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Abstract: Although pediatric doses for biotherapeutics aterobased on patients' body
weight (mg/kg) or body surface area (mé/minear body size dose adjustment is highly
empirical. Growth and maturity are also importaattbrs that affect the absorption,
distribution, metabolism and excretion (ADME) obluigics in pediatrics. The complexity
of the factors involved in pediatric pharmacokiogtiends to the reconsideration of body
size based dose adjustment. A proper dosing adgmstfar pediatrics should also provide
less intersubject variability in the pharmacokiogtiand/or pharmacodynamics of the
product compared with no dose adjustment. Bioldgirateins and peptides generally
share the same pharmacokinetic principle with smmadllecules, but the underlying
mechanism can be very different. Here, pediatrat @&fult pharmacokinetic parameters are
compared and summarized for selected biotherapeulite effect of body size on the
pediatric pharmacokinetics for these biologicalduats is discussed in the current review.
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1. Introduction

Due to the complexity and costs of pediatric saetyl efficacy studies, pharmaceutical companies
are somewhat reluctant to study drugs and biolbgicalucts in children. Without safety and efficacy
studies in children, physicians are often forceantike empirical assumptions to treat children on a
trial-and-error basis [1]. The clinical outcomes safch treatments in children can be promising,
marginal or harmful. Physiological development dgrchildhood can produce significant effects on
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drug absorption, distribution, metabolism and ettare After birth, the changes in gastrointestinal
absorption, secretion, motility, metabolism andsgort, as well as first-pass effects will affdoe t
absorption of the drug; the changes in body contipositissue perfusion and plasma protein binding
will affect the distribution of the drug; maturation cytochrome P450 enzyme-mediated metabolism
and phase Il metabolism will affect hepatic cleamrand maturation of glomerular filtration andakn
tubular function will affect renal clearance [2a beneral, all the effects of maturation on the
pharmacokinetics of a given drug are not well ustberd. Usually, drugs are given with two types of
dosing strategies: flat fixed dosing and body $&iased dosing (Figure 1 (a) and (b)). The most
common dosing approach for pediatrics is body serfarea (BSA)/body weight adjusted dosing.
Small children are rarely given the same dose aftsa(Figure 1a). However, a convenient dosing
approach that sometimes provides accurate dosithdean intersubject variability is often overlooked
by body size-based dosing. This dosing approachiges a fixed dose for a certain age or certain
body size group (Figure 1c). Fixed dosing for aigudtgroup provides quite a few advantages
compared to body size-based dosing: ease of pteparand administration, less risk of medical
errors, better patient compliance, and cost effengss. When body weight or BSA adjusted
pharmacokinetic parameters can explain the diffsxdyetween pediatrics and adults, body weight or
BSA dose adjustment can provide comparable expasyrediatrics as in adults. However, this is not
always the situation. More often, the trend ancemixtof the pharmacokinetic difference between
pediatrics and adults across different age groupsnat predictable. Clearance and volume of
distribution of drugs can be higher, but can alsteptially be lower in younger children, compared
with older children or adults [3]. Therefore, sim@ldjusting the pediatric dose according to theybod
weight/BSA may not be an accurate dosing approAgk. should also be taken into account for the
maturation in pediatrics. Sometimes, even taking iatp consideration for dose determination, might
still not accurately account for all variables tethto the different stages of maturation as weHthe
physiological differences between pediatrics andltadMore importantly, any dose adjustment should
decrease the variability in the resulting exposurgich would be proof that it makes sense to apply
this dose adjustment.

Figure 1. Drug dosing strategiesa)(An example of fixed dosingb] An example of body
size-based dosingc)(An example of fixed dosing by different age greumr different
body size groups.
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a. Flat Fixed Dosing b. Body Size- based Dosing c. Flat Fixed Dosing for A Group

1.1. General Pharmacokineticsin Pediatrics

The definitions of pharmacokinetics in children asefollows:

Premature: gestational age < 36 weeks
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Full-term: gestational age 36
Neonates: 0—1 months
Infants: 1-12 months
Children: 1-12 years
Adolescent: 12-16 years

Unlike adults, the pharmacokinetics in pediatriss remarkably affected by the growth and
development of children. Body composition and orfarction change over childhood development.
The total body water, extracellular fluid and icefular fluid constitution of the body weight in
fetuses, premature or full-term neonates, infaads|escent and adults are shown in Table 1 [4)%. T
total body water and extracellular fluid contenti@ases dramatically among premature or full-term
neonates and infants. Additionally, fat contributes3% of the total body weight in premature
neonates, and 12% of the total body weight in tiedin neonates; and it is more than 20% by the age
of 4-5 months. Protein mass in infants before #tayt walking is around 20% and increases to 40%
in adults. Lean muscle tissue contains about 75%niey weight. Therefore, total body water, fat and
muscle change at different ages may produce stgmifi changes in volume of distribution and
systemic concentration of the drug. Different oiganch as the heart, liver, and kidney account for
more body weight in children than in adults in gertage (Table 2. [4]). This can explain the cases
when infants or children have a faster body weigirinalized clearance than adults, since infants or
children have a relatively larger liver or kidnegrpody size compared with adults. The glomerular
filtration rate (GFR) is an important factor in dralearance. Table 3 lists the changes occurrirtigan
GFR and renal plasma flow (RPF) with age. Infaotshildren from an age of 1-10 days, to one
month and six months roughly double the GFR intkiiee stages [4]. GRF reaches maturation at the
age of one year and stays almost constant fromate of one to 70 years. The GRF/VECF
(extracellular fluid volume) ratio and GRF/BSA mtivas studied in 130 patients (age range 1-80
years; 40 patients < 12 years). Neither GFR-baseasaorement showed a significant correlation with
age in the children. In adults, GFR/VECF signifitarecreased with age; however, no significant
association was shown between age and GFR/BSAB[Eides measurements of GFR and RPF, the
cardiac output, Q(the volume of blood being pumpgdhe heart in the time interval of one minute),
may change by body weight (per kg) or by body si&fécardiac index = Q/BSA) in children at
different ages. The cytochrome P450 (CYP) enzymasstdute the major system for phase |
metabolism, and in some CYP enzymes appear to kehed on by birth, while in others onset was
later than birth [7,8]. However, for proteins argppdes, endopeptidase or receptor mediated transpo
processes are involved in hepatic metabolism idsté&£YP enzyme [9,10]. The guidance for general
industry considerations for pediatric pharmacokmstudies for drugs and biological products by the
FDA has summarized the effect of age and growthabsorption, distribution, metabolism and
excretion (ADME) and protein binding in pediatr[@4]. The guidance has also pointed out that “In
the pediatric population, growth and developmeal@nges in factors influencing ADME also lead to
changes in pharmacokinetic measures and/or paresnefe achieve AUC and Cmax values in
children similar to values associated with effeetigss and safety in adults, it may be important to
evaluate the pharmacokinetics of a drug over theeepediatric age range in which the drug will be
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used. Where growth and development are rapid, @ in dose within a single patient over time
may be important to maintain a stable systemic supn”

Table 1. Changes in the total body water, extracellulaidfland intracellular fluid
constitution of body weight with age.

Age Total body water (%) Extracellular fluid (%) Intracellular fluid (%)
Fetus (<3 months) 90 65 25
Neonate (Premature) 85 50 35
Neonate (Full-term) 75 40 35
Infant (4—6 months) 60 23 37
Adolescent 60 20 40
Adult 60 20 40

Table 2. Tissue distribution comparison between newborn addlts (organ weight
expressed as % of total body weight).

Organ Newborn Adults

Muscle 25 40
Skin 4 6
Heart 0.5 0.4
Liver 5 2

Kidney 1 0.5
Brain 2 2

Table 3. Renal function: changes in the glomerular filwatrate (GFR) and renal plasma
flow (RPF) with age.

