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ABSTRACT
Infliximab is an anti-tumor necrosis factor monoclonal antibody approved in chronic inflammatory
diseases such as rheumatoid arthritis (RA), psoriatic arthritis (PsA), ankylosing spondylitis (AS), Crohn’s
disease (CD) and ulcerative colitis (UC). Infliximab pharmacokinetics is variable between patients, but
influence of the underlying disease was never assessed. This study aimed at assessing this influence using
a cohort of patients monitored in a single center and with the same assay. Infliximab trough
concentrations were determined on samples collected between weeks 0 and 22 after treatment initiation
in 218 patients treated for RA, PsA, AS, CD or UC. Infliximab pharmacokinetics was analyzed by a one-
compartment population model with first-order elimination rate constant. In AS patients, volume of
distribution (V) and elimination clearance (CL) were 5.4 L and 0.24 L/day, respectively. In CD and UC
patients, V was 49% and 52% higher than in AS, respectively, and CL was 47% and 60% higher than in AS,
respectively. In RA patients, CL was 49% higher than in AS patients. Simulations showed that without
methotrexate, a 3 mg/kg dosing regimen would lead only 16% of RA patients to reach the target
concentration (2.5 mg/L) at week 22, whereas target concentrations would be reached in approximately
half of RA patients cotreated with methotrexate, as well as half of CD (3.5 mg/L) and UC (3.7 mg/L)
patients. The suboptimality of approved dosing regimens supports the development of dosing
optimization based on concentration measurements.

Abbreviations: 2LL, minus 2 log-likelihood (objective function); AS, Ankylosing spondylitis; ADA, Anti-drug antibod-
ies; AIC, Akaike’s information criterion; CAT, Binary covariate; CD, Crohn’s disease; CL, Elimination clearance; COV,
Continuous covariate; CRP, C-reactive protein; DV, Observed concentrations; ELISA, Enzyme-linked immunosorbent
assay; IBD, Inflammatory bowel disease; IQR, Interquartile range; IgG, Immunoglobulin G; IPRED, Individual-pre-
dicted measurements; IWRES, Individual weighted residuals; K, Iteration Kernel; LLOQ, Lower limit of quantification;
MTX, Methotrexate; NPDE, Normalized prediction distribution error; OFV, Objective function value; PK, Pharmacoki-
netics; PRED, Population-predicted measurements; PsA, Psoriatic arthritis; PWRES, Population weighted residuals;
RA, Rheumatoid arthritis; RSE, Relative standard error; SAEM, Stochastic expectation-maximization algorithm; SF,
Synovial fluid; t1=2, Half-life; TMDD, Target-mediated drug disposition; TNF, Tumor necrosis factor; UC, Ulcerative
colitis; ULOQ, Upper limit of quantification; V, Volume of distribution; WT, Weight
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Introduction

Infliximab is a chimeric monoclonal immunoglobulin G1 (IgG1)
targeting tumor necrosis factor (TNF). It is approved for the treat-
ment of immuno-inflammatory diseases, including rheumatoid
arthritis (RA), ankylosing spondylitis (AS), psoriatic arthritis
(PsA), Crohn’s disease (CD) and ulcerative colitis (UC). Despite
the adjustment of dose based on patients’ weight, large interindi-
vidual variability in infliximab serum concentrations is observed.1-3

Infliximab pharmacokinetics has been analyzed in RA,4 AS5,6 and
inflammatory bowel disease (IBD)7-12 patients using population
compartmental modeling. These studies showed that several indi-
vidual characteristics such as body weight,4-6,9,10,12,13 sex,5,9,13

anti-drug antibodies,14,15 cotreatment with methotrexate4 or pre-
infusion C-reactive protein (CRP)4 were related to infliximab phar-
macokinetic parameters.

In addition to these factors, underlying disease itself may
influence infliximab pharmacokinetics. Infliximab elimination
half-life was reported to be »14 d on average,16 but with lower
values in RA patients without methotrexate (9 days), than in
RA patients cotreated with methotrexate (13 days),4 AS5,6 and
in IBD9,11,13 patients (»14 d for both conditions) (Table 1).
The increase in infliximab clearance (CL) with pre-infusion
CRP4,11 suggests an influence of target-antigen burden on
infliximab pharmacokinetics, the elimination increasing with
the target-antigen quantity. Therefore, a difference in TNF lev-
els between immune-inflammatory diseases, as reported for RA
and AS, could lead to differences in infliximab pharmacokinet-
ics. Yet the hypothesis of an influence of the disease on this
pharmacokinetics has never been assessed in an integrated
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pharmacokinetic study, i.e., using data obtained in a single cen-
ter and with the same assay.

