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Abstract

Background and Objectives To prevent graft-versus-host

disease and rejection in hematopoietic cell transplantation

(HCT), children receive Thymoglobulin�, a polyclonal

antibody acting mainly by depleting T cells. The thera-

peutic window is critical as over-exposure may result in

delayed immune reconstitution of donor T cells. In this

study, we describe the population pharmacokinetics of

Thymoglobulin� as a first step towards an evidence-based

dosing regimen of Thymoglobulin� in pediatric HCT.

Methods Serum active Thymoglobulin� concentrations

were measured in all pediatric HCTs performed between

2004 and 2012 in two pediatric HCT centers in The

Netherlands. Population pharmacokinetic analysis was

performed using NONMEM� version 7.2.

Results A total of 3,113 concentration samples from 280

pediatric HCTs were analyzed, with age ranging from

3 months to 23 years old. The cumulative Thymoglobulin�

dose was 10 mg/kg in 94 % of the patients given in 4

consecutive days. A model incorporating parallel linear and

concentration-dependent clearance of Thymoglobulin�

was identified. Body weight [for linear clearance (CL) and

central volume of distribution] as well as lymphocyte count

pre-Thymoglobulin� infusion (for CL) were important

covariates. As such, the current dosing regimen results in

higher exposure in children with a higher bodyweight and/

or a lower lymphocyte count pre-Thymoglobulin�

infusion.

Conclusion This model can be used to develop an indi-

vidual dosing regimen for Thymoglobulin�, based on both

body weight and lymphocyte counts, once the therapeutic

window has been determined. This individualized regimen

may contribute to a better immune reconstitution and thus

outcome of allogeneic HCT.
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Key Points

Thymoglobulin� pharmacokinetics can be predicted

using a population pharmacokinetic model, being the

first step towards an individualized dosing regimen.

Body weight and pre-dose lymphocyte count

influence Thymoglobulin� pharmacokinetics, and

should be used to guide dosing.

1 Introduction

Since the 1970s, anti-thymocyte globulin (ATG) has been

widely applied as serotherapy in order to prevent acute

graft-versus-host disease (GvHD) and graft rejection in

patients undergoing non-HLA-identical hematopoietic cell

transplantations (HCTs) [1–4]. The introduction of ATG to

the conditioning regimen has indeed led to a significant

decrease in severe acute and chronic GvHD [5, 6]. How-

ever, too high doses of ATG impair the required immune

reconstitution after HCT. As such, there is a delicate bal-

ance between prevention of GvHD on one side and the

promotion of immune reconstitution on the other.

Theoretically, the incidence of GvHD or rejection ver-

sus delayed immune reconstitution may result from a var-

iable exposure of ATG. Prolonged and/or high exposure to

ATG leading to lymphodepletion with delayed or absent

immune reconstitution may result in relapse of the malig-

nancy or viral infections, while a short or absent ATG-

related lymphodepletion may result in limited or no pro-

tection against acute GvHD [7, 8]. During the first weeks to

months after transplantation, T cell reconstitution depends

on peripheral expansion, the division of mature T cells

infused with the graft. Hereafter, depending on the thymus

function, definitive repopulation of the T cells will take

place through thymopoiesis [9–11]. As peripheral expan-

sion is restricted by circulating ATG, excess ATG due to

relative overdosing leads to delayed or even absent

reconstitution of T cells, possibly resulting in lethal viral

reactivations and relapse [12, 13].

Thymoglobulin� is the most commonly used prepara-

tion of ATG in pediatric HCT. Children usually receive an

empirically derived cumulative Thymoglobulin� dose of

10 mg/kg, given in 4 days, starting 4–6 days before

transplantation. Thymoglobulin� is not registered in pedi-

atrics, and as such its use is off-label. Particularly in chil-

dren, the pharmacokinetics of a drug may differ as a result

of changes in body composition and maturation in organ

function [14]. This variability in pharmacokinetics influ-

ences drug exposure, which in turn determines the drug

response of pharmacodynamics. In order to maintain

efficacy while reducing adverse effects of drugs across the

entire pediatric age range, identification of the pharmaco-

kinetic/pharmacodynamic relationships and the effect of

growth and maturation on the different pharmacokinetic

and pharmacodynamic parameters involved are crucial

[15–17]. This has been shown before in pediatric HCT,

where individualized busulfan dosing has led to a signifi-

cant decrease in toxicity whilst remaining effective in

terms of relapse and engraftment [18, 19].

