels.

• We could not find a correlation between aripiprazole

plasma trough concentrations and effectiveness.

• Our findings support the role of therapeutic drug moni-

toring in preventing weight gain caused by aripiprazole,

although more research is needed to determine the ther-

apeutic reference range.
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comorbid irritability and aggression. Secondly, using this correlation, a

therapeutic window will be determined, which could be used to

improve care for these patients through therapeutic drug monitoring.

2 | METHODS

2.1 | Study population

Participants were enrolled in a 24-week observational prospective

multicentre cohort study (Netherlands Trial Register 6050). Inclusion

criteria were: age 6–18 years, a diagnosis of ASD according to the

Diagnostic and Statistical Manual of Mental Disorders (DSM) IV15 or

51 with comorbid behavioural problems, and use or initiation of

treatment with aripiprazole. Patients with diabetes type I or II, con-

genital or acquired syndromes associated with changes in appetite,

body weight or lipid profile (e.g. Prader Willi), treatment with

another antipsychotic drug within the last 6 months, and known long

QT syndrome were excluded. Recruitment took place between

August 2016 and October 2018 in six centres in the Netherlands

(two academic tertiary care centres and four psychiatric secondary

care centres). Patients were prescribed aripiprazole as tablet formu-

lation or oral solution in flexible dosing schemes by their treating

physician according to standard clinical care. Written informed con-

sent was obtained from patients and/or their legal representatives.

The study was approved by the medical ethics committee of the

Erasmus Medical Center, the Netherlands (number MEC 2016-124)

and was carried out in accordance with the Declaration of Helsinki

and the Regulations on Medical Research with Human Subjects, the

Netherlands.

2.2 | Drug concentration measurements

A total of six blood samples per patient were collected for aripipra-

zole and dehydro-aripiprazole quantification at random time points,

with at least 1 h between two samples, and on two separate days.

Sampling occurred at 12 and 24 weeks after baseline for aripiprazole

naive patients, and at baseline and at 24 weeks after baseline for

non-aripiprazole-naive patients. Blood was sampled using venepunc-

ture or the dried blood spot (DBS) method via fingerpick. Time of

sampling, aripiprazole dose and time of intake in the prior 24 h, and

comedication were reported during sampling. Aripiprazole and

dehydro-aripiprazole plasma concentrations were measured using a

validated ultrahigh performance liquid chromatography-tandem mass

spectrometry (LC–MS/MS) method for plasma and DBS.16–18 The

lower limit of quantification (LLOQ) was 10 μg/L for both aripipra-

zole and dehydro-aripiprazole in plasma as well as DBS. The lower

limit of detection (LOD) was 0.60 μg/L in plasma and 10 μg/L in DBS

for aripiprazole, and 1.8 μg/L in plasma and 0.7 μg/L in DBS for

dehydro-aripiprazole.

DBS concentrations (DBSconc) were converted with correction

for haematocrit (ht) based on a previously conducted clinical

validation study to estimated plasma concentrations (EPC)16 using the

following formulas:

EPCaripiprazole ¼ DBSconc= 1�ht½ �ð Þ=1:263

EPCdehydro�aripiprazole ¼ DBSconc= 1�ht½ �ð Þ=1:242

Haematocrit was measured in blood sampled through venepunc-

ture. When venepuncture had not been performed and extrapolation

from a previous measurement was not possible, the median popula-

tion value was used.

2.3 | Assessment of outcomes

Side-effects and effectiveness were prospectively recorded at base-

line and at 24 weeks after baseline for all patients. Aripiprazole-naive

patients were also assessed for side-effects and effectiveness at

4 and 12 weeks after baseline. For non-aripiprazole-naive patients,

bodyweight, height, laboratory measurements and comedication since

initiation of aripiprazole were retrospectively collected from the

patient file.

