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Abstract

Background Bevacizumab is a recombinant antibody that

is increasingly used in pediatric malignancies. The phar-

macokinetics of bevacizumab in pediatric patients have

been shown to be influenced by tumor localization and

body weight. In this report, we present data on the phar-

macokinetics and safety of bevacizumab in children under

the age of 3 years with central nervous system (CNS)

malignancies.

Methods Three patients (mean age 22 months) were trea-

ted with intravenous bevacizumab 10 mg/kg every

2 weeks. In total, 20 trough and peak bevacizumab con-

centrations of 10 treatment cycles were obtained at steady

state.

Results Bevacizumab was generally well-tolerated in this

age group. The mean trough concentration was

127 ± 29 lg/ml (range 77–155), and the mean peak con-

centration was 149 ± 13 lg/ml (range 113–157). Trough

and peak levels were stable upon repeated treatment cycles

in the same patient. In contrast, we determined strong

interindividual variations in trough levels. Whereas the

plasma concentration of the oldest patient matched the

prediction of a previously published model, younger

patients showed markedly higher trough levels.

Conclusions Serum peak concentrations of bevacizumab

in children under the age of 3 years with CNS malignan-

cies are in a similar magnitude to that found in older

children and adults. Thus, a dosing schedule of beva-

cizumab 10 mg/kg every 2 weeks can be considered suf-

ficient and safe, even in very young children. We further

show that very young children with CNS malignancies

show a markedly reduced plasma clearance, possibly

related to lower body weight or differences in clearance

mechanisms of antibodies.

Key points

Bevacizumab was generally well-tolerated in

children under the age of 3 years and can be

considered safe in this age group.

Peak serum concentrations of bevacizumab were of a

similar magnitude to that found in older children and

adults.

Plasma clearance was markedly reduced in patients

of lower age and body weight.

1 Introduction

Bevacizumab, a recombinant humanized monoclonal

immunoglobulin (Ig) G1 antibody, is an angiogenesis

inhibitor that prevents endothelial cell proliferation and

new blood vessel formation by binding vascular endothe-

lial growth factor (VEGF) and inhibiting the interaction of

& Andreas Peyrl

andreas.peyrl@meduniwien.ac.at

1 Department of Pediatrics, Medical University of Vienna,

Waehringer Guertel 18-20, 1090 Vienna, Austria

2 Department of Clinical Pharmacology, Medical University of

Vienna, Vienna, Austria

3 Main Association of Austrian Social Security Institutions,

Vienna, Austria

Drugs R D (2017) 17:469–474

DOI 10.1007/s40268-017-0190-z

http://orcid.org/0000-0002-5736-8231
http://crossmark.crossref.org/dialog/?doi=10.1007/s40268-017-0190-z&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40268-017-0190-z&amp;domain=pdf


VEGF with its receptors on the surface of endothelial cells

[1]. It is increasingly applied in the treatment of pediatric

central nervous system (CNS) malignancies, especially in

recurrent tumors [2–5]. Moreover, in children with optic

pathway gliomas, treatment with bevacizumab has resulted

in the recovery of vision [6].

Pharmacokinetics, including drug absorption, distribu-

tion, metabolism, and elimination may differ greatly

between children and the adult population, mainly because

of variations in body composition and distinctive functions

of liver, kidneys, and other organs [7]. Human growth is

not a linear process, age-associated changes in body

composition and organ function are dynamic, and major

physiological changes occur during the first decade of life

[8]. Dose adjustments in the pediatric population based on

body weight (BWT) or body surface area (BSA), without

considering developmental growth, may be inappropriate

since BWT or BSA do not represent the true nature of

overall organ function in children [9]. Notably, the factors

that substantially influence the pharmacokinetics of drugs

are physiological (tissue volumes and blood flow rates,

renal and biliary excretion), physicochemical (tissue–blood

partition coefficients), and biochemical (rates of xenobiotic

metabolism) [7].

Consequently, pharmacokinetic studies in a given

appropriate age group are indispensable for safe and

effective drug therapy for children. Only recently, a pop-

ulation pharmacokinetic modeling of bevacizumab based

on different clinical studies in children with both sarcomas

and CNS malignancies has been elaborated [10]. The final

model included BWT, serum albumin, gender, and tumor

localization. Thereby, the authors showed that bodyweight-

dependent bevacizumab dosing is safe across all age

groups. Interestingly, the clearance (CL) of bevacizumab in

patients with CNS tumors was described to be markedly

lower compared with sarcoma patients. The study popu-

lation also included 12 children under the age of 3 years,

but patients with CNS tumors and patients with sarcomas

were not analyzed separately. Thus, further data from this

particular age group of pediatric patients with CNS

malignancies are of special interest. In this study, we pre-

sent data on the pharmacokinetics and safety of beva-

cizumab in children under the age of 3 years with CNS

tumors.