To date, only a limited number of papers on the pharma-

cokinetics of ATG (Thymoglobulin� and other preparations)

have been published, with very few in children [20–26]. The

half-life of Thymoglobulin� is reported to be 7–14 days [20,

26]. The available evidence for Thymoglobulin� shows that

pharmacokinetics change during childhood, with varying

exposures possibly leading to different outcomes [25, 26].

Therefore, the aim of this study was to develop a population

pharmacokinetic model for active Thymoglobulin� as a first

step in describing Thymoglobulin� pharmacokinetics/

pharmacodynamics and thus developing a basis for an indi-

vidualized dosing regimen. The focus was on active Thy-

moglobulin�, which is the fraction that is directed against

human targets and that can be held responsible for its phar-

macological action in humans [27]. Since Thymoglobulin�

pharmacokinetics are pivotal both in preventing acute GvHD

and rejection as well as assuring a successful and timely

immune reconstitution, individualizing the dosing may

improve survival in pediatric HCT.

2 Methods

2.1 Study Design and Patients

For this pharmacokinetic analysis, all patients receiving an

HCT between April 2004 and December 2012 with Thy-

moglobulin� as part of the conditioning in the pediatric

hematopoietic stem cell transplantation programs of the

University Medical Center Utrecht (UMCU) and the Lei-

den University Medical Center (LUMC), The Netherlands,

were included. In case of multiple transplants in one

patient, concentrations of Thymoglobulin� in all trans-

plants were included, provided no serotherapy (i.e., ATG,

alemtuzumab) was given in the last 3 months before sec-

ond/third transplantation. Patients receiving serotherapy

other than Thymoglobulin� within a period of 3 months

before HCT were excluded. Informed consent was given by

the child and/or the parents (the former when over 12 years

old). All data were collected after written informed consent

was obtained in accordance with the Declaration of Hel-

sinki and institutional ethical committee approval for

sample and data collection, trial numbers METC 05/143

and METC 11/063-k (UMCU) and P01.028 (LUMC).
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Patient characteristics including transplantation details

of the studied patients are shown in Table 1. Patients

typically received Thymoglobulin� over 4 h in a cumula-

tive dose of 10 mg/kg divided over 4 consecutive days

starting 5 days before HCT. At the discretion of the

treating team of physicians, some patients received a lower

dose of Thymoglobulin� (7.5 mg/kg) and/or received

Thymoglobulin� earlier (day –9). Some patients with he-

mophagocytic lymphohistiocytosis received a higher dose

of up to 20 mg/kg. Pharmacokinetic samples were avail-

able in the elimination phase of Thymoglobulin� in all

patients, whilst in patients treated in the LUMC, peak and

trough concentrations (collected 15 min after and 15 min

before 4-h infusion, respectively) were also available,

which in light of the very long half-life can be seen as the

true peak and trough concentrations. Generally, samples

were taken weekly (Mondays/Thursdays in UMCU,

Monday/Wednesday/Friday in LUMC) until 12 weeks

after transplantation. Collected samples were centrifuged

upon drawing; plasma was stored to be analyzed in batches.

Conditioning regimens were given according to (inter)na-

tional protocols. Gut decontamination and infection pro-

phylaxis were given according to local protocols. Patients

were treated in high-efficiency, particle-free, air-filtered,

positive-pressure isolation rooms. Patients received clem-

astine combined with either di-adreson-F aquosum (2 mg/

kg) or prednisolone (2 mg/kg) before and during Thymo-

globulin� infusion.