The clinical response increases with infliximab trough
concentrations in RA,1,17,18 AS,2 IBD3,19,20 and psoriatic
patients,21 and target concentrations predictive of good clin-
ical response were proposed in RA (2.5 mg/L22), CD
(3.5 mg/L23) and UC (3.7 mg/L24). The achievement of
these targets depends on both dosage and infliximab phar-
macokinetics. Recommended infliximab infusion dose
ranges from 3 mg/kg (initiation dose in RA) to 10 mg/
kg.25,26 However, to our knowledge, neither the relationship
between dose and proportion of patients achieving the pro-
posed target concentration nor the influence of dose
increase on this proportion were reported.

The aims of this study were therefore to quantify the influ-
ence of the underlying disease on both infliximab pharmacoki-
netic parameters and on resulting patients’ potential exposure
to this anti-TNF biopharmaceutical.

Results

Patients

Two-hundred and eighteen patients were retrospectively included
in this study (Table 2). Median infliximab starting dose was
5 mg/kg (IQR: 4.5 – 5.2 mg/kg) and 870 infliximab serum

concentrations were available. Median treatment follow-up was
23 weeks (IQR: 15.6 – 25.0 weeks) and median delay between
2 infliximab infusions was 5.1 weeks (IQR: 3.1–6.3 weeks).

Pharmacokinetic analysis

Base model
Infliximab concentrations were best described using a one com-
partment model with first-order elimination rate. Estimated
infliximab pharmacokinetic parameters were volume of distri-
bution (V, in L) and elimination clearance (CL in L/day).
Parameters describing a peripheral compartment were not
identifiable. The best residual error model was mixed additive-
proportional. Plots of predicted vs. observed concentrations
showed that infliximab concentration data were satisfactorily
described by the pharmacokinetic model (Fig. 1). Even if some
concentrations were over-predicted, population (PWRES) and
individual (IWRES) residuals and normalized prediction distri-
bution error (NPDE) plots showed that there was no major
bias or model misspecification (Fig. 2). Even though only
trough concentrations were available, our one-compartment
model described satisfactorily the observed concentrations for
each underlying disease (Fig. 3). The pharmacokinetic parame-
ters and interindividual variance were estimated with satisfac-
tory precision (Table 3).

Final model with covariates
During the univariate step, weight, sex, CD and UC signifi-
cantly influenced both V and CL; pediatric population and PsA
significantly influenced V; and RA combined with methotrex-
ate treatment significantly influenced CL. During the multivari-
ate step, weight, sex, CD and UC significantly influenced both
V and CL; pediatric population significantly influenced V and
RA combined with methotrexate treatment significantly influ-
enced CL. All these covariates remained statistically significant
during the backward step analysis (Table 3).

Infliximab V and CL increased with weight; a gain of 25 Kg
was associated with an 11% increase in V (DOFV D 5.57;
p D 0.018) and a 25% increase in CL (DOFV D 30.96;
p < 0.00001) (Fig. 4). Men had a 23.2% (DOFV D 12.7; p D
0.00037) higher V and a 19.8% (DOFV D 13.6; p D 0.0002)
higher CL than women. Volume of distribution was 32.7%
lower in pediatric CD patients than in adults (DOFV D 8.65;
p D 0.0032). Infliximab V (DOFV D 26.79; p < 0.00001) and
CL (DOFV D 35.55; p < 0.00001) were higher in patients with
CD than in those with AS. Infliximab V (DOFV D 21.21;
p < 0.00001) and CL (DOFV D 44.98; p < 0.00001) were
higher in patients with UC than in those with AS. Clearance
was higher in patients with RA than in those with AS
(DOFV D 10.62; p D 0.0011) (Fig. 5). Methotrexate was associ-
ated with a 28.5% decrease in infliximab CL in RA patients
(DOFV D 4.78; p D 0.029).