2.3.1 | Side-effects

Bodyweight and height were measured at each visit. The Abnormal

Involuntary Movement Scale (AIMS)19 was used to measure EPS by

the treating physician, nurse or researcher. Sedation was assessed by

parents using the Epworth Sleepiness Scale.20 Triglycerides, total cho-

lesterol, high-density lipoprotein (HDL)-cholesterol, low-density lipo-

protein (LDL)-cholesterol, glucose, haemoglobin A1c (HbA1c) and

prolactin were measured at baseline and at 24 weeks after baseline,

with an additional measurement at 12 weeks for aripiprazole-naive

patients.

QT intervals were measured in triplicate from a 12-lead ECG and

converted to QTc as described previously21 at baseline and at

24 weeks after baseline. The QT times and RR intervals were mea-

sured by a researcher and in case of doubt also reviewed by an experi-

enced paediatric cardiologist.

2.3.2 | Effectiveness

Treatment effectiveness was assessed by both parents and the treat-

ing physician. Parents filled in the Aberrant Behavior Checklist

(ABC),22 a 58-item questionnaire from which the irritability subscale

(ABC-I) was used as measure of effectiveness. On the ABC-I, irritabil-

ity symptoms are rated with a maximum of 45 points. Treating physi-

cians filled in the Clinical Global Impression Scale (CGI),19 of which the

severity scale (CGI-S) was used. The CGI-S describes the severity of

psychopathology relative to patients with the same diagnosis by seven

categories in ascending order, with 1, Normal and 7, Extremely ill.

HERMANS ET AL. 3
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2.4 | Assessment of covariates

Information on comedication was extracted from medical and phar-

macy records. Methylphenidate, amphetamine and atomoxetine were

grouped together as comedication for attention deficit/hyperactivity

disorder (ADHD). Information on psychiatric as well as somatic

comorbidities was gathered at baseline. Familial cardiometabolic risk,

as previously defined by the American Academy of Pediatrics,23 was

assessed after taking the family history at baseline. If family history

was unknown, it was considered positive for cardiometabolic risk.

Renal function (urea, creatinine), liver function (aspartate amino-

transferase [ASAT], alanine aminotransferase [ALAT], gamma glutamyl

transpeptidase [GGT], alkaline phosphatase [AP] and albumin) and

haematocrit were assessed at baseline and during follow-up.

Genotyping: Genomic DNA was isolated from 200-μL ethylene-

diaminetetraacetic acid (EDTA) whole blood using a MagNA Pure

Compac (Roche Diagnostics GmbH, Mannheim, Germany). Genotyp-

ing was performed for CYP2D6*3 (2549delA, rs35742686), *4

(1846G>A, rs3892097), *5 (gene deletion) and *41 (2988G>A,

rs28371725), ABCB1 3435C>T (rs1045642), CYP3A4*22

(g.15389C>T, rs35599367), CYP3A5*3 (6986A>G, rs4986910) and *6

(14690G>A, rs10264272). Analyses were performed using Taqman 50

nuclease DME assays (ThermoFisher Scientific, Carlsbad, CA, USA).

All pharmacogenetic analyses were performed at the Department of

Clinical Chemistry of Erasmus MC, Rotterdam, the Netherlands.

2.5 | Population pharmacokinetic analyses

Population pharmacokinetic analysis was performed by nonlinear

mixed-effects modelling using NONMEM version 7.4.4 (FOCE+I;

ICON Development Solutions, Ellicott City, MD, USA) and PsN Ver-

sion 4.7.0. Pirana software version 2.9.7 was used as an interface

between NONMEM and R (version 4.1.3). Concentrations of aripipra-

zole and dehydro-aripiprazole were converted from μg/L to nmol/L to

correct for differences in molecular weight.