Age GFR (mL/min) RPF (mL/min)
1-10 days 15-45 20-125
1 month 30-60 100-400
6 months 50-100 400-500
1 years 80-120 500-600
1-70 years 80-140 500-700
70-80 years 70-110 250-450
80-90 years 45-85 200-400

1.2. Pharmacokinetics of Proteins and Peptides

Generally, pharmacokinetic principles are equalppli@d to the large molecule proteins and
peptides and small conventional molecules. The nyidg mechanisms for absorption, distribution,
metabolism and excretion (ADME) of biologics areualty quite different from that of small
molecules [12,13]. Therefore, in order to interpagid apply the pharmacokinetics of biologics, a
thorough understating of ADME in these proteins gegtides is required. With few exceptions,

almost all proteins and peptides are administergd imtravenous, subcutaneous, or intramuscular
dosage forms.

1.2.1. Distribution

The volume of distribution of a molecule is affettBy its physiochemical properties (such as
lipophilicity and charge), protein binding, and pitdy active transporters. Due to the large size of
proteins and peptides, they usually exhibit smalumes of distribution, limited by the volume ogtth
extracellular space, due to their mobility and ifigbto pass through membranes [14,15]. However,
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binding to intravascular/extravascular proteinsaotive tissue uptake can significantly increase the
volume distribution of biologics [16]. The pharmé&otetics of proteins and peptides are usually
described by a two compartment model, and volundistfibution of the central compartment as well
as the steady-state volume of distribution (Vs® asually reported [17]. The typical volume of
distribution of the central compartment is equaklightly bigger than the plasma volume of 3-8 L,
and the Vss usually falls in the range of 14-2@ khould be noted that the assumption to obtais Vs
is not suitable for many biologics, since proteys peripheral tissues may contribute signifibaid

the overall elimination process of these drugs.[1Bherefore, caution should be taken when
interpreting Vss for proteins and peptides. Tak&badies for example: The Vss values reported & th
literature for antibody pharmacokinetics studiee asually based on noncompartmental analysis,
which assumes that the site of elimination reachp&l equilibrium with plasma and that elimination
is only through the central compartment. These mpions do not necessarily apply to antibodies
since antibodies also degrade in the tissues [RBjtein binding has been reported to affect the
transport and regulation of some proteins and geptsuch as growth hormone, recombinant human
growth factor, cytokines and fusion proteins (emfuvirtide) [18-21].

1.2.2. Elimination

Peptides usually have short elimination half-liwekjch is desirable for drugs like hormones, while
large proteins like antibodies have an eliminatiadf-life of around 21 days [13]. Biotechnological
peptides and proteins are almost exclusively mditadab through the same catabolic pathways as
dietary proteins and endogenous biologics. With fexceptions, renal or biliary excretions are
generally negligible for most peptides and proteiRsoteases and peptidase are widely available
throughout the body. Therefore, besides metabalsthe liver and kidneys, blood and other tissues
are also sites of extensive metabolism for protaimg peptides. Renal elimination was reported for
small proteins and peptides through predominantlyee routes. Glomerular filtration of
interleukin-11, growth hormone, and insulin was alié®d previously [22-24]. Some of the small
linear peptides are eliminated through hydrolysidhush border enzymes on the luminal membrane,
such as angoitensin I/ll, glucagons and luteiniznmgmone-releasing hormone [25-27]. Peritubular
extraction of immunoreactive growth hormone andilinshas also been reported [22,28]. Several
proteins and peptides were reported to be the maubstfor hepatic metabolism including insulin,
glucagon, epidermal growth factor, and antibodi€s29]. Endopeptidase or receptor mediated
transport processes were observed in the liveredis[9y10]. Many therapeutic proteins and peptides
are endogenous molecules; receptor-mediated uptdlkeved by intracellular metabolism can take
place in the organs that express receptors foethmdecules. Since the number of receptors isditit
saturation can happen within the therapeutic cdnagon range. This saturation of the
receptor-mediated elimination is a major sourcetrdouiting to nonlinear pharmacokinetics of many
proteins and peptides [30]. Nonlinear pharmacokisedue to receptor-mediated drug disposition has
been often reported for monoclonal antibodies [3]L,3

In the current review, we summarize the effect afiyosize (body weight or body surface area) or
age on pharmacokinetic parameters of selected @b products in pediatric patients such as
clearance, volume of distribution, area under theve (AUC), maximum concentration (Cmax),
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half-life, etc. Comparison of these parameters and the relaijpghhe parameters with body weight
and age between pediatrics and adults are alsoded! The current review selectively includes the
original clinical pharmacokinetic safety studiespediatrics that have recorded body weight/BSA or
age and/or incorporate body size and age in pharkivagtic analysis. The dosing strategy of biologics
in pediatrics is discussed accordingly.

2. Results and Discussion

An overview of the pharmacokinetics of selected F&pfproved proteins and peptides is presented
in Table 4. Comparison of the pharmacokinetic patans between pediatrics and adults, as well as
the effect of body size and/or age on these pammsate discussed in the following section.

2.1. Monoclonal Antibodies (mAbs)
2.1.1. Basiliximab

In a pharmacokinetic and dosing rational study, @@liatric renal transplant patients were
enrolled [33]. In part 1 of the study, pediatridipats were given 12 mg/of basiliximab; in study
part 2, infants and children received two 10 mgedoand adolescents received two 20 mg doses.
Basiliximab clearance in infants and children (85 17 £ 6 mL/h) was reported to be approximately
half that of adults (n = 169, 37 £ 15 mL/h) fronpeevious study [34], and was independent of age
(1-11 years), body weight (9-37 kg), and body serfarea (0.44—1.20%n Clearance in adolescents
(12-16 years, n =14, 31 £ 19 mL/h) was comparablbé adult values. A similar designed study was
carried out in liver transplant pediatric patief8S], and together, these data support a simpleagos
algorithm for basiliximab in pediatric transplardtignts. An adjusted fixed-dose of two x 10 mg is
recommended for pediatric patients weighing leas 86 kg, and two doses of 20 mg is recommended
for pediatric patients weighing 35 kg or more, juls? for adults.

In another study of basiliximab in pediatric renatipients on comedication with mycophenolate
mofetil, patients were classified by age as 16dchit (3—11 years) and 27 adolescents (12-18
years) [36]. This study confirmed that the dositgtegy mentioned by the studies above provides
consistent exposure for children and adolescentgly Burface area—adjusted basiliximab clearance
was reported to be significantly higher in childrétowever, children were given a higher dose than
adolescents (0.54 + 0.08. 0.42 + 0.08 mg/kg). Similar total AUC were obsehe the two groups
(101 £ 68 pg d/mL in childrems. 102 + 42 pg d/mL in adolescents), which resemithede of adults
(107 + 44 pg d/mL) from a previous study [37]. Sigantly larger central and steady-state volumes
of distribution were reported in children and adoknts than in adults, whereas half-lives were
similar, 10.1 £ 7.6, 12.1 £ 5.0 and 11.5 + 4.3 dayshildren, adolescents and adults, respectivaly.
the data implies that the body surface area adjudtsing approach does not offer any apparent
advantage over the simpler fixed-dose approach.
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Table 4. Pharmacokinetics of selected proteins and peptidpsdiatrics.

Generic Name Class Route Phar macokinetics

Alemtuzumab mAbs V. More rapid clearance in adldthan in adults.
CL (mL/h) in infants and children is about half tleditadults. Use 35 kg as a cut-

Basiliximab mAbs V. off weight for 10 or 20 mg in pediatrics.
Body weight (BW) based dose exhibits similar PK pams in children and

Bevacizumab mAbs V. adults, and large variability in both populations.
Dose-dependent nonlinear elimination. BSA basede dpsovides similar

Cetuximab mAbs i.v. exposure in children and adults, and age has ectaih PK.
The 4.2-fold range in CL, 7.4-fold range in V arss@roportional than a 12-fold

Daclizumab mAbs i.v. range in body weight
The lack of dose-proportionality is likely due tediatric population rather than

Darbepoetin Alfa  Growth factor i.v., s.c. nonlinear PK; neonates have a shorter half-lifiggdaV and CL than children.

Drotrecogin alfa Blood factor [AYA Weight-normalizetearance decreases significantly with age inepégi <18
years old.

Enfuvirtide Peptide S.C. One study justified bodsight (BW) based pediatric dosing.

Epoetin Alfa Growth factor i.v.,, s.c. CL (mL/h/kghd bioavailability in pediatrics were two-fold thfat in adults.