Simulations
Doses of 3, 5, 7.5 and 10 mg/kg at weeks 0, 2, 8 and 14 were
simulated using estimated structural, covariate, interindividual
and residual parameters, which provided 90% prediction inter-
vals of infliximab trough concentrations at steady state for AS,
RA (with and without methotrexate), CD, UC and PsA. With

Table 1. Infliximab pharmacokinetic parameters estimated by a population
approach.

Study Disease
Patients

(n)
Compartments

(n)
Vss
(L)

CL (L/
day)

t1/2
(days)

Ternant 20067 CD 6 1 3 0.20 10.9
Ternant 20088 IBD 33 2 5.50 0.29 20.3
Fasanmade

20099
UC 482 2 7.30 0.38 13.4

Fasanmade
201110

CD 692 2 4.90 0.38 11.5

Ternant 201411 CD 111 1 5.80 0.29 14.0
Dotan 201412 IBD 54 2 3.80 0.38 12.0
Aubourg 201513 CD 133 2 7.10 0.34 15.7
Present study IBD 79 1 7.95 0.35 15.5
Xu, 20085 AS 274 2 6.00 0.27 15.8
Ternant 20116 AS 25 2 4.10 0.21 13.8
Present study ASC PsA 121 1 5.43 0.24 15.7
Ternant 20144 RA 84 2 5.90 0.32 9.0�

Present study RA 18 1 5.43 0.30 10.5�

Abbreviations are as follows: Vss, volume steady-state; CL, elimination clearance;
t1/2, terminal elimination half-life; IBD; inflammatory bowel disease; AS, ankylosing
spondylitis; PsA; psoriatic arthritis; RA, rheumatoid arthritis; CD, Crohn’s disease;
UC, ulcerative colitis.
�without methotrexate cotreatment.

Table 2. Patients and infliximab treatment characteristics.

Characteristics Patients (n D 218)

Women 141 (65)
> 15 y old 207 (95)
Weight (kg) 67 [28.2–125]
AS/RA/PsA/CD/UC 91/18/30/63/16
Follow-up (weeks) 23 [2–28.6]
Starting dose (mg/kg) 5.0 [2.5–8.9]
Dosing interval (weeks) 5.1 [1.4–17.9]

Results are presented as the median [interquartile range] or as the number
(percentage).
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infusion doses of 5 mg/kg, predicted infliximab concentrations
were similar between AS and PsA patients, but were lower in
RA, CD and UC patients than in AS patients (Fig. 6). The lower
predicted infliximab concentrations in RA patients were due to
an increase in CL and the lower predicted concentrations in CD
and UC patients were due to an increase of both V and CL. For
RA patients without methotrexate, simulations showed that with
3 mg/kg, 5 mg/kg, 7.5 mg/kg and 10 mg/kg infusions, proportion
of patients above the concentration predictive of good clinical
response using the threshold of 2.5 mg/L22 would be 16%, 33%,
45% and 52%, respectively (Fig. 6). With methotrexate cotreat-
ment, these proportions would be 53%, 72%, 82% and 86%,
respectively. Regarding CD patients, simulations with doses of
5 mg/kg, 7.5 mg/kg and 10 mg/kg showed that the proportion of
patients above the concentration predictive of good clinical
response (3.5 mg/L23) would be 50%, 66% and 75%, respectively
(Fig. 6). Regarding UC patients, these proportions would be
41%, 57% and 67% for a target concentration of 3.7 mg/L.24

Discussion

Although differences of infliximab pharmacokinetics according
to the underlying disease are suggested in literature (Table 1),
our study is the first to quantify its influence. Moreover, by using
the same validated ELISA technique to analyze all samples, we
ensured that there were no assay-related differences in estimated
pharmacokinetic parameters, as previously observed when differ-
ent ELISA techniques were compared.27 Since only trough con-
centrations were available, we used a one-compartment model.
Because most studies used a 2-compartmental model to describe
infliximab pharmacokinetics,4-6,8-10,12,13 there is a potential risk of
increased bias and decreased precision of PK parameter estima-
tion. However, this limitation was reported for compounds with
poorly known pharmacokinetics, which is not the case of inflixi-
mab.28 Two main aspects have been suggested to lead to bias in
infliximab pharmacokinetic parameter estimates: 1) the large
intra-individual variability observed during follow-ups longer

Figure 1. Observed vs. predicted concentrations of infliximab. Population predicted (PRED, A) and individual predicted values (IPRED, B).