2.5.1 | Model development

Initially, a one-compartment model with first-order absorption was

fitted to the aripiprazole concentration–time data. Typical values for

first-order absorption rate constant (Ka), volume of distribution (V),

and clearance (CL) were estimated. As bioavailability (F) could not be

assessed, apparent CL and V were estimated (CL/F and V/F). Subse-

quently, more complex models were evaluated. Allometric scaling to a

bodyweight of 70 kg was implemented a priori. Models with fixed

exponent values of 0.75 for flow-dependent process parameters and

1 for volume-related parameters, which are the standard exponent

values,24–26 were compared to models with estimated exponent

values. The models were evaluated and compared both numerically

(e.g. [delta] objective function value ([d]OFV), parameter estimations,

precision, shrinkage27 and conditional number) and visually (using

goodness-of-fit [GoF] plots and visual predictive checks [VPCs]). First,

aripiprazole data were described and subsequently dehydro-

aripiprazole data were added. For each PK parameter, interindividual

variability (IIV) was estimated using an exponential model. Residual

variability was tested with additive, proportional and combined (addi-

tive and proportional) error models, with an extra error for sampling

method (DBS vs. venepuncture). A decrease in the OFV of >3.84

points for a nested model with one degree of freedom was considered

statistically significant (P < .05). Finally, all available covariates were

evaluated using iterative forward selection (P < .05) and iterative

backward elimination (P < .01). Continuous covariates were described

using an exponential function centred around the median and cate-

gorical covariates using a proportional function.

2.5.2 | Model validation

First, the robustness of the model parameter estimates was evaluated

using a non-parametric bootstrap procedure (n = 1000).28 The boot-

strap estimates and their 90th percentile range were compared with

the estimates from the original dataset. Second, the model was evalu-

ated with VPCs stratified for aripiprazole and dehydro-aripiprazole,

using a set of 1000 simulated datasets to compare the observed con-

centrations with the distribution of the simulated concentrations.29

2.5.3 | Pharmacokinetic predictions

For the days on which weight and height were measured (and thus a

BMI z-score could be calculated), we calculated Ctrough and AUC24h of

aripiprazole, dehydro-aripiprazole and the sum of these two com-

pounds using model-based individual PK predictions. The Ctrough prior

to the first aripiprazole administration of the day was used.

2.6 | Pharmacodynamic analyses

Correlation between calculated Ctrough and AUC24h of aripiprazole,

dehydro-aripiprazole, and their sum and outcome was assessed in the

PD analyses. Each of these PK predictions was separately analysed as

predictor for BMI z-score.

2.6.1 | Primary outcome

The primary outcome was the BMI z-score: BMI adjusted for age and

gender based on the World Health Organization's (WHO) BMI-for-age

reference values (5–19 years).30 The WHO classifies a BMI z-score of

≥1 as overweight and a BMI z-score of ≥2 as obesity. For establishment

of a therapeutic reference range, we adhered to the clinical consensus

that a 5% change in bodyweight is clinically relevant.31 An additional

5% gain of bodyweight on top of a child's normal growth trajectory

corresponds with an increase of about 0.5 in BMI z-score in 6 months.

4 HERMANS ET AL.
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2.6.2 | Secondary outcomes

As secondary outcomes ABC-I score, CGI-S score, EPS, sedation,

triglyceride level, total cholesterol level, HDL-cholesterol level,

LDL-cholesterol level, glucose level, HbA1C level, prolactin level and

QTc time were assessed. EPS, sedation and CGI-S were considered

categorical outcomes. A patient was considered positive for EPS if at

least two items were scored as mild or one item as moderate on the

AIMS, and for sedation if the total score on the ESS was 1 or higher.

Patients were only included in the analyses if there was a measure-

ment of the concerning outcome taken before start of aripiprazole

treatment.

2.7 | Statistical analyses for correlation between
concentration and effect

For the primary outcome, the longitudinal data were analysed with

generalized and linear mixed-effects models. Heterogeneity between

patients was assessed with random effects. Potentially relevant cov-

ariates were tested in each model and the best model was selected

using backwards variable selection. The final model was chosen from

among all the best models with different PK predictions of aripipra-

zole based on the Akaike information criterion (AIC).32

The secondary analyses were performed with the PK prediction

(e.g. AUC aripiprazole) that was selected for the primary outcome.