2.2 Measurement of Active Thymoglobulin� and Anti-

Thymoglobulin� Antibodies

Active Thymoglobulin�, defined as Thymoglobulin�

capable of binding to HUT-78 cells, was measured using an

Table 1 Patient characteristics

Values are shown as median

(range) unless otherwise

specified

BSA body surface area, HCT

hematopoietic cell

transplantation, TBI total body

irradiation

Characteristics Leiden Utrecht Total

Number of patients (n) 153 114 267

Number of HCTs (n) 159 121 280

Male sex (%) 67 57 62

Age (years) 6.5 (0.4–19) 5.9 (0.2–23) 6.5 (0.2–23)

Actual body weight (kg) 21 (4.7–75) 20 (3.7–96) 21 (3.7–96)

BSA (m2) 0.84 (0.28–1.95) 0.82 (0.14–2.1) 0.83 (0.14–2.1)

Number of samples [n (mean per patient)] 2,352 (15) 761 (6) 3,113 (11)

Starting day of Thymoglobulin�

(days before transplantation)

5 (3–15) 5 (1–19) 5 (1–19)

Lymphocyte count at first dose of

Thymoglobulin� (9109)

0.1 (0.01–4.5) 0.71 (0.01–10.4) 0.29 (0.01–10.4)

Cumulative Thymoglobulin� dose (%)

\9 mg/kg 3 5 4

9–11 mg/kg 97 89 94

[11 mg/kg 0 6 2

Diagnosis (%)

Malignancy 50 42 47

Immune deficiency 16 24 19

Bone marrow failure 4 10 6

Metabolic disease 0 21 9

Benign hematology 30 1 18

Autoimmune disease 0 2 1

Stem cell source (%)

Bone marrow 63 29 49

Peripheral blood stem cells 23 5 15

Cord blood 14 60 34

Cord blood plus haplo or second cord blood 0 6 2

Conditioning regimen (%)

Reduced intensity 0 7 4

Chemotherapy-based 72 78 74

TBI-based 28 15 22
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quantitative flow cytometry assay [25], based on a method

described by Rebello [28]. In short, HUT-78 T cells

(PHACC, Porton Down, UK) were incubated with fourfold

dilutions of patient serum, followed by washing and incu-

bation with Alexa Fluor� 647 labeled with goat anti-rabbit

IgG (Biosource, Life Invitrogen, Carlsbad, CA, USA). To

prepare standards with predefined active Thymoglobulin�

concentrations, Thymoglobulin� was serially diluted two-

fold in triplicate to produce a range of Thymoglobulin�

standards ranging from 5 to 0.005 AU/mL. Active Thy-

moglobulin� is expressed in arbitrary units (AU): Thy-

moglobulin� 5 mg/mL is arbitrarily set to contain a

concentration of 5,000 AU/mL of active Thymoglobulin�.

The lower limit of quantification was 0.01 AU/mL. Cells

were washed and analyzed by flow cytometry on a FACS

scan (Becton Dickinson Biosciences, Franklin Lakes, NJ,

USA); mean fluorescence intensities of standard dilutions

were plotted against the active Thymoglobulin� concen-

trations and the reference curve was used to determine the

concentration of active Thymoglobulin� in patient sam-

ples. Samples were tested in duplicate with an accepted

coefficient of variation of 0.2, both in high and low ranges.

Anti-Thymoglobulin� antibodies in classes IgA, IgM,

and IgG were measured using an ELISA. After blocking,

patient sera were applied to Thymoglobulin�-coated plates.

Anti-ATG antibodies were detected using alkaline phos-

phatase-conjugated rabbit-anti-human (IgG; Jackson

ImmunoResearch Europe, Newmarket, UK) or goat-anti-

human (IgM, IgA; Jackson) antibodies [25], adsorbed for

rabbit IgG. As literature shows IgG anti-ATG antibodies to

significantly influence Thymoglobulin� pharmacokinetics

[25], samples with IgG anti-Thymoglobulin� antibodies

were marked. While the decline in concentration after

occurrence of these antibodies was variable, these samples

(n = 13 from six patients) were excluded from the

analysis.