Figure 2. Population (top) and individual (bottom) residuals vs. time (A, B) and vs. predictions (C, D) and normalized population distribution error vs. Gaussian law (NPDE, E).
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than 6 months, and/or 2) the inclusion of patients both with and
without anti-drug antibodies (ADA).13 In this study, we assessed
patients for whom infliximab concentrations were available at
treatment initiation and up to 25 weeks, and in whom ADA was
not detected during this period. Overall elimination half-life of
infliximab was 15 days, a value that is in agreement with most
published studies (Table 3).

Our study demonstrated that infliximab pharmacokinetics
was significantly influenced by the underlying disease. First, to
our knowledge, this is the first study that describes the pharma-
cokinetics of infliximab in PsA patients, and shows the

estimated parameters are not different from those of AS
patients. In RA, infliximab CL was higher (C 48 %) than in AS.
This may be explained by target-mediated drug disposition
(TMDD), as target-antigen burden is likely to be high in RA
patients: 1) infliximab CL increases with pre-infusion CRP4

and TNF levels increase with CRP concentrations,29 2) systemic
inflammation (i.e., TNF burden) is higher in RA than in AS,30

and 3) high levels of soluble TNF were reported in blood31 and
synovial fluid32 of RA patients. Methotrexate cotreatment was
associated with decreased infliximab CL in RA patients, leading
to a longer elimination half-life in patients with than without
methotrexate cotreatment (14.8 vs. 10.5 days, respectively), a
difference similar to values previously reported (13 and 9 d
with and without methotrexate cotreatment, respectively4). The
effect of methotrexate was kept in the final model to avoid mis-
evaluation of the influence of the underlying disease on inflixi-
mab pharmacokinetics. The lower anti-infliximab antibodies
prevalence in RA patients with methotrexate than in those
without methotrexate was previously reported.33 Nevertheless,
we conducted our study only in patients without detected anti-
infliximab antibodies. Our results consequently suggest an
influence of methotrexate on infliximab pharmacokinetics,
independent of ADA influence.

Both V and CL were higher in CD and UC patients than in
AS patients. Similarly to what was reported in RA, we previ-
ously showed that infliximab CL increases with pre-infusion
CRP in CD patients, an observation that may also be explained
by TMDD.11 In addition, studies reported loss of infliximab in
stools of patients with CD or UC.34,35 This fecal loss may lead
to lower blood concentrations of infliximab and consequently
to an overestimation of V.

In IBD, data suggest that infliximab acts at least
partly by antibody-dependent cell-meditated cytotoxicity.36

Figure 3. Individual fits of observed and model-predicted infliximab concentrations. A representative patient is figured for each underlying disease: ankylosing spondylitis
(AS), rheumatoid arthritis (RA) with (MTX C) and without (MTX -) methotrexate cotreatment, psoriatic arthritis (PsA), Crohn’s disease (CD) and ulcerative colitis (UC). The
observed concentrations are represented by crosses and the model-predicted concentrations over time is represented by the curve.

Table 3. Infliximab pharmacokinetic parameters estimates.

Parameter (unit) Estimate RSE (%) DLL

V (L) 5.2 4 —
WT on V 0.277 45 5.57
Male sex on V 0.209 30 12.66
� 15 y.o. on V ¡0.396 37 8.65
CD on V 0.399 17 26.79
UC on V 0.417 27 21.21
CL (L/day) 0.23 4 —
WT on CL 0.603 18 30.96
SEX on CL 0.181 30 13.57
CD on CL 0.384 15 35.55
UC on CL 0.472 21 11.52
RA on CL 0.392 32 10.62
MTX on CL ¡0.336 52 4.78
vV 0.224 12 —
vCL 0.304 7 —
sadd (mg/L) 0.72 19 —
sprop (%) 0.223 7 —

The RSE (%) was obtained as follows: RSE D (estimates/standard error) £ 100.
Abbreviations are as follows: CD, Crohn’s disease; CL, elimination clearance; LL, log-
likelihood; MTX, methotrexate; RA, rheumatoid arthritis; RSE, relative standard error;
UC, ulcerative colitis; V, volume of distribution; WT, body weight; v, interindividual
standard deviation; sadd, additive error standard deviation; sprop, proportional error
standard deviation.
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Infliximab binds to transmembrane TNF tightly, notably
compared to etanercept.37 Inflammatory bowel diseases
are characterized by substantial leucocyte infiltration38

with various cells expressing transmembrane TNF.39

Increase in V may therefore be explained by retention of
the monoclonal antibody by cellular TNF. A similar phe-
nomenon was reported for another monoclonal antibody,
rituximab (an anti-CD20 monoclonal antibody): its vol-
ume at steady-state (Vss) was 6.6 L, 5.6 L and 13.5 L, in
RA,40 follicular non-Hodgkin lymphomas41 and diffuse

large-cell lymphomas,42 respectively. In all, the similar
elimination half-life of infliximab observed in IBD and in
AS (Table 3) may result from opposite effects of TNF, the
higher CL estimated in IBD being compensated by a
higher V as compared with AS.