This PK prediction was entered as predictor in univariable models and,

if significant, covariates were added in a stepwise manner. Correla-

tions between model-based PK predictions were analysed with Pear-

son's correlation. Changes in BMI z-scores between start of

medication and 6 months was assessed with a paired samples t-test.

In all analyses, P < .05 was considered significant. Generalized and lin-

ear mixed-effects modelling was performed in R (version 4.1.3), the

other analyses in SPSS (version 28.0.1.0).

3 | RESULTS

3.1 | Study sample

Twenty-four children were enrolled in the study. However, one partic-

ipant had to be excluded from analyses, because the only measured

drug levels were sampled 4 days after last medication intake. Of the

remaining 23 participants, 17 were aripiprazole-naive.

See Table 1 for patient characteristics. Eleven children (47.8%)

had one or more comorbid psychiatric disorders besides ASD, namely

ADHD (47.8%), anxiety disorder (8.7%) and oppositional defiant disor-

der (ODD, 4.3%).

Dosages used during the entire study period ranged from 0.5 to

6 mg, in one or two doses a day. Fifty-eight DBS samples and

34 plasma samples were obtained at a median time after dose of

3.35 h (range 0.43–25 h). The median (IQR) measured/estimated

plasma concentrations of aripiprazole were 57.32 (38.7) μg/L in

venepuncture and 34.78 (46.62) μg/L in DBS. The median (IQR) mea-

sured/estimated plasma concentrations of dehydro-aripiprazole were

18.07 (11.18) μg/L in venepuncture and 12.89 (12.89) μg/L in DBS.

3.2 | Population pharmacokinetic analyses

A one-compartment model with application of allometric scaling (with

fixed exponents 0.75 for CL and 1 for V) best described the data for

both aripiprazole and dehydro-aripiprazole. Separate proportional

errors for DBS and venepuncture were used to describe the residual

error. The model improved significantly by adding interindividual

variability (IIV) for V and CL of aripiprazole, and for CL of dehydro-

aripiprazole.

In a univariate covariate analysis, albumin and BMI were signifi-

cant covariates for CL of aripiprazole. After forward inclusion and

backward elimination, both were included as covariates in the final

model. Albumin showed a positive correlation, and BMI a negative

correlation. Together, they explained 49.3% of the IIV of CL of aripi-

prazole. Because of poor precision, we decided to fix Ka at 1.72 h�1,

the value estimated by the final model. This corresponds to an

approximate Tmax of 1.2 h, which falls within the ranges previously

described in children and adolescents.12,13 All evaluations of the final

model were good, except for a higher shrinkage of 34% for IIV on V

aripiprazole, which was accepted. Goodness-of-fit plots showed a

good ability of the model to describe the observed concentrations

(Figure S1a, S1b). Estimates of the base and final models are shown in

Table 2. See Figure 1 for a visual representation of the relationship

between CL of aripiprazole and its covariates. This figure shows albu-

min has the biggest effect on CL, while BMI z-score only marginally

changes CL.

The model was successfully validated using bootstrap analysis

(Table 2). VPCs confirmed that the model adequately predicts concen-

trations across 24 h after dose for aripiprazole (Figure S2). A diagram

of the model can be found in Figure S3.

For the time points for which a BMI z-score was known, model-

based individual PK predictions were calculated for Ctrough and

AUC24h of aripiprazole, dehydro-aripiprazole and their sum.

3.3 | Pharmacodynamic analyses

3.3.1 | Primary outcome: BMI z-scores

For four patients (all non-aripiprazole-naive), bodyweight and height

at initiation of treatment were not known. For the remaining

19 patients, a total of 86 BMI z-scores could be calculated. In the

16 participants for whom BMI z-scores were known at both start of

treatment and 6 months after start of treatment, mean BMI z-scores

increased from 0.53 (±1.33) to 0.60 (±1.31). This increase was not sig-

nificant (P = .331).

Higher extrapolated Ctrough and AUC24 levels for aripiprazole,

dehydro-aripiprazole and their sum, all significantly predicted higher

HERMANS ET AL. 5
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TABLE 1 Patient characteristics.