2.3 Population Pharmacokinetic Analysis

To allow analysis of sparse and unbalanced data, the

population approach was applied for pharmacokinetic

modeling [15, 16]. This method uses data from all patients

simultaneously to estimate pharmacokinetic parameters for

individual patients as well as the whole cohort. For this

purpose, the non-linear mixed effects modeling software

NONMEM� version 7.2 (Icon, Hanover, MD, USA) [29]

was used, with Pirana� version 2.8.1 [30] and R version

3.0.1 [31] for visualization of data. The estimation method

used was first-order conditional estimation with interaction

(FOCE-I). Active Thymoglobulin� concentrations mea-

sured as AU/mL, were logarithmically transformed, and

fitted simultaneously. Observations below limit of

quantification (BLQ) were set at half the limit of quanti-

fication, with following samples being deleted [32]. Other

methods for handling BLQ were investigated (M3 and

removal of BLQ [32]); this did not result in an improve-

ment of the model. Modeling of data was performed in four

steps: (1) selection of a structural and statistical model; (2)

selection of an error model; (3) covariate analysis and

selection; and (4) internal validation of the model. Indi-

vidual pharmacokinetic parameters (post hocs) such as

clearance of the individual patient were estimated using the

POSTHOC option in NONMEM, according to Eq. 1:

Pi ¼ Ppop � egi ð1Þ

where Pi is the individual or post hoc value of the

parameter in the ith individual, Ppop the population value

for that parameter, and gi the inter-individual variability of

the ith person samples from a distribution with a mean zero

and variance of x2 with a log-normal distribution. A

proportional error model was used, so that for the jth

observation in the ith individual, the observations are

described using Eq. 2:

Yi;j ¼ Cpred;i;j � ð1þ eÞ ð2Þ

where Yi,j is the observed concentration, Cpred,i,j is the

predicted concentration for jth observation in the ith indi-

vidual, and e is the error samples from a distribution with a

mean zero and variance of r2.

In the model-building process, several criteria were

applied. A decrease in objective function value (OFV) over

3.84 points between two hierarchical (sub) models was

considered statistically significant; this correlates with

p \ 0.05 based on a Chi-squared (v2) distribution for

1 degree of freedom. In addition, goodness-of-fit plots

[observed vs. both individual and population predictions of

concentrations as well as conditional weighted residuals

(CWRES) versus time and observed concentrations] were

evaluated with emphasis on the population predictions.

Furthermore, confidence intervals of parameter estimates,

g-shrinkage, and visual improvement of the goodness-of-fit

plots were used to evaluate the models. Inter-occasion

variability on the different parameters was tested for the

subsequent doses to assess changes in pharmacokinetic

parameters between doses.

2.4 Covariate Selection

Possible covariates, including, among others, patient

characteristics and disease- and treatment-related variables,

were studied. Inter-individual variability as well as post

hocs, weighted residuals (WRES) and CWRES were

independently plotted against covariates to evaluate pos-

sible relationships. While categorical covariates such as sex
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and treatment center were tested as a fraction for each

category, continuous covariates were tested in a linear or

power functions (Eqs. 3 and 4):

Pi ¼ Ppop �
Covi

Covmedian

� �k

ð3Þ

Pi ¼ Ppop � ð1þ
Covi

Covmedian

� �
� lÞ ð4Þ

where Pi and Covi are the value for parameter and covar-

iate for the ith individual, respectively, Ppop is the popu-

lation mean for parameter P, and Covmedian is the

standardized value of the covariate. In the power function,

the scaling factor is depicted by k. For Eq. 4, l represents

the slope of the linear function.

Covariate model building was analogous to structural

model building. Potential variables were evaluated using

forward inclusion and backward elimination with a level of

significance of \0.005 (-7.9 points in OFV) and \0.001

(-10.8 points in OFV), respectively. In addition, inclusion

of a covariate in the model had to result in a decline in

unexplained inter-individual variability before it was

included in the final model [33, 34].

2.5 Model Evaluation

Since the model will be used for future dose selection,

proper internal validation of the model is of utmost

importance [35]. To assess the predictive properties of the

developed model, the proposed model was internally val-

idated using bootstrap techniques. Here, a new dataset is

repeatedly created through resampling using the individu-

als in the original dataset. One thousand replicated datasets

were run using the bootstrap option in Perl speaks NON-

MEM� (PsN) version 3.5.3 [36]. Medians as well as the

2.5th and 97.5th percentiles were compared with parameter

values estimated using the original dataset to check for

discrepancies.

Another validation technique used was normalized

prediction distribution errors (NPDE), simulating the pre-

diction discrepancies while taking into account the pre-

dictive distribution and the correlation between

observations in the same individual. The R-package NPDE

was used for normalized prediction of errors [37].