Epoetin Delta Growth factor i.v., s.c. BW adjusk parameters are similar in children and in adults

Etanercept Fusion protein s.C. The analysis jestifhe body weight based dose adjustment for etepem
JRA patients; gender difference was reported botiildren and adults.

Exenatide Incretin S.C. The max recommended alisk instead of half of the max dose was suggested
to be explored in adolescent patients.

Factor VIl Blood factor iv. Total body weight norhizzd clearance was significantly faster in chitdtban
in adults.

Factor VIII Blood factor i.v. BW adjusted clearancenmiL/h/ kg and Vss in L/ kg seems to decrease agih

Factor VIX Blood factor i.v. Higher weight-adjustéd. in children than adults.

Filgrastim Growth factor s.C. ANC-adjusted G-CSFidgsadjustment might improve PBPC mobilization in
pediatric patients.

Gemtuzumab mAbs iv. Both faster CL (L/h) and CL (bif)/in adults than children and infants.

Humatrope Growth hormone  s.C. No significant effedt weight and age on humatrope pharmacoKinetic
parameters.

Infliximab mAbs i.v. BW based dose provides similexposure in children and adults; PK of
infliximab does not differ as age increases.

Insulin aspart Insulin s.C. In pediatrics, inswgpart had a quicker onset than human insulin;rebpa a
higher exposure in adolescents than in children.

Insulin detemir Insulin iV. Less PK variability insulin determir than glargine.

Insulin glulisin Insulin V. The profile of insuliglulisine is similar for children and adolescem#ereas
human insulin exhibits higher level in adolescents.

Interferone2a Interferon S.C. Higher drug exposure in pedigtrivide intersubject variability suggests further
individualized dosing.

Interferone2b Interferon V. BSA based PK parameters in pedgts about twice that in adults.

Interferonenl Interferon iv., i.m. No BW/BSA or age affect wdsscussed. Slightly lower exposure in pediatrics
than in adults.

Interleukin Cytokines iV, s.c. Higher rhiL-11 alance in pediatrics than adults

Asparaginase Enzyme i.m, i.p. After adjusting dogdSA, neither age nor the BSA had any influencehen
distribution.

LB03002 Growth hormone  s.c. Body weight adjusted ripsiives comparable exposure in pediatrics to in
adults.

Natalizumab mAbs i.v. BW base dose tends to underddslescents.

Nutropin Growth hormone  s.c. Drug exposure was@yprately proportional to the dose.

Palivizumab mAbs i.v., i.m. BW based dose for palivhab, but body weight effect not discussed; no
significant clinical outcome between placebo, 5 Ahdng/kg were observed.

Somatropin Growth hormone  Inhaled No significanfeeff of weight and age on somatropin pharmacoldneti
parameters.

Zomacton Growth hormone  s.c. No BW/BSA or age coticrla was analyzed for its pharmacokinetic
parameters.

i.v.. intravenous; s.c.. subcutaneous; mAbs: maradl antibodies; CL: clearance, PK:

pharmacokinetics, BSA: body surface area, V: Volwhelistribution, JRA: juvenile rheumatoid
arthritis, ANC: absolute neutrophil count, G-CSKFamulocytecolony simulating factor, PBPC:
peripheral blood progenitor cell, rhiL-11: interkeo-11.



Phar maceutics 2010, 2 396

2.1.2. Daclizumab

In a study of daclizumab, pediatric renal transptanipients were divided into different age groups
(£ 5 years (n = 18), 6-12 years (n = 18), and 13-dafsy(n = 25)), and the analysis indicated that
bodyweight and race (blacks. nonblack) were found to be significant influences the
pharmacokinetics of daclizumab in pediatric patdB8]. A 4.2-fold range in Clearance (CL)
(4.50-19.0 mL/h) and a 7.4-fold range in centrduree of distribution (V1: 0.64—-4.71 L) were less
proportional than a 12-fold range of bodyweight{B9.5 kg). As a result, body weight adjusted
dosing leads to lower exposure in the younger pageoup (<5 years), and higher exposure in paient
with larger body weight. The pharmadynamic resshewed that the difference in exposure did not
affect the safety and extent of daclizumab satomat different age groups.

2.1.3. Palivizumab

The intramuscular humanized monoclonal antibodyvizaimab was studied in premature infants
and infants with bronchopulmonary dysplasia usimglybweight adjusted dosing [39]. Sixty-five
infants (ages 4.6 to 7.6 months) were enrolledlmdiw 11 (17%) received 5 mg/kg, six (9%) received
10 mg/kg and 48 (74%) received 15 mg/kg palivizumigllean serum palivizumab concentrations
(ranges) measured at two days were 28.4 ug/mL432.0) and 91.1 pg/mL (52.3-174.0) for the
5 mg/kg and 15 mg/kg dose groups, respectively, atel 30 days the palivizumab levels were
12.5 (4.2 to 26.2) and 49.2 (13.5 to 132.0) pg/mhe study concluded that monthly injections of
15 mg/kg were able to maintain mean serum cond@ms above 40 pg/mL. The safety and
pharmacokinetics of palivizumab was studied in BlBdeen <2 years with respiratory syncytial virus
infection [40]. Mean palivizumab levels were 61./2da303.4 pg/mL at 60 min after infusion and
11.2 and 38.4 ug/mL at 30 days after infusion ahfl 15 mg/kg palivizumab, respectively. The mean
half-lives were 22.6 and 16.8 days after the idfngf 5 and 15 mg/kg palivizumab, respectively. The
mean area under the curve was 487 pug/mL after kgnghd 2386 pg/mL after 15 mg/kg. No
significant differences in clinical outcomes betweplacebo and 5 or 15 mg/kg palivizumab
were observed.

2.1.4. Infliximab

Infliximab was studied for the first time in a dial trial in patients younger than 12 months (six
infants and 10 children) [41].The pharmacokinetidsinfliximab (5 mg/kg) did not differ as age
increased. Standard body weight adjusted dosingiged peak concentrations similar to those
reported previously, regardless of subject age.pak concentrations were similar to those observed
in a study with peak and trough levels reportedradt dose of 6 mg/kg in 62 children (ages 4 to 17
years) with pauciarticular juvenile rheumatoid atif[42]. The single dose of 5 mg/kg used in the
study with infants and children exhibited compagabystemic infliximab exposure to that reported
previously for therapeutic drug monitoring of iflnab in adolescents and adults [43]. The estimated
pharmacokinetic parameters median (CV) in the fiediatric patients were volume of distribution (V)
3.0 L (13%), clearance (CL) 0.0083 L/h (40%), armif-hfe (t1/2) 10.9 days (20%) [43]. The
parameters are consistent with a study by Cornilieg reported a median t1/2 of 9.5 days and a
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median CL of 0.0098 L/h [44], and another studyt teported a t1/2 of 8-12 days (n = 108, 1, 5, 10,
20 mg/kg) [45]. In yet another study, 21 pediatreaged 817 years, were given an infliximab dose of
1, 5, or 10 mg/kg. Serum infliximab concentratiovere reported to be proportional to the dose, and
the pharmacokinetic profile of the pediatric patsewas similar to that of adults [46].