Of note, our study was conducted on only 18 RA and 16 UC
patients. Even though the effect on volume of distribution of
these diseases was satisfactorily estimated (RSE D 32% and
20%, respectively), it would be of interest to confirm these
results on a larger cohort of patients.

Figure 4. Influence of continuous (A, B) and binary (C, D, E) demographic covariates on pharmacokinetic parameters of infliximab: volume of distribution (A) and clear-
ance (B) vs. body weight, and association of sex with volume of distribution (C) and clearance (D), and association of age with volume of distribution (E). From bottom to
top, horizontal lines of boxes represent 5th, 25th, 50th, 75th and 95th percentiles (bottom).

Figure 5. Influence of treated disease on the pharmacokinetic parameters of infliximab. Compared to ankylosing spondylitis (AS), there was an influence of inflammatory
bowel disease (IBD) on volume of distribution (A) and on clearance (B), and of rheumatoid arthritis (RA) on clearance (C). From bottom to top, horizontal lines of boxes
represent 5th, 25th, 50th, 75th and 95th percentiles.
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The results of this study confirm the previously reported
increase in V and CL with body weight and their higher values
in men than in women.5,9,13 Unexpectedly, we found a higher
V in pediatric CD patients than in adults. As for the influence
of methotrexate on CL, this effect of age on V was kept in the
final model. To our knowledge, the influence of age on inflixi-
mab PK was not reported previously. Very few studies reported
the influence of age on a pharmacokinetic parameter of a
monoclonal antibody. A study on prematurely born children
under 37 months showed that apparent V and apparent CL of
an anti-respiratory syncytial virus monoclonal antibody were
higher in younger patients.43 Regarding elimination, we previ-
ously reported that children receiving adalimumab for a focal
segmental glomerulosclerosis had a faster elimination than
adults (elimination half-lives of 1.7 and 5.7 days, respec-
tively).44 A recent review suggests that differences between
adults and children may be explained by specific factors (such
as target-antigen burden), a hypothesis which deserves further
investigation.45 Of note, the influence of age on absorption was
reported for an anti-interleukin 4 receptor monoclonal anti-
body administered subcutaneously, the absorption rate decreas-
ing with age.46

The infliximab pharmacokinetic parameters estimated in
our study were used to predict the distribution of infliximab
trough concentrations at steady-state and compare them with
cut-off concentrations predictive of good clinical response. In
RA, the published cut-off value is 2.5 mg/L.22 Simulations
highlighted the effect of methotrexate cotreatment on the pro-
portion of patients reaching target infliximab concentration.
For initial 3 mg/kg infusions every 8 weeks, this proportion
would be more than 3 times higher for patients receiving meth-
otrexate than for those without methotrexate (53% vs 16%,
respectively). According to our simulations, the proportion of
patients receiving 10 mg/kg infusions of infliximab without
methotrexate with infliximab concentration above the target
value would be similar to that of patients receiving 3 mg/kg
infusions of infliximab with methotrexate. This low proportion
of patients with concentrations above the target is consistent
with the dose intensification reported in 30–50% of RA

patients.47,48 In addition to the increase in the proportion of
patient above the threshold for response, increased trough con-
centrations may decrease the risk of developing ADA.14,49 For
IBD, approximately half of patients are above target concentra-
tions (3.5 mg/L and 3.7 mg/L for CD and UC, respectively),
meaning that half of patients would need dose intensification, a
figure which is consistent with the fact that infliximab dosing
regimen is intensified in 45% of CD patients.50 This subopti-
mality of dosing regimen advocates the development of inflixi-
mab concentration monitoring to adjust the dose of the
monoclonal antibody individually.