2.6 Model-Based Simulations

With the evaluated model, simulations were performed on

the basis of the currently recommended dose in children [a

cumulative dose of 10 mg/kg given in 4 h infusions in 4

consecutive days (2.5 mg/kg/day)] to visualize concentra-

tion–time profiles in representative children based on body

weight and baseline lymphocyte counts.

3 Results

3.1 Patients and Data

Active Thymoglobulin� concentrations obtained from 267

patients undergoing 280 HCTs were included from the two

study centers. A total of 3,113 concentration samples were

available with a median of 11 samples (range 1–32) per

patient (Electronic Supplementary Material Figure S2). A

total of 13 observations from six patients were excluded

due to anti-Thymoglobulin� IgG antibodies. Patient char-

acteristics, other than diagnosis (benign hematology versus

inborn errors of metabolism) and stem cell source, were

equally distributed between the two centers (Table 1).

3.2 Structural Pharmacokinetic Model

Active Thymoglobulin� pharmacokinetics could be well-

described using a two-compartment model (Fig. 1; S1),

which yielded a good description of the data in all age

groups (Fig. 2; S3–5). A two-compartment model was

superior over a one-compartment model for statistical

reasons [decrease in OFV of 382 points (p \ 0.001)] and

improvement of goodness-of-fit plots (data not shown). A

three-compartment model was tested and proved to be

unstable with inaccurate parameter estimates. A propor-

tional residual error was incorporated; adding an additive

error did not significantly improve the model.

Individual concentration–time plots indicated non-linear

clearance, which was accounted for by a model with both

linear clearance (CL) and saturable clearance, defined as

the quotient of maximum elimination rate Vmax and the

Michaelis–Menten constant Km (Fig. 1). This was

Fig. 1 Model overview. CL linear clearance, k21 rate of transport

from the peripheral compartment to the central compartment, Km

concentration in central volume of distribution at 50 % saturation of

Vmax, Tm concentration in central volume of distribution at 50 %

saturation of Tmax, Tmax maximum rate of transport towards the

peripheral compartment, Vmax maximum rate of elimination

PopPKs of Thymoglobulin� in Pediatric HCT 439



previously described for antibody kinetics [38, 39], and

was found to lead to an improved description of the

observations.

In addition, due to an underprediction of concentrations

during and shortly after the infusion, saturable distribution

towards the peripheral compartment (Tmax/Tm; Fig. 1) was

included. This saturable distribution was parameterized as

a coefficient of maximum transport rate (Tmax) and the

Michaelis–Menten constant (Tm). Figure 3 shows a struc-

tural underprediction that can be seen at 3–7 days after

start of Thymoglobulin� dosing (upper panel) and is cor-

rected after inclusion of the saturable distribution (lower

panel).

The addition of both of these non-linear functions to

the final model as depicted in Fig. 1 led to a significant

decrease in OFV [202 and 103 points (p \ 0.001),

respectively] as well an improvement in goodness-of-fit

plots. The Michaelis-Menten constants Km and Tm were

estimated in the observed concentrations range. Inter-

occasion variability on CL and central volume of dis-

tribution (V1) was tested for the subsequent doses;

this yielded no significant improvement in model

performance.

Figure 4 shows how total clearance, defined as the sum

of linear (CL) and saturable clearance (Vmax/Km) depends

on the serum concentration of active Thymoglobulin�. At
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Fig. 2 Diagnostic plots of the final model: observed versus popula-

tion-predicted active Thymoglobulin� concentrations split by quar-

tiles of age: a \2.5 years, b 2.5–6.5 years, c 6.5–12.5 years,

d [12.5 years old. Dots indicate the individual concentration versus

population-predicted value; the lines show x = y. AU arbitrary units
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low concentrations, saturable clearance represents almost

half of the total clearance. Above a certain concentration,

the non-linear pathway becomes saturated, as seen in the

decreasing saturable clearance. At concentrations above

10 AU/mL, the non-linear pathway is fully saturated, and

total clearance is mostly dependent on the CL, with only a

small contribution of the saturable clearance. From a

clinical perspective, a concentration of 1 AU/mL is

thought to be the lympholytic level in an in vitro setting

[20].
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Fig. 3 A trend in conditional weighted residuals (CWRES) versus

time can be seen before introduction of saturable intercompartmental

transport (a ? b), which is accounted for after introduction (c ? d).