2.1.5. Gemtuzumab

Gemtuzumab is derived from the murine anti-CD33ibaaly hP67.6. In a pediatric
pharmacokinetic study of gentuzumab, twenty-ningepgs were grouped into three age categories:
infants (0-2 years), children (3-11 years), andestents (12—-16 years) [47]. Dosages of 6, 7.8, an
9 mg/nf gentuzumab were given to the pediatric patientsrfacokinetic parameters of hP67.6
antibody for the first dose are consistent andissieally different from that of the second dose.
Increases in AUC and decreases in CL and Vss flanfitst dose to the second dose in pediatrics
agree with those reported for the adults. Repamedn pharmacokinetic parameters in pediatrics are
similar to the values reported in adults [48]. @teéh given the dose of 9 mgirhad the hP67.6
parameters of: Cmax, 3.47 + 1.04 mg/L; AUC, 136 @7 Img-h/L; CL, 0.12 + 0.15 L/h/m
Vss, 6.5 £5.5L; and t1/2, 64 + 44 h after thetfolose. Concentratiors. time profiles of hP67.6 was
similar for the first dose among age. The mean Cfoainfants was a bit lower than for children, and
the Cmax for children was 22.8% higher than for ddelescents. The AUC of infants and children
were 2.3% and 33.5% higher than adolescents. Cinfants and children was 80.9% and 72.0%
lower, respectively, than in the adolescents. The(IGh) values after administration of 9 md/m
gentuzumab in infants, children, adolescents amndtsadiere 0.03 £ 0.02, 0.06 = 0.03, 0.26 + 0.30 and
0.27 + 0.23, respectively. The body surface argassetl CL (L/h/mi) values in infants, children,
adolescents and adults were 0.05 + 0.02, 0.05 %, @A7 + 0.21 and 0.15 + 0.13, respectively.
Therefore, both absolute CL (L/h) and body surfaea adjusted CL (L/h/fhincrease from infants to
adult age. Volume of distribution showed the samed: values were lower in infants and children
than in adolescents. Body weight adjusted Vss (Lykas larger in adults and infants than in children
and adolescents. There was no statistically siamti correlation observed between hP67.6 CL and
body weight or CL and age. Intersubject variabilgithin age groups was relatively large for the
pharmacokinetic parameters. Overall, the body sarfarea adjusted dose provides comparable
exposure for pediatric patients.

2.1.6. Alemtuzumab (Campath-1H)

In a phase Il study, Campath-1H 0.6 mg/kg (max 3f) mas administered in 13 (eight male)
pediatric patients with a median (range) age ohte{@—20) years [49]. The study concluded that
Campath-1H exposure in pediatrics with acute lyniydstic leukemia (ALL) tends to be lower than
that in adults with chronic lymphocytic leukemial{Q [50], and this observation may be due to the
more rapid clearance in children. This indicateat tthildren may have higher body weight normalized
clearance than adults. Mouldt al. reported that adult patients with a Campath-1Bugh
concentrations >13.2 mg/mL had a 50% chance ofesuig either complete remission or partial
remission [50], while Montilleet al. reported that all patients with a Campath-1H AUTD>5 mg hr/mL
achieved a complete remission [51]. In a study @fC3.L patients, mean peak and trough plasma
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concentration was 10.7 mg/mL (2.8-26.4 mg/mL) ardrbg/mL (0.5 to 18.3 mg/mL). It was found
that not all patients showed beneficial clinicaspense, and higher blood peak concentrations
correlated with better clinical outcome [52].

2.1.7. Cetuximab

In a phase | study, 27 children (aged 1-12 yeard)1® adolescents (aged 13-18 years) received
escalating weekly doses of cetuximab (75, 150, a§0rf) [53]. In the dose range studied, cetuximab
exhibited nonlinear pharmacokinetics, since the AUI@ not increase proportionally as the dose
increased. The clearance after non-compartmentdlysia decreased with increasing dose in both
children and adolescents. In children, clearanazedsed from 0.057 to 0.015 L/H-ms cetuximab
dose increased from 75 to 250 m@/nSimilar results were reported in adolescents. The
receptor-mediated clearance might explain this -diegeendent elimination of cetuximab, and the
receptors are likely to be saturated at higher slofbe mean steady-state volume of distribution
across all doses and age groups was around 2, Irdicating limited distribution of cetuximab into
the extracellular space. Overall, cetuximab exkilbibnlinear pharmacokinetics and similar profiles
among age groups. Estimates of the pharmacokipatemeters (clearance, area under the curve, and
volume of distribution) at steady state in both ¢héddren and adolescent subgroups were comparable
to those previously reported in adults [54]. Thelypsurface area adjusted dosing seems to provide
consistent exposure in children and adolescentgpamesd to that of adults, and the pharmacokinetics
does not seem to correlate with age in pediatiilepes.

2.1.8. Bevacizumab

In a phase | study of 20 pediatric cancer patieaged 1 to 20 years (median 13 years), 10 females
and 10 males, bevacizumab exposure was proporttondbse (5, 10, 15 mg/kg) [55]. The study
showed a large degree of interpatient variabilitychildren, which was similar to that observed in
adults [56]. Bevacizumab exhibits linear pharmacekcs at the dose range of 1 to 20 mg/kg in
adults [56]. Median clearance and mean residenoeiti children and adults were 44 3.9 mL/d/kg
and 16.3vs. 12.4 days, respectively [55,56]. In a populatiomnpmacokinetic study of bevacizumab,
gender difference was found in adult patients [64d}, with a limited number of pediatric patientse t
gender analysis was not performed in the study. [50]

2.1.9. Natalizumab

In a pediatric study, 38 adolescent patients (dgeel7 years) with active pediatric Crohn Disease
received three intravenous infusions of natalizung@dbmg/kg) at 0, 4 and 8 weeks [58]. The
natalizumab peak level and half-life after thetfmad third infusions were 61\3. 66.3 mg/mL and
92.3 vs. 96.3 h. Natalizumab showed time-invariant pharrkengiics and no accumulation on
repeated monthly dosing. The Cmax and half-lifenafalizumab (3 mg/kg) in the adolescents were
reported to be lower and shorter compared witheghiosdults after a fixed dose of 300 mg. The study
showed that the dose of 3 mg/kg in adolescent miatienay reduce the symptoms of severe or
moderate Crohn Disease. Overall, the study condlubat the magnitude of the clinical benefit to
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adolescent patients is unknown, because the bodyhtveased dosing of 3 mg/kg did not provide
adequate receptor saturation in adolescents. Thdy 9s an example where simple body weight
adjustment for dose in adolescents has the poténtimderdose the population.

2.2. Growth Factors
2.2.1. Epoetin Alfa and Delta

In a pharmacokinetic and pharmacodynamic studg2athildren enrolled with cancer, six (median
age 15.2 years; range 9.3-18.6 years) were randdntiz receive erythropoietin (EPO) [59]. In this
study, children were randomized to receive i.v. E6@D 1U/kg (max dose 40,000 IU) or placebo
weekly for 16 weeks. Doses for all the children evarcreased to 900 IU/kg (max dose 60,000 1U)
since a 1 g/dL increase in hemoglobin was not efeseby study week 3 or 4. EPO clearance after the
first dose showed relatively big intersubject vhiligy (0.19-1.08 L/h/rf), but the clearance after the
10th and 11th dose showed much less intersubjeigtbility (0.15 to 0.25 L/h/rf). Additionally, the
AUC_40f EPO increased proportionally with EPO dose asthchildren.

In a previous study in adults, the mean half-lifel @learance after the first EPO dose were 7.7 h
(range 3.5-12.6 h) and 0.4 L/h (range 0.3-0.7 Légpectively [60]. If adjusting for BSA, the study
exhibits similar pharmacokinetic parameters asath@ve study in children with cancer. For example,
an adult with a typical BSA of 1.73’rhas clearance of 0.4 L/h, which equates to 0.2m%hAnother
intravenous EPO (40 1U/kg) study in children (age€dl6 years) reported a mean half-life and
clearance of 5.6 h (range 4.4-6.7 h) and 10.1 rkg/frange 7.1-14.9 mL/h/kg) [61]. The study also
concluded that after i.v. administration, clearamc@ediatrics was two-fold that in adults, andeaft
s.c. dosing, bioavailability was two-fold of that adults. This study showed similar clearance & th
cancer children study when adjusting the clearamcancer children for body weight (12.4 mL/h/kg).
Unlike the above studies in children, prematuranis (birth weight < 1.25 kg) showed greater serum
erythropoietin clearance and larger volume of diation than adults [62]. Two more studies have
reported greater clearance in pre-term infants thdwlts after continuous intravenous or multiple
subcutaneous EPO administration, and larger bitbibily was reported in pre-term infants than
adults given subcutaneous EPO [62,63].

