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Objectives: Rituximab is frequently used off-label for the treatment of frequent-relapsing
nephrotic syndrome (FRNS) or steroid-dependent nephrotic syndrome (SDNS), but the
relapse rate remained high and the dosing regimen varied widely. The objective of this
study was to characterize rituximab pharmacokinetics (PK) in pediatric patients with FRNS/
SDNS, and to investigate the differences in rituximab PK between patients with FRNS/
SDNS and other disease populations.

Methods: Fourteen pediatric patients received rituximab for FRNS/SDNS treatment were
enrolled in a prospective, open-label, single-center PK study. A population PK model of
rituximab was developed and validated, and PK parameters were derived for quantitative
evaluation.

Results: A two-compartment PK model best described the data. Body surface area was
the most significant covariate for both central clearance (CL) and apparent central volume
of distribution (V1). Patients with FRNS/SDNS exhibited a clinically relevant increase in
rituximab CL compared to patient population with non-Hodgkin’s lymphoma (NHL).

Conclusion: This pilot study indicated that higher doses or more frequent regimens of
rituximab may be required for optimal therapeutic effects in patients with FRNS/SDNS.
Further clinical studies with more patients are warranted to confirm this result.
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INTRODUCTION

Primary nephrotic syndrome (NS) is the most common chronic glomerular disease in children (C
(1978). Nephrotic s, 1978). Despite the fact that approximately 80% of these children are recognized
as steroid-sensitive nephrotic syndrome (SSNS) (C (1981). The primary, 1981), up to 50% of these
SSNS patients will develop to frequent-relapsing nephrotic syndrome (FRNS) or steroid-dependent
nephrotic syndrome (SDNS) (Schulman et al., 1988). These children often experience steroid
toxicities and complications of immunosuppression (Park and Shin, 2011), suggesting that there is an
urgent need to develop new treatments for children with FRNS/SDNS. Rituximab, a chimeric anti-
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CD20 monoclonal antibody, originally approved for the
treatment of non-Hodgkin’s lymphoma (NHL), later granted
for the treatment of chronic lymphocytic leukemia (CLL) and
several autoimmune diseases including rheumatoid Arthritis
(RA), granulomatosis with polyangiitis and Microscopic
Polyangiitis. Recently, rituximab has been increasingly used
off-label for the management of FRNS and SDNS. Case
reports and randomized controlled trial (RCT) studies in
children with FRNS/SDNS have demonstrated promising
results (Ravani et al., 2011; Ravani et al., 2015; Basu et al.,
2018). Rituximab appears to be effective for FRNS/SDNS to
maintain remission, reduce or discontinue steroids and
immunosuppressants. Findings were confirmed by a
multicenter double-blind RCT conducted in Japan, which
contributed to Japanese government approval for the use of
rituximab in patients with FRNS/SDNS (Iijima et al., 2014).

Although more and more studies demonstrated efficacy of
rituximab in maintaining remission in FRNS/SDNS, the relapse
rate remained high and the optimal dosing schedule has not been
established. In a multicenter prospective study reported by Kamei
et al. only three patients (25%) with refractory SDNS did not have
a relapse and the disease was kept in remission for more than
1 year (single dose at 375 mg/m2) (Kamei et al., 2009). Kemper
et al. reported that 37 (70%) patients with SDNS remained in
remission after 1 year and 12 out of 29 (41%) patients with SDNS
remained in remission for >2 years who were treated with
rituximab (1–4 doses at 375 mg/m2) (Kemper et al., 2012). In
an RCT study conducted by Ravani et al., 46 patients with steroid
and calcineurin inhibitor-dependent nephrotic syndrome treated
with rituximab (1–5 doses at 375 mg/m2) were included, 48%
after the first infusion and 37% after subsequent infusions
remained in remission within 6 months, whereas 1- and 2-
years-remission probabilities were, respectively, 20 and 10%
(Ravani et al., 2013).