a ? c: All data; b ? d: Zoomed in to 2–6 days. Dots show the

CWRES per concentration sample, the solid line shows where

CWRES = 0, the dashed lines indicate ±2 standard deviations, and

the curved lines show spline regression
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3.3 Covariate Analysis

The covariate analysis showed actual body weight, body

surface area (BSA, Mosteller formula) and age to influence

CL and V1, while lymphocyte count at first dose of Thy-

moglobulin� was a covariate on CL only (Electronic Sup-

plementary Material Figure S6). Actual body weight was the

best predictor of CL and V1 when compared with other body

size parameters such as BSA and age, in terms of the

decrease in OFV as well as improvement in goodness-of-fit

plots. The decrease in OFV was 52 and 124 points,

respectively (p \ 0.001). The relationship between body-

weight and both CL and V1 was best described by a power

function (Eq. 3), with the exponent k being 0.61 in the

relationship with CL, and 1.1 in the relationship with V1.

Lymphocyte count was tested as a covariate since it is a

target for Thymoglobulin� mediating its clearance. Lym-

phocyte counts were available both before chemotherapy

and shortly before (1–4 h) the start of Thymoglobulin�

infusion, which was after 1–2 days of chemotherapy. As

the chemotherapy in the conditioning might be expected to

cause a drop in the lymphocytes, both lymphocyte counts

were evaluated. Both covariates were comparable in pre-

dicting inter-individual variability in CL. As the lympho-

cyte count before the first dose of Thymoglobulin� best

reflects the current amount of available targets, this

covariate was chosen. It was included as a linear rela-

tionship with CL (Eq. 4). Inclusion of this covariate led to

a decrease in OFV of 54 points (p \ 0.001). As

lymphocyte counts were not available after starting Thy-

moglobulin�, time was used as a surrogate for decreasing

lymphocyte counts to take into account the decreasing

lymphocyte counts after dosing of Thymoglobulin�. This

did not result in an improvement of the model.

Diseases with a high peripheral lymphocyte burden were

marked; these were no covariate on either clearance path-

ways. No other covariates were identified, including

treatment center, treatment year, and underlying disease.

3.4 Internal Validation of the Final Model

The final model with inclusion of all of the above described

covariates seemed stable in the bootstrap analysis with 98 %

successful runs. Median parameter values as well as the

2.5th and the 97.5th percentiles were in line with the model

estimations and standard errors (Table 2). The NPDE

showed a normal distribution of errors, with no trends in the

NPDE versus time and NPDE versus predictions (Electronic

Supplementary Material Figures S7 and S8).

3.5 Simulations

Figure 5 shows simulated Thymoglobulin� concentrations

over time for patients with a body weight of 5, 20, and

40 kg, and lymphocyte counts at the first dose of Thymo-

globulin� of 0, 1, and 2 9 109 cells/L, respectively, using

the final model. The figure illustrates that, while using the

currently approved dosing regimen, exposure increases

with higher weight and/or lower baseline lymphocytes.

4 Discussion

Thymoglobulin� is considered to play a pivotal role both in

preventing GvHD and rejection as well as the occurrence

of successful and timely immune reconstitution in HCT.

We described the population pharmacokinetics of active

Thymoglobulin� in a pediatric population. Concentrations

could be well-predicted using this extensively validated

model. Body weight and lymphocyte count at first dose of

Thymoglobulin� proved to be predictors of CL and V1.

Simulation studies showed the current dosing regimen to

be suboptimal, with patients with a higher body weight

and/or a lower baseline lymphocyte count having a higher

exposure.