A population pharmacokinetics study of intravenausl subcutaneous epoetin delta in pediatric
patients with chronic kidney disease discussedctivariate effects on epoetin delta and epoetin alfa
pharmacokinetic parameters [64]. Of 60 patientspfdhem received i.v. or s.c epoetin delta anafL3
them received i.v. or s.c. epoetin alfa. In theydation pharmacokinetic modeling building, V and CL
were allometrically scaled by body weight by fixitige power exponents to 0.75 for CL and 1 for V.
Age was included in the final model by a power timt, normalized by the reference age of 10 years
for children older than 10; sex, dialysis type, ahrdg type were also included in the model. The
typical pharmacokinetic estimates were CL (0.26%)L/V (1.03 L), Ka (0.0554 1), and
bioavailability (0.708) for a 35 kg mate10 years who was given s.c. epoetin delta andedigdysis.
The epoetin delta pharmacokinetic parameters wienéas in children as compared with those in
adults when normalized by weight [65]. The subcetars epoetin alfa reported lower bioavailability
than subcutaneous epoetin delta.
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2.2.2. Darbepoetin Alfa

This was a randomized, open-label, crossover stodgediatric patients with chronic kidney
disease (CKD), with a mean age of 11 (range 3-16sy¢66]. Twelve patients with CKD were
randomized to receive a single dose of {iy&kg i.v. or s.c darbepoetin alfa. The mean clesgaand
half-life of darbepoetin alfa was 2.3 mL/h/ kg a2&.1 h after i.v. administration. Absorption was
shown to be the rate limiting step after s.c. dade¢in alfa; the mean half-life was 42.8 h and mean
bioavailability was 54%. Beside slightly faster afpgtion for s.c. administration, darbepoetin alfa
disposition in pediatrics were shown to be similarthat in adults patients [67]. Darbepoetin alfa
exhibited roughly two- to four-fold longer terminbblf-life than previously reported in epoetin in
pediatric patients [61]. Previous studies in agaltients with CKD showed that the darbepoetin alfa
half-life was approximately three-fold longer thtmat of i.v. epoetin (25.3 ks. 8.5 h) and around
two -fold longer than s.c. epoetin (48.441 24 h) [67-69]. In another study in pediatric pats with
chemotherapy-induced anemia (CIA), 16 patients (meege 12 years, range 5-18 years) were given
darbepoetin alfa 2.2bg/kg subcutaneously [70]. After a single dose of darbepoetin alfa, the mean
(SD) terminal half-life of 49.4 (32) h was found be similar to the 48.2 h in pediatric CKD
patients [66]. The lack of dose-proportionalitytie Cmax between the Oug/kg in the CKD patients
and 2.25ug/kg in the CIA patients is likely due to populatigifferences rather than nonlinear
pharmacokinetics. Darbepoetin alfa showed linearmplacokinetics in adults patients.

In a study in neonates, a single i.v. dose (4 mgdkglarbepoetin was given to 10 neonates who had
a hemoglobir< 10.5 g/dL. The birth weight of the neonates wd28,9 (median, ranged from 704 to
3,025 g), and were 26.0-40.0 weeks old (mediar2 @@eks). The mean (range) half-life, V and CL
in the pre-term neonates were 10.1 h (range 9.8-8%.0.77 L/kg (range 0.18-3.05 L/kg), and
52.8 mL/h/kg (range 22.4-158.0 mL/h/kg) respecyivatl preterm neonates, there was no significant
correlation between age and darbepoetin pharmaetkiparameters. V was found to be correlated
with both age and gestational age in the term amdr-term neonates. Darbepoetin i.v.
pharmacokinetics in neonates was compared witldrem| and neonates had a shorter half-life, a
larger V and larger CL than children [71].

2.2.3. Filgrastim

A different dosage adjustment, other than body fatedg age based dose, was used for granulocyte-
colony stimulating factor (G-CSF) in pediatric ais, aged two to 17 years [72]. Because G-CSF
clearance increases with increasing absolute nautroount (ANC), the dose optimizing study of
G-CSF was conducted by giving eight patients fdgm at a single dose of 10 mg/kg/day
subcutaneously for peripheral blood progenitor c@®BPC) mobilization. This preliminary
pharmacokinetics of G-CSF seems to indicate thaM@-adjusted G-CSF dosing adjustment might
improve PBPC mobilization in pediatric patients.

2.3. Interferon

In a phase | pharmacokinetic study of interfesmh{IFN-anl), 12 children, aged 3-15 years, with
relapsed acute lymphocyte leukemia (ALL) were giVeN-anl intravenously or intramuscularly for
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over 25 days [73].Single doses of 2.5 to 15 M&(tatal doses of 60 to 200 MUfwere given to the
subjects. The serum levels of IFN and the AUC vearelar to those reported in adult cancer patients,
but slightly lower [74]. The study did not discube body surface area, body weight or age effect on
pharmacokinetic parameters. The individual AUC wesorted, but due to the unknown information
of the total dose, the relationship of age or baiye with dose adjusted AUC could not
be evaluated.

A safety and pharmacokinetic study of PEG-interfieatpha2a was done in 14 children, aged 2-8
years (mean age 4.4 years) with chronic hepatitissvinfection (HCV) [75]. Mean (range) weight
was 20.1 kg (13.3-45.3 kg). The drug dose was ledbml based on the patients’ body surface area
(BSA) using the formula BSA (f(1.73 nf) x 180 pug. BSA was found as a linear covariate for
apparent clearance and body weight was found t@ bieear covariate for apparent volume of
distribution of the central compartment. The stughowed wide intersubject variability with the
apparent clearance range of 6.6—-35.5 mL/h in thpeldatric patients, which suggested the necessity
of individualized dosing. When compared with datanf a phase Il 48-week adult study, the mean
Ctrough in children was comparable to that in ad#6]. The mean AUgssn Was 25% higher
in pediatrics than in adult. Standard interferddR) has shown better efficacy in pediatric patignts
additionally, children seem to tolerate pegylat®t- Ibetter than adults. As a result, the study
concluded that the higher drug exposure in pedipiiients may have potentially good efficacy ourtes.

Among the 56 pediatric patients (ages 3-16 yearkd \participated in the multiple-dose
pharmacokinetic interferon alfa-2b study, 20, 19 47 subjects received 8, 12, and 15 mg/kg/d of
ribavirin, respectively [77]. Median (range) bodyeight of the subjects was 40.4 kg (10-95). The
pharmacokinetics of interferon alfa-2b in childas approximately twice that of adults on a body
surface area basis. The dose normalized AlJCand Cmax were similar to the multiple-dose
pharmacokinetics in adults.

2.4. Blood Factors
2.4.1. Factor VII

Pharmacokinetics of activated recombinant coaguratactor VIl (NovoSeven) was compared in
childrenvs. adults with hemophilia A [78]. Twelve children (22-%ears) received rFVlla at one single
dose of 90 and 180 upg/kg. In children, the plasid# Eoncentration was dose proportional in the
dose range of 90-180 pg/kg. Direct comparison ef risults for adults (ages 18-55 years) and
children (2—-12 years) reflects that plasma cleagamas significantly higher in pediatrics than ksl
for both the FVII:C and FVlla clot activity assayBhe total body weight normalized clearance was
significantly faster in children than in adults wiboth assays (rFVII:C, 5&. 39 mL/kg/ h and rFVlia,

78 vs. 53 mL/kg/ h). This difference suggests a highetaiealic activity per kg body weight in
children than in adults and is likely correlatedhnage-related differences in body compositionhsuc
as different liver volume per kg body weight, agyously described [79]. This difference also
suggested a higher dose of rFVII might be neededHiddren to achieve the comparable levels to in
adults. The relationship between clearance andnweigs illustrated by a linear regression in aeevi
as CL (mL/kg/h) = 76.8-0.488 x (Weight-43.6 kg)<{j0.002) [80]. Volume of distribution at steady
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state tends to be larger in children than in adudtd not significantly (196s/s. 159 mL/kg). The
dose-normalized AUCO0-12 was 30% lower in childreant in adults. This study is important for
pediatric dosing of FVII as it provides predictaplegarmacokinetics in children.