Characteristic n

Male, n (%) 15 (65) 23

Agea (years) 9.55 (5.08) 23

Bodyweighta (kg) 35.5 (31.5) 19

Heighta (m) 1.4 (0.31) 19

Body mass indexa (kg/m2) 18.06 (3.89) 19

Body mass index z-scorea 0.92 (1.94) 19

Aripiprazole daily dosea (mg) 1 (1.5) 23

Both parents Dutchb, n (%) 18 (78.3) 23

Laboratory measurementsa,c

Triglycerides (mmol/L) 0.72 (0.47) 14

Total cholesterol (mmol/L) 4 (0.9) 15

HDL cholesterol (mmol/L) 1.4 (0.6) 15

LDL cholesterol (mmol/L) 2.4 (1.03) 14

Glucose (mmol/L) 4.95 (0.45) 14

HbA1c (mmol/Mol) 34 (3) 11

Prolactin (U/L) 0.15 (0.35) 9

Albumin 43.5 (3.5) 16

Genotype, n (%) 23

CYP2D6

Poor metabolizer 2 (8.7)

Intermediate metabolizer 12 (52.2)

Normal metabolizer 7 (30.4)

CYP3A4

Poor metabolizer 0

Intermediate metabolizer 1 (4.3)

Normal metabolizer 20 (87.0)

CYP3A5

Expressor 5 (21.7)

Non-expressor 12 (52.2)

ABCB1

Poor metabolizer 4 (17.4)

Intermediate metabolizer 1 (4.3)

Normal metabolizer 14 (60.9)

QTc time (ms)a 373 (38) 11

Clinical Global Impression scale (CGI-s) scorea 5 (1) 17

Aberrant Behavior Checklist – Irritability scalea 17 (8.75) 14

Comorbid psychiatric disorders other than ASD, n (%) 11 (47.8%) 23

Comedication ADHD drugsc,d, n (%) 5 (21.7) 23

IQa 85 (9) 11

Prior psychotropic treatment, n (%) 19 (82.6) 23

Increased familial cardiometabolic risk, n (%) 5 (21.7)

Formulation of aripiprazole, n (%) 23

Tablet 22 (95.7)

Oral solution 1 (4.3)

Note: The values represent start of aripiprazole treatment unless otherwise specified.
Abbreviations: ADHD, attention deficit/hyperactivity disorder; ASD, autism spectrum disorder; CYP, cytochrome P450; HbA1C, haemoglobin A1C; HDL, high-
density lipoprotein; LDL, low-density lipoproteins; PGP, P-glycoprotein; QTc, corrected QT.
aMedian (IQR).
bFour children had one or two parents of non-European descent.
cValues represent baseline measurement of study.
dIncludes methylphenidate, amphetamine, atomoxetine.
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BMI z-scores during follow-up. Female sex was a covariate in multi-

variate analyses, predicting lower BMI z-scores.

AICs for the models using Ctrough of aripiprazole, Ctrough of the

sum of aripiprazole and dehydro-aripirazole and AUC24 of aripiprazole

differed by less than 2. This means that these four models are essen-

tially indistinguishable. Based on the same analyses previously per-

formed for risperidone33 and on clinical usability, we decided on the

model for sum Ctrough as the final model, with female sex as covariate

(Table 3).

3.3.2 | Secondary outcomes

No significant association was found between sum Ctrough and ABC-

irritability scores or response on the CGI-S. Sum Ctrough did, however,

significantly predict HbA1c levels (P = .03). No significant

association was found between sum Ctrough and the other secondary

side-effect markers. The results of the effectiveness analyses are pre-

sented in Table 3 and of the secondary side-effects analyses in

Table S1.

3.3.3 | Therapeutic reference range

Based on our model, a sum Ctrough level of 59.6 μg/L or higher will

lead to an increase in BMI z-score of 0.5 or higher, t(39) = 3.60,

P < .001. This value could be used as an upper cut-off value (Figure 2).