2 Patients and Methods

2.1 Patients and Eligibility Criteria

All patients were treated with intravenously administered

bevacizumab for therapeutic reasons. Other eligibility cri-

teria included (1) life expectancy of at least 8 weeks; (2)

written informed consent from parents; (3) serum creatinine

\1.5 mg/dl; (4) total serum bilirubin\2.0 mg/dl and ala-

nine aminotransferase (ALT)\59 the upper limit of nor-

mal; and (5) platelet count [40,000/mm3 within 48 h

before the first treatment.

The study protocol was approved by the Ethics Com-

mittee of the Medical University of Vienna and registered

in the European Clinical Trials Database (EudraCT Num-

ber 2009-013024-23). Patient history and physical exami-

nation, including height, weight, blood pressure, and

laboratory tests (including urine stix), were obtained prior

to initiation of treatment and at every administration of

bevacizumab thereafter. Cranial magnetic resonance

imaging (MRI) with and without contrast was obtained

before the first treatment and every 3 months thereafter, as

well as basal hormone levels (thyroid-stimulating hormone

[TSH], free T4 [fT4], luteinizing hormone [LH], follicle-

stimulating hormone [FSH], cortisol), since hypothy-

roidism is a known side effect of bevacizumab in children

[11].

2.2 Drug Administration and Pharmacokinetic

Study

Bevacizumab was administered as an intravenous infusion

at a dose of 10 mg/kg over 30 min, every 2 weeks.

For the pharmacokinetic study, approximately 1.2 ml of

venous blood was collected into tubes without added

anticoagulant before and immediately after administration

of bevacizumab. Due to the long half-life (t�) of beva-

cizumab, two measurement time points per dosing interval

at steady state were considered adequate to determine

whether sufficient drug concentrations were reached in

young children, with the given dosing regimen. Moreover,

it was considered ethically appropriate to minimize the

number of blood samples in infants with tumors. Blood

samples were kept on ice for a maximum of 60 min and

were then centrifuged at ?4 �C and 3000 rpm for 10 min;

cells were discharged and serum was obtained. Serum was

snap frozen at -20 �C. Thereafter, samples were stored at

approximately -80 �C until analysis.

2.3 Bioanalytical Assay and Pharmacokinetic Data

Analysis

Bevacizumab concentrations were determined using an

enzyme-linked immunosorbent assay (ELISA), according

to the manufacturer’s instructions. Briefly, snap-frozen

serum aliquots were thawed on ice before they were sub-

jected to analysis in triplicate. The minimum quantifiable

concentration in human serum was 30 ng/mL (Matriks

Biotech, Ankara, Turkey), and detected values were vali-

dated with a calibration curve. Trough and peak
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concentrations at steady state were available from two

children from four therapy cycles, and from one child from

two therapy cycles. Thus, 20 pharmacokinetic samples

from a total of 10 therapy cycles at steady state could be

analyzed.

Due to the limited number of sampling time points and

known pharmacokinetic properties (long t�) of beva-

cizumab, the following estimations were performed (from

non-fitted data): the equation [ln(C1) - ln(C2)]/dosing

interval s was employed to calculate the individual elimi-

nation rate constant kel (using corresponding values of

Cpeak,ss as C1, and Ctrough,ss as C2) at steady state. Beva-

cizumab concentrations were considered steady state if

patients had received at least four previous cycles of

bevacizumab before pharmacokinetic study samples were

obtained. The equation ln(2)/kel was used to determine

plasma t� of bevacizumab at steady state. The area under

the concentration–time curve (AUC) during one dosing

interval s at steady state (AUCs,ss) was calculated using the

linear trapezoidal rule as s 9 (Cpeak,ss ? Ctrough,ss)/2, as

well as the logarithmic trapezoidal method. Unless indi-

cated otherwise, values are presented as mean ± standard

deviation.

Serum albumin concentrations of all treatment cycles

were available, and the pharmacokinetics of these cycles

were calculated according to a previously published model

[10].

2.4 Assessment of Toxicity

Toxicities were evaluated in a prospective manner and

assessment was performed at least every 2 weeks or as

necessary. Adverse events were graded based on the

Common Terminology Criteria for Adverse Events v.3.0.

Patients were considered assessable for toxicity if they

received at least one dose of bevacizumab.

3 Results

3.1 Patients

Pharmacokinetic studies were performed in a total of three

female children under the age of 3 years (11, 25, and

31 months at first administration) who were treated with

10 mg/kg bevacizumab every 2 weeks. Details of the

clinical characteristics are provided in Table 1.