2.4.2. Factor VI

A study for the first time analyzed the effect geaand body mass index (BMI) on pharmacokinetic
parameters in young children for prediction of dpsaegimen [81]. Pediatric patients (52 boys, one
girl, mean + SD age 3.1 = 1.5 years) were givenir@mavenous bolus dose of rAHF-PFM
(recombinant anti-hemophilic factor-protein-free thoel) of 50 IU/ kg. BMI was a significant
predictor of Factor VIII distribution. Vss decredsénearly as BMI increased, and age was a
significant covariate for half-life and MRT. In aher study of rAHF-PFM with 111 subjects, with a
median age of 18, rAHF-PFM mean (xSD) half-life wigs0 + 4.3 h [82]. A study in a premature
infant showed the half-life of Factor VIl was 6.43and 6—20 h in children from other studies [83].

Twenty-one patients (aged 8-42 years), includingpéd@iatric patients, received single doses of
24-51 U/ kg [84]. The pharmacokinetic parametersev@_: 81-606 mL/h, V: 1.6-9.7 L, half-life: 7.8
to 18.3 h. Weight was found to correlate with cdeae and Vss, and a positive correlation of age and
half-life was reported. It was shown that when bedight increased from 40 to 80 kg, this 100%
increase in body weight corresponded to an increag% in clearance and an increase of 60% in
Vss. Clearly, this increase of clearance and Vssnas proportional to the weight change.
Normalization of clearance and Vss for total bodgight will therefore not correctly explain the
interindividual differences but rather over-corrduem. Additionally, body weight adjusted clearance
in mL/h/ kg and Vss in L/ kg seems to decrease ag®. The half-life of FVIII tended to be shorter i
pediatrics than in adults.

In a retrospective study, patients 7—77 years olte (child, 16 teenagers, and 44 adults; body
weight 21 to 120 kg) were given FVIII to determitie pharmacokinetics of FVIII [85]. The body
weight normalized pharmacokinetic parameters ofgteds were comparable with those observed in
adults. Covariate analysis showed that V1 is sicgmitly related to body weight and BSA. Including
BSA in the model substantially decreased the uraex@d V1 variability (from 34.1% to 21.1%).

In a study of factor VIII (FVIII), 34 patients (ad&—74 years), including 16 children, were used for
model building [86]. Body weight and age were fouttd be significant covariates. FVIII was
administered at around 60 U/kg in the small childréecreasing to 10 U/kg or less in middle age
patients. The dose requirements after obtainingiteal PK data showed a much greater variation
than the dose range used. Weight normalized clear@@lL/kg) of FVIII has been reported to decrease
with age and/or body weight during growth from méy to adulthood, and half-life showed the
opposite trend [84,87,88]. Pharmacokinetics of FwWiikas well described by a two-compartment
model. In the model building process, the expomentiearance and volume of distribution was set to
0.75 for the clearance parameters (CL and Q) aridftw the volume (V1 and V2) terms. In addition
to the influence of body weight on clearance, dgeved a significant effect only on weight-adjusted
CL, which decreased by 1.5 mL/h per year of ageh waitreference age of 24. Age showed no
significant correlation with weight-adjusted V1, i was in line with a previous observation that ag
was not correlated witin vivo recovery (Cmax divided by dose) [89]. The studpatoded that the
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right dosage of FVIII cannot be only calculatednirdoody weight and/or age, and suggested that
starting doses for most patients should be 1,008v&fy other day. Individual FVIII concentrations
should then be checked for further dose adjustment.

2.4.3. Factor IX

A six-year follow-up study was done for coagulatiaetor, Factor VIII and Factor XI (FIX), in
children and adults with hemophilia [90]. The medi@L of FVII:C was 3.0 (range, 1.1-9.9)
mL/h/kg, the Vss was 0.050 (0.028-0.129) L/kg, dne half-life was 11 (5.1-33) h. Clearance
increased with increasing body weight in this patgopulation. A 100% increase in weight, from 40
to 80 kg, corresponds with a 39% increase in CLFIot. The median CL of FIX:C was 3.9 (2.9-4.5)
mL/h/ kg, the Vss was 0.14 (0.08-0.20) L/kg, and tialf-life was 32 (26—49) h. The prophylactic
dose of coagulation factor, in U/kg, was higherdbildren, especially small children, because ef th
higher weight-adjusted CL in children than adults.

Pharmacokinetics of Factor IX was studied in 58emds, aged 4-56 years [91]. FIX:C clearance
and volume of distribution at steady state incrddsearly with body weight, with a faster increase
children and adolescents but remaining relativelystant during adulthood. The body weight adjusted
CL and Vss, shown as functions of age, indicate@ease of 0.68% of CL/body weight per year,
and CL/lean body mass decreased by 0.40% per Varslope between the two regressions was not
statistically different, which indicates that dasdjustment of rFIX (recombinant FIX) to lean body
mass did not reduce this variability compared taybaveight dose adjustment. Vss/body weight
decreased by 0.68% per year, while Vss/lean bodssrdacreased by 0.38% per year, and were not
statistically different. The terminal half-life &i1X:C exhibited no correlation with age, nor MRTher
high intersubject variation in disposition and regd doses of rFIX suggests the need for individual
dose titration.

2.4.4. Drotrecogin Alfa

In the first study reporting the use of drotrecoglfa (activated) in pediatric patients, the overal
mean weight adjusted clearance was 0.53 L/h/kgsact infusion rates and age groups (n = 63). No
correlation was found between infusion rate and grgeip. Weight-normalized clearance decreased
significantly with age in patients <18 years oldthaugh combined pediatric and adult weight-
normalized clearance was not found to depend sigmfly on age or body weight. The mean
weight-normalized CL in patients <3 months (n = {08 L/h/kg) was 22% higher than that in all
patients three months or older (0.497 L/h/kg) aB&lothigher than that in adult patients (18 years or
older). The higher CL in the small children was ected to have slightly lower steady-state
concentration than in the older patients.

2.5. Hormones
2.5.1. Insulin Hormones

A trial enrolled 32 children and adolescents (I%sgnd 13 boys; aged 13 £ 2.5 years, range 6-17
years) to compare the pharmacokinetics of detemif glargine [92]. BMI was 15-24 kgfnfor
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children ages 6-12 years and 18—29 Kgfon adolescents ages 13—17 years, but the stubiynati
mention weight or age effect on variability of ttveo drugs. Pediatric patients were randomized to
receive a sequence of 0.4 U/kg of detemir and glargThe study concluded that the intersubject
variability in pharmacokinetics was significantiywler for detemir than for glargine in type 1 diadset
mellitus (T1DM) children and adolescent patientee Bmaller pharmacokinetic variability observed
was most likely due to the smaller variability ibsarption with detemir, which is also likely to be
associated with a more predictable therapeuticerang

An insulin comparison study in pediatrics reportbdt insulin aspart had a quicker onset and
shorter duration of action compared with human linsumeaning that aspart is more appropriate to
inject immediately before a meal, which makes itmare practical product[93]. In this study,
postprandial plasma glucose increments did noedifietween the human insulin and insulin aspart.
Slightly higher blood glucose concentration waseobsd after breakfast and dinner with insulin aspar
administration. In another study, subcutaneouslimsaspart or human insulin (0.15 IU/kg body
weight) was given 5 min before breakfast in ninddcbn (aged 6-12 years) and nine adolescents
(aged 13-17 years) with TIDM [94]. Insulin aspathibited significantly higher Cmax + SD than
human insulin (881 + 321 pmolAs. 422 + 193 pmol/L, p < 0.001). Cmax and AUC of ilrsuvere
found to be related with age in the study. The geaof glucose AUC and Cmax were smaller for
insulin aspart than human insulin in children. &sasurprising for the investigators to find higher
levels of both insulin aspart and human insulithe adolescents than in children. Additionally, the
insulin dosage in this study does not reflect thealldosage of insulin in adolescents (1.0 + 1l&gU/
per 24 h) and smaller children or adults (0.5 + WAkg per 24 h). There is not an extensive
comparison of pharmacokinetic study in children addlts in the literature. Pharmacokinetic study
was done to compare insulin glulisine and regulamdin insulin analogous in children and adolescents
with T1DM [95]. Ten children (aged 5-11 years) didadolescents (aged 12—17 years) were enrolled.
The concentration time profile for insulin glulisinvas similar for children and adolescents, whereas
human insulin exhibited 64% higher concentratiomadolescents. The higher concentration of human
insulin observed in adolescents is in line with pinevious study [94]. The difference is suggested t
be caused by disparities in residual endogenousirnsecretion in adolescents and children or sympl
the fact that adolescents were given a larger thaal the children.