In the proposed model, parallel linear and non-linear

clearance was identified, which is frequently used for

describing the pharmacokinetics of antibodies with non-

soluble targets [38–40]. A true target-mediated drug dis-

position (TMDD) model was not possible due to the non-

soluble targets, for which no concentrations were available,

combined with the diversity of potential targets for
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Fig. 4 Total Thymoglobulin� clearance, the sum of linear and

saturable clearance, is dependent on active Thymoglobulin� concen-

trations. AU arbitrary units, CL linear clearance, Km concentration in

central volume of distribution at 50 % saturation of Vmax, Vmax

maximum rate of elimination
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Fig. 5 Model-based simulation results of active Thymoglobulin�

concentrations showing the population predictions of three represen-

tative individuals receiving Thymoglobulin� according to the current

dosing regimen (cumulative dose of 10 mg/kg in 4 consecutive days),

weighing 5 kg (a), 20 kg (b), and 40 kg (c). AU arbitrary units

Table 2 Parameter estimates and bootstrap results

Parameter Dataset [estimate (RSE)] Shrinkage (%) 1,000 bootstrap replicates (98 % successful)

Median 2.5th–97.5th percentile

Structural model

CLi¼ CLpop � WT
WTmedian

� �k

�ð1þ BL
BLmedian

� �
� lÞ

CLpop (L/day) 2.2 (6 %) 2.1 1.8–2.4

k 0.61 (13 %) 0.62 0.45–0.80

l 0.12 (36 %) 0.12 0.04–0.22

V1;i¼V1;pop � WT
WTmedian

� �m

V1,pop (L) 7.8 (6 %) 7.8 6.9–9.0

m 1.1 (7 %) 1.1 0.92–1.3

k21,pop 1.2 (18 %) 1.2 0.79–1.8

Tmax,pop (AU/day) 156 (15 %) 161 98–241

Tm,pop (AU/L) 7.6 (21 %) 7.5 4.9–13

Vmax,pop (AU/day) 1.8 (21 %) 1.9 1.2–3.1

Km,pop (AU/L) 1.1 (21 %) 1.1 0.67–1.8

Random variability

Inter-individual variability on CL (%) 86 (5 %) 5 85 76–94

Inter-individual variability on V1 (%) 59 (7 %) 20 58 49–67

Inter-individual variability on Tm (%) 106 (7 %) 18 107 93–123

Inter-individual variability on Vmax (%) 70 (12 %) 54 70 49–93

Inter-individual variability on Km (%) 177 (12 %) 36 177 117–227

Proportional residual error (%) 32 (12 %) 13 31 28–36

AU arbitrary units, BL baseline (before first Thymoglobulin� infusion) lymphocyte count (9109 lymphocytes/L), BLmedian median baseline

lymphocyte count (0.29 9 109 lymphocytes/L), CL linear clearance, k21 constant depicting distribution from the peripheral to the central

compartment, Km Michaelis–Menten constant saturable distribution for saturable clearance pathway, RSE relative standard error, Tm Michaelis–

Menten constant saturable distribution towards peripheral compartment, Tmax maximum transport rate towards in saturable distribution towards

peripheral compartment, V1 central volume of distribution, Vmax maximum transport rate for saturable clearance pathway, WT body weight (kg),

WTmedian median population body weight (21 kg)
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Thymoglobulin� due to its polyclonal nature. This result is

in line with the mechanism of action since active Thy-

moglobulin�, as all antibodies, is cleared through two

mechanisms: target binding and non-specific degradation.

Target binding is unique for the active fraction, whereas

non-specific degradation occurs both in the active and the

non-active fraction. The final model was developed based

on the assumption that target binding is only possible when

sufficient targets are available, resulting in a limited spe-

cific clearance in the case of a low number of targets. This

also holds true for active Thymoglobulin�, although it has

a great number of potential targets including T cells,

B cells, natural killer cells, monocytes, and endothelium

due to its manufacturing process in rabbits. To further

unravel active Thymoglobulin� CL, the total Thymoglob-

ulin� pharmacokinetics may be taken into consideration.

Introducing information from total Thymoglobulin� phar-

macokinetics, which is approximately 93 % not reactive to

human targets [27], more information may be gathered on

non-active pharmacokinetics, which could sophisticate the

current model.

The covariate model building showed actual body

weight to be the best predictor for size on both CL and V1.