So far, very few studies have studied the PKs of rituximab in
patients with NS. Unlike small molecules, rituximab is not subject
to classical drug metabolism or renal elimination. After i.v.
administration, rituximab rapidly binds to the CD20 antigen
expressed on the surface of B cells in the peripheral blood, bone
marrow and lymph nodes (Keating, 2010). Rituximab clearance is
the sum of linear non-specific clearance and non-linear specific
clearance, including non-specific Fcγ receptors-independent
endocytosis, non-specific proteolysis which takes place in the
liver and other organs, and specific target-mediated drug
disposition (TMDD) (Golay et al., 2013). Rituximab are too
large to be filtered by the kidneys and are not eliminated in
the urine, except in pathologic condition. One study has shown
that a significant amount of rituximab is lost in the urine in a
pediatric patient with NS during a period of heavy proteinuria
(Counsilman et al., 2015). Thus, the PK of rituximab in children
with FRNS/SDNS may be different from that in other patient
populations such as NHL, CLL, and RA. The aim of this study was
to perform a population PK study of rituximab to characterize
rituximab PK in pediatric patients with FRNS/SDNS and to
investigate the differences in rituximab PK between patients
with FRNS/SDNS and other disease populations.

METHODS

Patients and Data Collection
A prospective, open-label, single-center PK study was
conducted in Nephrology Department at Children’s Hospital
of Fudan University between January and July 2017. Patients
younger than 16 years with diagnosed FRNS or SDNS (primary
nephrotic syndrome), with negative proteinuria, being treated
with rituximab, were eligible for enrollment in the study.
Patients were excluded if they were tested positive for
hepatitis B or C, or tuberculosis, or human
immunodeficiency virus, or had other active infections. The
study protocol was approved by the Ethics Committee of
Children’s Hospital of Fudan University. All study
participants were enrolled after obtaining written permission
(informed consent) from each child’s parents or legal guardians.

The following demographic and laboratory factors were
collected for all patients at each visit: gender, proteinuria
(PRO), body weight (BW), height (HT), body surface area
(BSA), age, age at onset, NS duration, serum albumin (ALB),
serum total cholesterol (TCH), serum creatinine (Scr), creatinine
clearance rate (CLCR, where k � 0.413 for children 1–13 years old
and 0.70 for males between the ages of 13 and 20) (Schwartz et al.,
2009), blood urea nitrogen (BUN), cystatin C (CysC), and
proteinuria-to-creatinine ratio (PRO/CR).

Administration of Treatment
Rituximab was administered intravenously at a dose of
375 mg/m2, with a maximum of 500 mg once weekly for a
maximum of 2 weeks. For patients with recurrence of
proteinuria, rituximab was administered only once. All
patients were premedicated with methylprednisolone in
order to minimize side effects associated with the
treatment regimen. After remission, the dose of
immunosuppressive agents was gradually reduced for
3–6 months. For the first dose, rituximab was administered
intravenously started at 50 mg/h during the first 30 min. If no
signs of infusion-related side effects were observed, a
following and the second rituximab dose was administered
at the same infusion rate. The median infusion duration was
4.75 h (ranged from three to 6.5 h). If hypersensitivity or
toxicity occurred, the infusion was temporarily slowed or
interrupted and resolved with supportive care. The infusion
was continued at 25 mg/h upon improvement of patient
symptoms.

Laboratory Analysis
For each patient, 11 serum samples (1.5 ml) were planned to
collect for PK analysis: at predose, the end of infusion, and 24, 48,
72, and 168 h after the first infusion, then at the end of the second
infusion, and 14, 30, 60, and 90 days after the last infusion.
However, due to the long follow-up and randomness of
outpatient visits most of the planned points after the last
infusion were not collected.

Blood was drawn into K2 EDTA tube and allow at room
temperature (RT) for 30 min. Samples were centrifuged at 5000
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RPM for 10 min at RT and stored at −20°C until analysis.
Rituximab concentrations were measured by enzyme-linked
immunosorbent assay method (ELISA), based on rituximab
ELISA kit (SHIKARI®, MATRIKS BIOTECHNOLOGY CO.,
LTD.). Standards (from 0 to 300 ng/ml), low/high level control
and diluted samples (1/10,000) were added and the plates were
incubated for 1 h at room temperature. After incubation, the wells
were washed. Horse radish peroxidase conjugated probe was
added and the plates were incubated for 1 h at room
temperature. Following incubation wells were washed and the
chromogen substrate tetramethylbenzidine was added until the
appropriate color had developed. The reaction was terminated
absorbance at 450 nm was measured with a multi-plate reader
(Synergy 2, BioTek, Winooski, VT, United States). Diluted
samples were determined using the standard curve. The lower
limit of quantification (LLOQ) was 3 ng/ml. The level below the
rituximab LLOQ (2 samples) was treated as missing. The intra-
assay and inter-assay expressed as CV were both less than 15%.