Because we found no significant association between sum Ctrough and

effectiveness, it is not possible to calculate a lower cut-off value for a

therapeutic window. The lowest sum Ctrough level with which a patient

TABLE 2 Pharmacokinetic parameter estimates of the base model, final model and bootstrap analysis.

Parameter Base model estimate (SE) Final estimate (SE) Bootstrap median (90th percentile)

Aripiprazole

Kaa h�1 2.28 (2.1) 1.72 (FIX) 1.72

V/Fb L/70 kg 210 (56.9) 196 (50.9) 195 (117–340)

– IIV 103.8% 85.9% 81.5% (30.4–161.4)

CL/Fb L/h/70 kg 4.15 (0.48) 4.41 (0.41) 4.41 (3.59–5.37)

– IIV 45.3% 31.5% 28.3% (14.8–35.8)

– Albumin 2.11 (0.74) 2.15 (0.58–3.85)

– BMI �1.01 (0.38) �1.02 (�1.73–0.13)

Dehydro-aripiprazole

V/Fb L/70 kg 23.4 (6.71) 22.6 (7.04) 22.4 (2.97–206)

CL/Fb L/h/70 kg 12.1 (1.31) 12.2 (1.33) 12.3 (9.81–15.3)

– IIV 44.5% 45.6% 43.5% (26.7–58.5)

Proportional errors

Plasma 0.38 (0.09) 0.41 (0.07) 0.40 (0.21–0.57)

DBS 0.22 (0.03) 0.21 (0.02) 0.21 (0.16–0.27)

Note: F represents bioavailability for aripiprazole parameters, or the fraction metabolized to dehydro-aripiprazole for the dehydro-aripiprazole parameters.

Bootstrap analyses: calculated based on 874 of the 1000 runs which were successful. CLaripiprazole = 4.41*(bodyweight/70)0.75*(Albumin/45)2.11*

(BMI/18.51)-1.01. Bootstrap analyses: calculated based on 874 of the 1000 runs which were successful. CLaripiprazole = 4.41*(bodyweight/70)0.75*

(Albumin/45)2.11*(BMI/18.51)-1.01.
aFixed value.
bAllometric scaling with exponent 1 for V, and 0.75 for CL.

F IGURE 1 Relationship between albumin and clearance of aripiprazole at different BMI z-values. The relationship between albumin and the
population value for aripiprazole clearance (CL) is presented for different age levels and corresponding mean weight and BMI values, for children
with BMI z-score = 0 (A), BMI z-score = �2 (B) and BMI z-score = 2 (C).

HERMANS ET AL. 7
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achieved sufficient treatment effect (defined as ≥ 25% reduction on

the ABC-I) was 13.6 μg/L. This value can be used to inform a decision

on a preliminary lower cut-off value.

4 | DISCUSSION

This is the first study to build a pop-PK model for aripiprazole in

children and adolescents and to correlate PK parameters with

both side-effects and clinical effectiveness. A one-compartment PK

model for both aripiprazole and dehydro-aripiprazole best described

our data. We found a positive correlation of sum Ctrough plasma levels

with weight gain as well as HbA1c, but not with effectiveness.

Pharmacokinetic parameters in adult pop-PK models for aripipra-

zole show quite some variability, but the parameters we found fall

within the ranges these models describe.34 In addition, we found simi-

lar values for CL and Tmax as previously described in children and ado-

lescents.13 In other manuscripts significant covariates found are

CYP2D6 on CL in adults35–38; in children, number of concomitant

drugs,14 age and gender11 are cited as possibly having an influence on

aripiprazole blood levels. Except for an effect of female sex, we did

not find these associations. Maybe, our sample size was too small to

notice these differences, as we, for example, only had two poor meta-

bolizers for CYP2D6 in our group.

A surprising result from the PK analysis was the positive correla-

tion between albumin and CL of aripiprazole. Albumin was a relevant

TABLE 3 Association between
trough concentrations of aripiprazole
+ dehydro-aripiprazole and primary and
secondary outcomes.