Lymphocyte count before the first dose of Thymoglobulin�

proved to be a predictor for CL. Lymphocyte counts before

conditioning (i.e., chemotherapy or radiotherapy) as well as

before the first dose of Thymoglobulin�, which were

mostly just days apart, were available. Still, lymphocyte

counts dropped between the two measurements in some

patients, while other patients had a stable lymphocyte

count. This effect appeared not to be related to the type of

chemotherapy used. Nonetheless, pre-conditioning and pre-

Thymoglobulin� lymphocyte counts were comparable

predictors for inter-individual variability on CL. As pre-

Thymoglobulin� lymphocyte counts best reflect the current

amount of available targets, and therefore the potential for

clearance through target binding, pre-Thymoglobulin�

lymphocyte counts were used in the covariate model.

Several varieties of ATG are on the market: both horse

(Atgam�, Pfizer, New York, NY, USA) and rabbit derived,

with the latter being produced using human thymoid tissue

(Thymoglobulin�, Sanofi (previously Genzyme), Lyon,

France) or a Jurkat T cell leukemia line (ATG-Frese-

nius� S, Fresenius Biotech, Gräfelfing, Germany) as

immunogen [5]. This pharmacokinetic model for Thymo-

globulin� might to some extent reflect pharmacokinetics of

other varieties of ATG, bearing in mind that the active

fraction and its profile of specificities most likely differ

[41]. For these products, in analogy to Thymoglobulin�, a

population pharmacokinetic model should be developed,

which could be partly based on this model.

One pediatric study has been published on the population

pharmacokinetics of active Thymoglobulin� in HCT [26].

This study was performed in a relatively small cohort of 13

children, fitted using a two-compartment model with linear

pharmacokinetics, where body weight was a covariate for

both CL and V1. Only the mean population value for CL was

given, which is roughly in line with our results, although no

parallel clearance was incorporated making interpretation

difficult. No internal or external validation was performed in

that study. Some other studies have been performed in

children [21, 25], adults [20, 23, 24], or both [22] based on

the standard two-stage approach [23] or non-compartmental

analyses [20–22, 24, 25], reporting on active or total ATG of

different brands. The population approach, which we applied

here, is considered superior over the standard two-stage

approach and non-compartmental analysis [15–17, 42].

Therefore, our results are not easily comparable to these

results because of differences in methods.

With the developed pharmacokinetic model, active

Thymoglobulin� exposure can be predicted in the entire

pediatric age range. Dosing can be adjusted so that each

child, irrespective of body weight and lymphocyte count,

will have a predictable exposure. This is a major

improvement when compared to the current dosing regi-

men, where exposure increases with body weight and/or

decreasing baseline lymphocyte count, without evidence

being available to support the rationale for this, and pos-

sibly even leading to significant side effects such as

delayed or absent immune reconstitution. The next step in

the development of an individual dosing regimen will be

the determination of the therapeutic window. Pharmaco-

kinetic endpoints such as AUC can be related to clinical

outcome measures as survival and the incidence of GvHD,

rejection, relapse, and successful immune reconstitution,

which have been shown to depend on ATG exposure [22,

43, 44]. These studies will result in an optimal active

Thymoglobulin� exposure, which may vary based on

transplant-related factors. The optimal exposure, combined

with covariates influencing pharmacokinetics, will deter-

mine the Thymoglobulin� dose for each individual patient.

Predictable exposure leads to predictable immune

reconstitution, which is paramount for giving adjuvant

cellular therapies for consolidation of the treatment for

malignancies. Likewise, therapeutic decisions such as

starting antivirals or tapering GvHD prophylaxis may also

depend on immune reconstitution. All together, this is

expected to result in an improvement of outcome after

pediatric HCT.

5 Conclusion

We developed and evaluated a population pharmacokinetic

model incorporating non-linear distribution and elimina-

tion, which accurately describes active Thymoglobulin�
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pharmacokinetics in the entire pediatric age range. Body

weight and baseline lymphocytes were the most predictive

covariates influencing the pharmacokinetics of active

Thymoglobulin�, which could explain a major part of the

inter-individual variability. The current dosing regimen is

shown to be suboptimal, leading to varying exposures

across age. Once the therapeutic window has been deter-

mined, this model can be used to develop an individual

dosing regimen for Thymoglobulin�, based on both body

weight and lymphocyte counts. This individualized regi-

men may contribute to a better immune reconstitution, and

thus outcome, of allogeneic HCT.
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