Two of the patients (25 and 31 months of age) with

neurofibromatosis type 1 and optic pathway gliomas were

treated with carboplatin/vincristine according to the

LGG2004 trial [12], augmented with bevacizumab to pre-

serve vision. One patient with malignant rhabdoid tumors

in the kidney and brain was treated with nephrectomy and

conventional chemotherapy [13]. After repeated progres-

sions, the patient was switched to a metronomic anti-an-

giogenic regimen including bevacizumab [2].

3.2 Toxicity

Bevacizumab was generally well-tolerated with the

administered dose of 10 mg/kg in this age group. Since all

patients received concurrent systemic chemotherapy, the

toxicity of bevacizumab could not be assessed indepen-

dently. No tumor hemorrhages were observed. Side effects

occurring during the treatment period with bevacizumab

and chemotherapy included neutropenia in 1/3 patients

(grade IV), proteinuria in 2/3 patients (grade I), hematuria

in 1/3 patients (grade I), and new onset hypothyroidism in

1/3 patients. In one patient with optic pathway gliomas, a

wound-healing complication of her central venous access

device occurred after bevacizumab administration 1 day

after implantation. Additionally, the patient with malignant

rhabdoid tumors in the kidney and brain developed

hypertension (grade II). Serial height measurements of the

two children with optic pathway tumors showed consistent

progression along their percentile curve, while the patient

with malignant rhabdoid tumors in the kidney and brain

exhibited a decline in growth 18 months after initiating

bevacizumab, when she was already terminally ill.

3.3 Pharmacokinetics

The patients received repeated bevacizumab doses of

10 mg/kg. The previous infusion of bevacizumab was

always approximately 14 days (range 10–15) before study

sampling and study drug administration were performed.

Trough and peak samples (before and after infusion of

bevacizumab) were available from all three children before

and after intravenous administration of bevacizumab at

steady state.

After doses of 10 mg/kg every 2 weeks, bevacizumab

concentrations were relatively stable throughout the dosing

interval of 2 weeks. Overall, the mean peak concentration

after intravenous drug administration was 149 ± 13 lg/ml

(range 113–157) at steady state, and the mean trough

concentration 2 weeks after the last drug administration

was 127 ± 29 lg/ml (range 77–155).

The mean AUCs,ss was estimated to be 1810 ± 258 lg/
ml 9 d (day). When using the logarithmic trapezoidal rule,

a similar value of 1796 ± 272 lg/ml 9 d was calculated.

In this small sample size, the median t� at steady state of

all three children was calculated to be 77 days (range

15–574).

In a next step, we compared our results with a previ-

ously published model of pediatric bevacizumab pharma-

cokinetics [10]. Therefore, we predicted the CL for each
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peak concentration according to this model, taking into

account BWT and serum albumin levels (ALBU). All three

patients had serum albumin levels in the normal range,

without significant differences between the patients (mean

3.81 g/dl ± 0.28; p = 0.14). The applied formula was

CLi = 9.9 9 (BWTi/70)
0.75 9 (ALBUi/39)

-0.3 9 0.725.

The obtained concentration curves were then plotted

against the actually measured bevacizumab serum con-

centrations, including an additional time point after 7 days

in one patient (Fig. 1). Interestingly, the oldest patient

(patient 2) matched the model, whereas trough concentra-

tions of the two younger patients (patients 1 and 3) were

higher than expected from the model prediction, indicating

a markedly reduced CL of bevacizumab in very young

children with CNS malignancies compared with the model

prediction.

4 Discussion

Bevacizumab has demonstrated activity and safety in the

treatment of childhood brain tumors [2–6]. The purpose of

the present study was to evaluate the pharmacokinetics and

safety of bevacizumab in children under 3 years of age

with CNS malignancies.

The metabolism and elimination of bevacizumab is

similar to endogenous IgG, i.e. primarily via proteolytic

catabolism throughout the body, involving non-specific

elimination pathways such as the neonatal Fc receptor and

target-mediated elimination (e.g. VEGF-expressing

endothelial cells in the case of bevacizumab). Therefore,

CL of bevacizumab does not primarily rely on elimination

through the kidneys and liver [14–17].

Studies on the metabolism and elimination of mono-

clonal antibodies in infants have rarely been conducted.

The pharmacokinetics of humanized monoclonal antibod-

ies in premature infants and term infants is best studied for

respiratory syncytial virus (RSV)-neutralizing antibodies.

Compared with adults, the pharmacokinetic data of both

premature infants and infants showed a similar t� of RSV-

neutralizing antibodies after intravenous application of

approximately 20 days [18, 19].