Variable n (obs) Estimate Standard error ICC P-value

Primary outcome

BMI z-score 19 (56) 0.95

β0 0.689 0.356 .068

Sum Ctrough (μg/L) 0.008 0.002 <.001**

Female sex �0.997 0.571 .099

Secondary outcomes effectiveness

CGI – response 17 (45) –

β0 1.866 0.963 .053

Sum Ctrough (μg/L) 0.001 0.015 .925

Female sex �2.31 0.909 .011*

ABC – irritability 14 (26) 0.73

β0 11.144 3.469 .004*

Sum Ctrough (μg/L) �0.006 0.038 .867

ADHD comedication 10.155 4.679 .046*

Note: Example equation of the relationships analysed. BMI z-score = 0.689 + Sum Ctrough * 0.008–0.997
(if female); while change in BMI z-score 6 months after start of treatment = Sum Ctrough 6mths * 0.008.

Abbreviations: ABC, Aberrant Behavior Checklist; CGI, Clinical Global Impression Scale, ICC, Intraclass

correlation coefficient.

*P < .05. **P < .001.

F IGURE 2 Upper cut-off value for sum Ctrough

based on change in BMI z-score, plus BMI z-score
at 6 months for the male and female subjects in
our study. On the horizontal axis the sum trough
plasma concentration in μg/L. On the vertical axis
the BMI z-score after 6 months.
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covariate to consider in our analysis, because it extensively binds both

aripiprazole and dehydro-aripiprazole.39 Graphical analysis of the rela-

tionship between CL, BMI and albumin shows that albumin is a rele-

vant laboratory value to measure in order to be able to properly

calculate model-based plasma concentrations. Higher albumin values

were found to increase clearance. However, based on the binding

property and expected kinetics relationships, the expected correlation

with CL would be the other way round, as only the unbound fraction

can be cleared. Our contrary finding suggests that albumin is most

likely a surrogate for another covariate which we did not analyse. We

have observed this before, when it was a surrogate for wellbeing or

frailty.40 We find it difficult to link this to our population, as we did

not observe malnourished children or adolescents.

The relationship between PK and bodyweight is complicated.

Both body weight (using allometric scaling) and BMI are covariates in

the PK model. Incorporation of allometric scaling shows that higher

body weight will lead to an increased V and CL, resulting in lower

plasma levels. However, we also found that a higher BMI leads to

lower CL and higher plasma levels. This seems counterintuitive. A pos-

sible explanation is that age or height play a role in this association

and that the correlation between weight and clearance (via allometric

scaling) is not straightforward. As aripiprazole is highly lipophilic, with

increased body weight, increased V and CL would be expected. In

adults, weight has been found to be a positive covariate for CL37,38

and V.35,37,38 It seems that this covariate is not that straightforward in

children and adolescents and both allometric scaling via a positive fac-

tor and BMI as a negative factor show this association in our popula-

tion. A possible explanation would be the following: with less increase

in CL in comparison to V with regard to weight, it seems that the neg-

ative relation between BMI and CL is therefore the correction for the

extra weight gain caused by using antipsychotics in comparison to

normal maturation of children (via allometric scaling).

With regard to pharmacodynamics, we found that higher sum

trough levels of aripiprazole and dehydro-aripiprazole predicted

higher BMI z-scores (difference in BMI). This is the first study to have

analysed this relationship. Surprisingly, there was no overall significant

increase in BMI z-score in our study population. Considering the large

body of evidence on weight gain caused by aripiprazole in children

and adolescents,4–6 this is likely the result of our small sample size

and the relatively low dosages of aripiprazole prescribed to the partici-

pants in this study. If we exclude the outlier in our BMI z-score data

(a participant who saw a dietician throughout the entire study period

and lost 12.4 kg, leading to a change in BMI z-score of �1.47), BMI

z-score increased from 0.50 (±1.37) to 0.67 (±1.33). This decreases

the P-value to .091. This could also be a confounder by indication, as

children with a higher baseline body weight will be more prone

to start with aripiprazole. Importantly, the lack of overall increase in

BMI z-score does not negate the correlation with aripiprazole

concentrations.