Exenatide (5 and 1Qig Twice daily (BID)) was approved as an incretimmatic in adults with
T2DM. Thirteen adolescent patients (aged 10-16syemven females, six males; body mass index of
32.5 + 5.0 kg/rf) were given 2.51g exenatide, g exenatide, or placebo followed by a standardized
meal 15 minutes later [96]. There was no demograpfect, such as age, sex, race, or degree of
obesity, found on exenatide pharmacokinetics inltadiuring clinical development. The exenatide
AUC was found to be dose proportional in these estmnt patients. Postprandial plasma glucose
levels were significantly decreased with both dasfesxenatide compared with the placebo from one
to three hours after administration. The geometrgan + SE exenatide AYC and Cmax were
339.5 £ 39.6 pg-h/mL and 85.1 + 11.5 pg/mL aftgigSexenatide (n = 12) and 159.2 (23.1) pg-h/mL
(n =6) and 56.3 (10.1) pg/mL (n = 9) after Ad exenatide. Not all exenatide levels were detéetab
in patients who received 24fig exenatide. After jug of exenatide was given to these patients, the
geometric mean + SE AUGsomin(195.9 + 25.5 pg-h/mL) and geometric mean Cmaxi.(83.1.5 pg/mL)
were comparable to those of adults with T2DM (n 9 BAUCo_360min 232.2 + 30.3 pg-h/mL and
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Cmax, 113.0 = 12.2 pg/mL) [97-99]. With this findinthe study suggested that the recommended
adult dose of 5ug and the maximal recommended adult dose ofudOshould be explored in
adolescent patients.

2.5.2. Growth Hormone

Somatropin inhalation powder and subcutaneous hopwtpharmacokinetics were compared in
pediatrics with growth hormone deficiency (aged @-ykars, weighing 18.0-52.0 kg, with a mean
BMI of 17.5 kg/nf [100]. Participants were randomized to one of éhdese levels: 1) 8.4 mg/d
somatropin or 0.5 mg/d humatrope; 2) 16.8 mg/d $wpe or 1.0 mg/d humatrope; 3) 33.6 mg/d
somatropin or 2.0 mg/d humatrope. At least two actisj were assigned to each dose level within each
of the weight ranges: 18.0-29.9, 30.0-39.9, an@-42.0 kg. The mean serum growth hormone area
under the curve of somatropin was dose proportioftare was no significant effect of weight and
age on somatropin and humatrope pharmacokinetanpeters. Height was found to be a significant
covariate for somatropin AUC, somatropin Cmax, hndhatrope AUC, respectively, which indicates
taller subjects tended to have higher AUC and Cmax.

A novel sustained-release recombinant human grévtmone, LB03002, given by s.c. injection
once-a-week, was studied in 37 children (24 bo$gifls, ages 6.5 + 2.1 years), at doses of 03200.
0.7 mg/kg [101]. Cmax and AUC was dose proportionahe dose range of 0.2—0.7 mg/kg, and was
comparable with the levels in adults [102]. Thiadst shows that body weight adjusted dosing of
LB03002 gives comparable exposure in pediatrida aslults.

Nutropin Depot was administered subcutaneously3® dediatrics, and the Cmax and total growth
hormone (AUG_2s 9 were approximately proportional to the dose adstened (0.75 mg/kg twice a
month and 1.5 mg/kg once a month) [103].

Zomacton 2 IU/rh jet-injected and needle-injected was studied inp&8iatrics, and the AUC,
Cmax and Tmax were similar for both groups [104je Btudy reported the individual BMI, age and
sex information for the subjects, but due to thmitkd number of patients, no correlation was
demonstrated with the pharmacokinetic parameters.

2.6. Other Proteins and Peptides
2.6.1. Interleukin

In a dose escalation study in children, adolescanit$ young adults of recombinant human
interleukin-11 (rhiL-11), Cmax and AUC were dosegwrtional, with a mean Cmax level (range,
7.6—-25.5 ng/mL) and AUC (range, 56.7—-208.6 ng-h/atlLa dose range of 25-1Q@/kg [105]. The
pharmacokinetics of intravenous and subcutaneduslhat a dose range of 3—-p@/kg was studied
in 30 healthy male adults [106]. The adult mean £arad AUC was reported to be dose proportional,
which is similar to the pediatric study. At theiveslapping dose levels 25g/kg and 50ug/kg in
children and adults, a difference was not observetiveen the Cmax and Tmax in adults and
pediatrics, but the half-life and AUC were sigrdiitly shorter and lower in children, indicating lneg
rhiL-11 clearance in pediatrics than adults. TheGAd children and adults were 56:3. 115 ng-h/mL
at 25ug/kg and 114s. 242 ng-h/mL at 5@g/kg, respectively, and the half-lives werevg 8 h at
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25ug/kg and 4.4ss. 8.1 h at 5Qug/kg. The maximum tolerated dose (MTD) of rhiL-Iichildren and
adolescents was found to be&kg/day, which is similar to that reported in adul

2.6.2. Etanercept

In a population pharmacokinetic study, 69 patiemith juvenile rheumatoid arthritis(JRA), aged
4-17 years, received twice weekly subcutaneoustiojes of 0.4mg/kg etanercept [107]. Sex was a
covariate for CL/F, and power exponent of body atefarea was found to be 1.41 when normalizing
BSA by the typical BSA of 1.071 mBody weight was found to be a significant covrifor V/F
with a typical body weight of 30.8 kg. This anabygustified the body weight based dose adjustment
for etanercept in JRA patients. Age (<17 years) wastified as one of the most important covariates
on CL in the population pharmacokinetic analysis pufoled data obtained from 10 clinical
studies [108]. The correlation between age and @k mo longer apparent for patients aged 17 years
and older. Body weight was also found to be a figant covariate for both apparent clearance and
volume of distribution in rheumatoid arthritis patts [109]. Gender difference was found in apparent
clearance in these adults with a mean level of D1I/h in females and 0.138 L/h in males, but the
difference was not statistically significant. A dian trend was found in JRA patients with the
population mean CL/F of 0.0576 L/h (95%CI: 0.0525667 L/h) in females and 0.0772 L/h (95%
Cl: 0.066-0.0870 L/h) in males [107]. The elimioati mechanism of etanercept is not well
understood, and there was no appropriate explandtio the gender difference reported both in
children and adults. In this JRA patients studsinaulation was conducted to find out whether BSA or
body weight adjustment would be a better dosingmeg [107]. To calculate the dose for the BSA
based regimen, it was assumed that a patient hlweight of the population mediaine(, 30.8 kg)
and a patient with the BSA of the population medjam, 1.071 nj) received the same total dose of
etanercept. Therefore, for example, 11.5 nfgm0.4mg/kg x 30.8 kg/1.071%mwas chosen to be the
dose-per-unit BSA for the BSA based dosage in itmelation. In the middle two quartiles, the body
surface area and body weight dosing adjustmentdsdklsimilar PK profiles. Interestingly, the
simulated PK profiles of the BSA based dosing wadightly higher than body weight based dosing,
and the opposite was observed in the highest tpiaftie study also concluded that the current body
weight based dosing in patients weighing equalrtéess than 23 kg may have less drug exposure
compared to patients weighing more than 23 kg. Hewethe pharmacokinetic difference of
etanercept was not known to lead to clinical défere in JRA patients.