In conclusion, our study is the first to quantify the influence
of underlying disease on infliximab pharmacokinetics. Com-
pared to AS patients, RA patients have a higher CL, whereas
CD and UC patients both have a higher CL and a higher V.
Furthermore, RA patients without methotrexate may benefit
from initiation infusion doses higher than 3 mg/kg.

Materials and methods

Study design

The study was conducted on a retrospective cohort of 363
patients of daily practice treated and followed up in the Univer-
sity Hospital of Tours, France, between 2006 and 2012. To
allow a robust estimation of PK parameters, we assessed
patients for which infliximab trough serum concentrations
were available before the first infusion and at each visit, and in
whom no ADA was detected during the follow-up. Of 363
patients, 218 were selected for the present study. Ninety-one
patients had AS, 63 had CD, 16 had UC, 18 had RA and 30 had
PsA. (Table 1). Among CD patients, 10 were pediatric patients
(< 15 y.o.). One AS patient was pediatric. Among RA patients,
9 were also treated with methotrexate. As part of routine thera-
peutic drug monitoring of patients treated with infliximab,
blood samples were collected to measure infliximab serum
trough concentrations. Individual results were sent to the pre-
scriber and discussed during clinic-biological rounds. The sam-
ples were therefore not drawn specifically for this study, which

Figure 6. Boxplots representing 90% prediction intervals of simulated trough concentrations of infliximab at week 22 following 3, 5 and 7.5 mg/kg doses infused at weeks
0, 2, 6 and 14 in ankylosing spondylitis (AS), psoriatic arthritis (PsA), rheumatoid arthritis (RA), and inflammatory bowel diseases (IBD). Horizontal dotted or solid lines rep-
resent reported concentrations predictive of good clinical response for RA (2.5 mg/kg), Crohn’s disease (3.5 mg/L) and ulcerative colitis (3.7 mg/L). Percentages are pro-
portion of patients above the target concentration for the corresponding disease. From bottom to top, horizontal lines of boxes represent 5th, 25th, 50th, 75th and 95th

percentiles.
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was performed retrospectively. Part of these data were used in
previously published studies.13,14

Blood samples were collected immediately before a next
infusion of infliximab. Trough serum infliximab concentrations
were measured in the laboratory of Pharmacology-Toxicology
of the University Hospital of Tours, France, using a validated
enzyme-linked immunosorbent assay.7 The limit of detection
was 0.014 mg/L and the lower (LLOQ) and upper limits of
quantification (ULOQ) were 0.04 mg/L (between-assay accu-
racy coefficient of variation: 9.8%) and 4.5 mg/L (between-assay
accuracy coefficient of variation: 5.3%), respectively.

Pharmacokinetic analysis

Software
Pharmacokinetic data were analyzed with a population
approach using the nonlinear mixed-effects modeling software
Monolix 4.3.3. (Lixoft, Orsay, France), which combines the sto-
chastic expectation-maximization (SAEM) algorithm and a
Markov chain Monte-Carlo procedure for likelihood maximi-
zation. To ensure the best possible convergence, a large number
of iterations (1000 for K1, 300 for K2) were performed, with K1
and K2 being “iteration kernels” referring to the SAEM proce-
dure of Monolix. During K1, the sequence of step sizes is con-
stant, which allows exploration of the parameter space. During
K2, the step sizes decrease to ensure convergence. Simulated
annealing was applied to improve the convergence of the
SAEM algorithm toward the global maximum of the likelihood.
The Fisher Information Matrix and likelihood were computed
using stochastic approximation and importance sampling,
respectively. These techniques are longer to compute than line-
arization, but provide more reliable results. The random seed
was changed between each run.

Structural models
Infliximab concentrations were analyzed using compartmental
pharmacokinetic modeling. One and 2 mammillary models
were tested. Structural models were compared using Akaike’s
information criterion (AIC) defined as follows: AICD¡2LL C
2p, where ¡2LL is ¡2 x ln-likelihood and p is the number of
model parameters to estimate. The model with the lowest AIC
was selected.