We also established a positive correlation between aripiprazole

sum trough levels and HbA1c. The other research linking drug plasma

levels to HbA1c was performed in adults, where, counterintuitively,

non-significantly lower HbA1c values were found among patients

using a higher dosage of aripiprazole.41 Other studies, such as

Castilla-Puentes, found the same result as us, linking an increase in

HbA1c to use of antipsychotics.42 In addition, Nicol et al. observed an

increased insulin resistance within 12 weeks of antipsychotic use.43 It

has been proposed that atypical antipsychotics may contribute

directly to type 2 diabetes by inhibiting cellular glucose uptake. A

recent study reported that antipsychotics may do so by blocking the

glucose transporter protein in cell membranes.44 Contradictory results

may be related to other factors such as limitations of the studies per-

formed and more research is needed to confirm the association.

According to our findings, adhering to a maximum sum Ctrough

level of 59.6 μg/L may be able to limit weight gain. No clear lower

cut-off value can yet be defined, as we did not find an association

between higher levels of aripiprazole and increased effectiveness. This

warrants further research in larger studies. However, a minimum value

is not imperative for therapeutic drug monitoring to have clinical

benefit.

Our findings lead to a considerably lower upper cut-off value than

in the only previously proposed therapeutic window for aripiprazole

in the paediatric population.11 This therapeutic window for children

and adolescents with all psychiatric diagnoses was proposed at aripi-

prazole plasma levels of 60.7–372.1 μg/L to have an improvement in

CGI (effect). Because our results are based on sum levels of aripipra-

zole and dehydro-aripiprazole instead of solely on aripiprazole levels,

the true difference in suggested limits is even greater than at first

glance. However, this study found higher cut-off values (105–

375.3 μg/L) when only taking patients with psychotic disorders into

account, which suggests that there are different therapeutic reference

ranges for different treatment indications. It is thus very well possible

that the reference range for ASD-related irritability in their sample

would be closer to the results of our study. This finding only confirms

the need for precision dosing using pharmacometrics which are tar-

geted to specific populations.

Another unexpected result was that we found a smaller propor-

tional error for DBS samples than for plasma samples. Due to smaller

precision and the need to convert DBS measurements to EPCs, the

contrary would be expected, as was found in a previous study.33 This

is a nice observation for the precision of DBS in these children.

The results of this study should be considered in the light of its

limitations. First, we had a small sample size. For the PK analysis, this

led to an unstable model, with poor precision for either Ka or for V of

dehydro-aripiprazole. Along with the small number of samples taken

in the absorption phase, this led to the decision to fix the estimate of

Ka. From our already small participant sample, only a subset could be

included in the PD analyses, which has possibly led to nonsignificant

results on correlations between sum trough levels and effectiveness

as well as secondary safety parameters. Inclusion of all recorded data,

including outliers, can be considered a strength of our study, as this

leads to a more honest representation of the clinical setting. What

could be considered as a second limitation is that we made use of

model-based levels instead of measured plasma levels in our PD

analyses. However, our method allowed us to determine levels at

precisely 24 h after dose. Sampling at such precise times would not

HERMANS ET AL. 9
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have been possible, especially with outpatient participants. Third, we

made use of drug levels measured in both plasma and DBS, which led

to greater variability in measured and model-based concentrations. In

order to minimize this variability, we have included the different

sampling methods in our error model. Moreover, including both

methods allowed for more frequent sampling than would have been

possible with venepuncture alone, and helped research the feasibility

of DBS as a sampling method for clinical practice.

5 | CONCLUSION

This is the first study that researched the relationship between aripi-

prazole PK, side-effects and effectiveness in the paediatric population.

The correlation we found between higher plasma levels and a higher

amount of weight gain suggests that there is a role for therapeutic

drug monitoring in optimizing care and warrants further research. The

clinical benefit of therapeutic drug monitoring of aripiprazole in this

population will be investigated in a follow-up randomized controlled

trial.
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