2.6.3. Enfuvirtide

Enfuvirtide is approved for HIV treatment in adudtisd dosage recommendations exist for children
aged six years or older. The safety and efficaagysbf 2.0 mg/kg (maximum 90 mg) subcutaneous
enfuvirtide twice daily for 48 weeks was conduciaed52 treatment-experienced, HIV-1-infected
pediatric patients (ages 3-16 years) [110]. Thees wo significant difference observed in the
enfuvirtide mean + SD pharmacokinetic parametershiidren (n = 12, ages 5-11 years) and
adolescents (n = 13, ages 12-16 years): steady@taax 6.43 + 2.18s. 5.88 = 2.8lug/mL; Ctrough
2.87 £ 1.49vs. 2.98 + 1.66pug/mL; AUCy.12n56.1 £ 19.4vs. 52.7 + 27.4 hleg/mL. There was no
meaningful difference in the pharmacokinetic valuestween children and adolescents. In
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treatment-experienced HIV-1-infected children (3y#&2rs), 60 mg/fmsubcutaneous enfuvirtide twice
daily reported mean single dose AYG,of 56.4 hpug/mL, which is comparable to AUGan of
55.8 hug/mL in adults and also similar to AY&,of 48.7 hug/mL in adults after s.c. BID 90 mg
enfuvirtide [111,112]. The pediatric study showédttthe body weight adjusted dosing in children
was independent of age, body weight, body surfaea,aand sexual maturity. In a population
pharmacokinetic analysis study by Zhagigal., 43 patients (20 adolescents and 23 childrene wer
included, with a mean age of 11 years, and a medwy Wweight of 35.7 kg [113]. Body weight was a
covariate for CL/F but not V/F. The population pasders CL/F, V/F, and Ka for a 33 kg patient were
1.31 L/h, 2.31 L, and 0.105hrespectively. Age did not seem to affect the einfide exposure. This
analysis approves the body weight based enfuvidioling in pediatrics. In HIV-1-infected adults,
enfuvirtide reported a small volume of distributi®48 L), low clearance (1.4 L/h), and high plasma
protein binding (92%). Body weight based dosingm(@kg BID) provides similar pharmacokinetic
profiles to those observed with 90 mg BID [114].aRhacokinetic parameter CL/F (1.31 L/h for a
33 kg patient) from the pediatric study is complgab the reported value from a previous study in
HIV-1-infected pediatric patients (CL = 1.42 L/hdaR = 0.90 for a 21.3 kg patient) [20], and also
comparable to the adult population analysis with/FCbf 1.82 L/h for a 70 kg male patient and
1.45 L/h for a 70-kg female patient [115]. The memed pediatric enfuvirtide study by Sey al
involved 26 children (mean age 8.2 years and rdn@el2.1 years) [20]. Patient weight was found to
have an effect on CL and V, but the effect wasgstatistically significant. However, their predicted
“adult” PK parameters were not comparable with ¢habserved in adults by Zhamyy al [113].
Additionally, in the plot of CL (L/h)vs. weight, even though the data covers a large wegige, it
does not seem to capture all differences betwegdreh and adults. However, if plotting the Saiyal
data as CL/kg (L/h/kgys. weight, the trends seem to be decreasing, bst unknown whether the
trend is statistically significant.

2.6.4. L-Asparaginase

In a study of pediatrics with acute lymphoblastiaemia, 271 patients were given 500, 750, 1000,
or 2500 IU/n¥ PEG- L-Asparaginase [116]. After adjusting doseboyly surface area, neither the
patients’ age (1-17 years) nor the body surfaca dr&d any influence on the distribution of
Asparaginase activity. The study concluded thatradization of dose based on body surface area was
appropriate in the pediatric patients studied. Atistical analysis using linear regression was
performed to compare chemotherapy dose modificetionobese and non-obese pediatric patients
with acute lymphoblastic leukemia (ALL) [117]. Oleed\LL children were reported to have a 7%
decrease in the mean relative modification of Laaaginase compared with non-obese children. The
result was statistically significant even afteritgkinto consideration gender, age, race, and study
center. It was found that the difference of dosalifications was greater among older children (aged
10-18 years) than small children (aged 2-9 yedirss pointed out that the obesity-driven dose
modification among older children is possibly daénigher BSAs and the chemotherapy doses.
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3. Conclusions

Most of the studies in the current review showedt thody weight or BSA dose adjustment
produced comparable exposure for proteins and geptiHowever, not all pharmacokinetic studies
result in promoting dosing adjustment. For basiiab, a fixed dose of two x 10 mg doses for patients
less than 35 kg and a fixed dose of two x 20 mgo#drents more than 35 kg was recommended for
pediatrics [33]. Children should not be treatedsasall adults”. Changes in clearance of proteind an
peptides in pediatric patients cannot always bdagxed by changes in body size. Simply adjusting
dose linearly according to the body weight/BSA a#nmlways achieve desirable exposure
in pediatrics.

Anderson and Holford have proposed that growthdewklopment can be evaluated using readily
observable demographic information such as weigtiteage [118-120]. Weight was suggested to be an
essential covariate for determining dose in ped®tiThe range of body weight in children is much
greater than that in adults and can be 200-foBHIDO kg). An established framework was believed to
support the allometry used in pediatric pharmacetics. The coefficient exponent of body
weight/typical body weight was suggested to be Gorfsclearance and 1 for volume. Fat free mass
may be better than total body weight when variaionfat affect body composition. A sigmoid Emax
model was used to describe gradual maturation edrahce from small children to adults. Future
issues were suggested in pediatric pharmacokinatidspharmacodynamics [114]: 1) Determination
of in vivo maturation of clearance enzyme pathways; 2) Amalysthe placenta concentration to total
clearance; 3) Investigation of elimination pathwaggered by birth; 4) Understanding the impact of
hormonal changes on clearance pathway in adolescBhtRefining PBPK models for children;
6) Further understanding of pharmacodynamic diffees between children and adults.

Overall, the differences of the pharmacokineticpufteins and peptides in pediatric patients are
due to catabolic enzymes, changes in body composiglimination organs, and receptor mediated
endocytosis. The differences lead to changes indhene of distribution, clearance and absorptibn o
proteins and peptides. The above factors can bealieally affected by body weight, BSA, height,
age, and these covariates may be highly correktednot mutually exclusive. Due to the complexity
of the contributors involved, the direction and emtt of the differences are not always readily
predictable. Clearance and volume of distributibproteins and peptides can be higher but alsorowe
when the comparisons are done in children and sduliyounger children and older children. In the
current review, most of the proteins and peptidesssa more rapid body size adjusted clearance
(e.qg., L/h/kg) in children than in adults, suchasmtuzumab, epoetin, factor VII, factor VIIl, and
factor XI, while both absolute CL (L/h) and bodyrfswe area adjusted CL (L/hfjmof gemtuzumab
are smaller in infants than in adults. Enfuvirtdees not provide consistent conclusions from dffier
studies. One pediatric study showed that the pheokmaetics of body weight adjusted enfuvirtide in
children was independent of age, body weight, badyace area, and sexual maturity [110], but from
the figure of CL (L/h)vs. weight reported by Sosgt al, the decreasing CL/body weight does not seem
to support the body weight adjusted dose of entiadr Some of the studies showed that a body size
adjusted dose for certain proteins and peptidedymes comparable exposure in children and adults,
and the pharmacokinetics of these products are affected by age, for example, infliximab,
cetuximab, drotrecogin alfa, L-Asparaginase.



Phar maceutics 2010, 2 409

Though there is no obvious similarities for drugattshould not follow simple body size linear
adjustment, quit a few monoclonal antibodies areoragnthem. This may due to the fact that
monoclonal antibodies are often reported to havdimear pharmacokinetics. Basiliximab has less PK
variability if 20 mg (weight < 35 kg) and 20 mg (gkt > 35 kg) is used in pediatrics. Daclizumab
tends to underdose younger patient and overdogerlahildren. Alemtuzumab and natalizumab
underdose children, resulting in non desired dihoutcomes.

Eating disorders such as anorexia and bulimia @iegramong adolescent girls in the United
States. On the other side, the rate of obesitydolezcents is also increasing. Anorexia related
hospitalizations in children younger than 12 surty@él percent between 1999 and 2006 [121]. As the
pharmacokinetic parameters may be even more comgleple body weight adjusted dose might not
be suitable for such a particular population.

The finding from this review suggest the need toticwe the study of proteins and peptides in this
particular population, and mechanism based popmapharmacokinetic and pharmacodynamic
models with consideration of body size and matunight be helpful in explaining and extrapolating
the pharmacokinetics and pharmacodynamics of titdiest. Dose adjustment in pediatrics should lead
to not only consistent exposure compared with adblit also decreased intersubject variabilityhin t
exposure; only then does it make sense to applgdhestment.
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