Interindividual and residual error models
The interindividual variability of pharmacokinetic parameters
was described using the following exponential model:
ui D uTVCexp(hi), where ui is the estimated individual parame-
ter, uTV is the typical value of the parameter and hi is the ran-
dom effect for the ith patient. The values of hi were assumed to
be normally distributed, with mean 0 and variance v2. The var-
iance v2 of a given parameter was fixed to 0 if its hi could not
be estimated properly. Additive, proportional and mixed addi-
tive-proportional error models were tested. For example, the
combined additive-proportional model was implemented as
follows: Yo,ij D YP,ij£(1Ceprop,ij) C eadd,ij, where YO,ij and YP,ij

are observed and predicted jth measurements for the ith patient,
respectively, and eadd,ij and eprop,ij are additive and proportional
errors, with a mean 0 and respective variances sadd

2 and sprop
2.

Covariates
Several potential sources of interindividual variability were
tested as covariates. Body weight (WT) was tested as a continu-
ous covariate after it was power-transformed and centered on
its median as follows: ui D u0 £ (COV/med(WT))bweight, where
u0 is the value of u for a median subject, bweight is the influence
of WT on u and med(WT) is the median WT of the population.
Sex, age and the underlying disease (CD, UC, RA, PsA) were
tested as binary covariates. Age was dichotomized into 2 cate-
gories: pediatrics (<15 years) and adult (�15 years) patients.
The pediatric AS patient was not included in the pediatric
group. Adult (�15 y old) female patients with an AS were con-
sidered as reference. The influence of a binary covariate (CT)
on uTV was implemented as ln(uTV) D ln(uCATD0)CbCATD1,
where uCATD0 is the value of u for the reference category and
bCATD1 provides value of uTV for the other category. Because
methotrexate cotreatment was reported to decrease infliximab
CL, methotrexate cotreatment was tested as a covariate in RA
patients.

Model comparison and covariate selection
Interindividual, residual and covariate models were compared
using the ¡2 log-likelihood (¡2LL) as objective function value
(OFV) and AIC. From pairs of nested models, the model with
the lowest ¡2LL was chosen. This was assessed by a likelihood
ratio test (LRT), in which the difference in OFV between 2
models is assumed to follow a X2 distribution. The influence of
patient covariates was assessed with a 2 steps approach defined
as follows:

� Univariate step. The influence of each covariate on phar-
macokinetic or pharmacodynamic parameters associated
with interindividual variability was tested by including
them separately in the base model. Covariates showing a
significant influence (a < 0.1) were included in the full
model.

� Multivariate step. A forward stepwise multivariable analy-
sis was performed where all covariates were added one by
one. Covariates whose addition resulted in a statistically
significant decrease in the OFV (a < 0.02) were retained
for the backward stepwise elimination. In this step, the
covariates of the full model were removed one by one.
Covariates whose removal resulted in a statistically signif-
icant increase in the OFV (a < 0.02) were retained in the
final model.

Model goodness of fit and evaluation
The goodness of fit was assessed for each model by plotting
population-predicted (PRED) and individually predicted
(IPRED) concentrations vs. observed concentrations (DV) and
IPRED and DV vs. time. Population predictions were obtained
using typical parameters, which include explained variability
(i.e., population estimates and covariates), whereas individually
predicted concentrations were obtained using individual
parameters, which include both explained and unexplained
variability (i.e., the random effects hi for each parameter). In
addition, the distribution of residuals was evaluated by graphi-
cal inspection of population (PWRES) and individual weighted
residual distributions (IWRES), and normalized prediction
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distribution errors (NPDE). These residuals should follow a
standard normal distribution to confirm a satisfactory fit of the
model to the data and to allow a X2 distribution for LRT tests.

Simulation process
Simulation of infliximab concentrations in AS, IBD, RA and
PsA patients given different infliximab doses (3, 5, 7.5 and
10 mg/kg at weeks 0, 2, 6, and 14) were performed. A virtual
population of patients was created using each patient’s individ-
ual characteristics (age, body weight, sex, underlying disease
and age) and infliximab infusions at weeks 0, 2, 6 and 14.
Tested doses were 5 mg/kg for all diseases, 3, 7.5 and 10 mg/kg
for RA and 7.5 and 10 mg/kg for IBD patients since 10 mg/kg
is the highest approved infusion dose. Simulations were made
using typical parameters and interindividual variances of the
final model (Table 2). The data set was simulated 1000 times.
The 90% confidence interval of simulated steady-state inflixi-
mab trough concentrations at 22 weeks was compared to inflix-
imab trough concentrations predictive of good clinical
response in RA (2.5 mg/L,22), Crohn’s disease (3.5 mg/L,23) and
ulcerative colitis (3.7 mg/L,24).
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