Furthermore, pharmacokinetic studies of bevacizumab

in adult patients have demonstrated a t� of approximately

18 days following administration of a single intravenous

dose of bevacizumab [20–23]. Previous pediatric studies in

older children revealed comparable results to adult

patients. In the first pediatric pharmacokinetic study, con-

ducted in a heterogeneous group of eight children with

solid tumors and a broad age range, drug exposure of

bevacizumab was proportional to dose, with a median t�
value of 11.8 days [24], while a study of 27 children aged

7–18 years with osteosarcoma revealed a t� of 12.2 days

[25]. Recently, in a larger cohort of 232 pediatric patients

with a wide age range and either sarcomas or CNS

malignancies, bevacizumab exposure was similar in the

pediatric and adult populations, with a t� of 19.6 and

20 days, respectively [10]. Additionally, a population-

based pharmacokinetic model for bevacizumab has been

proposed. The cohort of 232 patients also included 12

children under the age of 3 years. However, no separate

calculations for children in this age group (\3 years) with

Table 1 Clinical characteristics of patients

Patient

number

Diagnosis Age at first

administration of

bevacizumab, months

Age at first PK

sampling,

months

Weight at first

PK sampling,

kg

Height at first

PK sampling,

cm

Overall number of

bevacizumab

applications

1 Rhabdoid syndrome—

ATRT (brain), RTK

(kidney)

11 17 8 (\3.

percentile)

75 (10.

percentile)

40

2 Optic pathway glioma

(NF1)

31 33 16 (90.

percentile)

99 (90.

percentile)

18

3 Optic pathway glioma

(NF1)

25 29 11 (10.

percentile)

89 (10.

percentile)

36

ATRT atypical teratoid rhabdoid tumor, RTK rhabdoid tumor of the kidney, NF1 neurofibromatosis type 1, PK pharmacokinetic

Fig. 1 Comparison of measured bevacizumab serum levels to

modeled pharmacokinetics from a previous population pharmacoki-

netic study. Symbols depict measured peak and trough bevacizumab

levels of patients 1–3 at given time points. Lines depict mean and

range of bevacizumab levels predicted by calculation using peak

level, serum albumin, and bodyweight with a previously published

model for bevacizumab pharmacokinetics [10]
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CNS tumors were conducted. This previous study revealed

a marked difference in pharmacokinetics between sarcoma

and CNS tumor patients (for the overall population,

including all age groups), as well as a remarkable BWT

effect in children under the age of 3 years [10]. The

mechanisms underlying the observed differences in the

pharmacokinetics of bevacizumab between sarcoma and

CNS tumor patients remain enigmatic. Potential reasons for

this include differences in tumor-induced inflammation,

tumor burden, or concomitant medication [10].

Consequently, there is special interest for a detailed

analysis of pharmacokinetics of bevacizumab in very

young children with brain tumors. A limitation of our study

is its small sample size, highlighting the necessity to focus

on this group of patients. According to our knowledge, this

is the first study that focused on serum concentrations of

bevacizumab at steady state after multiple intravenous

infusions of 10 mg/kg in children under the age of 3 years

with CNS malignancies. It is notable that the peak serum

concentrations were at a comparable level in all three

children, and remained constant and similar between dif-

ferent therapeutic cycles within the patients (intraindivid-

ually) when steady-state had been reached. This is in

agreement with the established pharmacokinetic properties

of bevacizumab [10, 20–25].

Despite similar absolute peak serum concentrations, the

t� of bevacizumab showed a broad range and was in the

upper range of those reported from previous pharmacoki-

netic studies. Of interest, the longest t� was observed in the

youngest child of our study. Furthermore, only the oldest

child with the highest BWT matched the previously pub-

lished model for bevacizumab pharmacokinetics in chil-

dren [10], whereas the two younger patients showed a

markedly lower CL. This effect might be due to an age- or

BWT-dependent effect, or differences in CL mechanisms

of antibodies.

Interestingly, despite the prolonged t�, maximal serum

concentrations remained on a comparable level with those

of both other children in our study, as well as with the

reported levels in previous studies including children and

adults [10, 23–25].

5 Conclusions

The present data confirm that exposure to bevacizumab in

children under the age of 3 years with CNS malignancies is

similar to that found in older children and adults, and the

toxicities were moderate and comparable with previous

reports [22–25]. Thus, a dosing schedule of 10 mg/kg

every 2 weeks can be considered sufficient, adequate, and

safe, even in very young children. These results are

important as bevacizumab is an effective treatment in order

to preserve vision in patients with optic pathway gliomas, a

disease frequently affecting very young children [6].

Therefore, bevacizumab is likely to be more widely applied

in very young children in the near future. In this context,

our finding that this age group shows a prolonged t� of

bevacizumab should be addressed in future clinical trials

for bevacizumab treatment in pediatric CNS malignancies.
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