Pharmacokinetic Analysis
Model Development
A population PK analysis of rituximab was performed with the
NONMEM program (version VII, Icon Development Solutions,
Ellicott City, MD, United States) in conjunction with Wings for
NONMEM. The first order conditional estimation (FOCE)
method with interaction option was used throughout the
model-building procedure. Two linear models, a one- and
two-compartmental PK model were fit to rituximab
concentration-time data. On the basis of the best linear model,
TMDD was modelled as non-linear clearance, approximated by
time-varying function or Michaelis-Menten elimination. Inter-
individual variability was described by an exponential model.
Inter-individual variances that could not be estimated properly
were fixed to 0. Additive, proportional and combined residual
error models were evaluated for residual variability, respectively.

The demographic information was used to perform an initial
selection of covariates. The association between demographic
factors and pharmacokinetic parameters was evaluated by
graphical exploration followed by testing within NONMEM
with a stepwise covariate modelling procedure. Among
covariate effects considered for inclusion were patients’ gender,
BW, HT, BSA, age, age at onset, NS duration, ALB, TCH. As
disease state may affect the PK of rituximab, covariates reflecting
renal function such as Scr, CLCR, BUN, CysC, PRO, and PRO/
CR were also tested. For inclusion of continuous covariates,
exponential models were investigated. Categorical covariates
were included using a category variable equation. The
selection of covariates was determined using a forward
selection process and a backward elimination process. Nested
models were statistically compared using a likelihood ratio test on
the differences in the objective function value (OFV). A reduction
in OFV of 3.84 (p < 0.05) for forward inclusion and an increase in
OFV of 6.63 (p < 0.01) for backward elimination were the criteria
for retaining a covariate in the model. Non-nested models were
compared by Akaike information criteria (AIC) calculated by
Pirana software (ver. 2.7.1; Pirana Software and Consulting BV,
http://www.pirana-software.com/).

Model Evaluation
Models were evaluated graphically using goodness-of-fit
diagnostic plots: observed concentrations (DV) versus
population predicted concentrations (PRED), DV versus
individual predicted concentrations (IPRED), conditional
weighted residuals (CWRES) versus time (TIME), CWRES
versus PRED.

The stability of the final model was assessed by non-
parametric bootstrap (Ette et al., 2003). One thousand data
sets were generated by randomly resampling from the original
data set. The values of bootstrap estimates with 95% confidence
intervals were compared with those estimated from the original
dataset. It could be proved that the model was stable if the values
of parameters were not significantly different.

A visual predictive check (VPC) was performed to evaluate the
predictive performance of the model (Holford, 2005). A total of
1,000 replicates were simulated using the final model estimates.
The median, 5th and 95th percentiles of the simulated
concentrations were constructed and compared with the
observed concentrations. The model was deemed precise if the
observed concentrations were appropriately distributed within
the 5th–95th prediction interval.

RESULTS

Patient Characteristics
The study population consisted of 14 pediatric patients with
FRNS/SDNS. Five patients presented FRNS, 7 had SDNS, and 2
FRNS/SDNS. There were 8 patients with minimal change disease
(MCD), three patients with focal segmental glomerulosclerosis
(FSGS), and three without renal biopsy. Eleven out of the 14
patients received two infusions of rituximab, three children
received only once because of the recurrence of proteinuria.

TABLE 1 | Characteristics of patients.

Characteristic Mean (±SD) Median Range

No. of patients/samplings 14/72
Gender (Boys/Girls) 13/1
PRO (Positive/Negative) 3/11
BW (kg) 32.5 (22.0) 23.2 15.0–96.5
HT (cm) 125.3 (25.4) 113.5 92.0–165.0
BSA (m2) 1.0 (0.4) 0.9 0.6–2.1
Age(y) 8.3 (4.7) 6.8 3.0–15.6
Age at onset (y) 5.0 (3.4) 3.9 1.4–13.3
NS duration (m) 40.1 (28.1) 31.5 9.0–104.0
ALB (g/L) 35.6 (6.3) 36.4 23.3–42.9
TCH (mmol/L) 6.2 (1.9) 5.9 3.4–11.2
SCR (µmol/L) 33.4 (13.2) 30 20–62
CLCR (mL/min/1.73 m2) 169.5 (29.3) 165.4 118.9–217.2
BUN (mmol/L) 4.7 (1.5) 4.8 2.8–8.2
CysC (mg/L) 0.9 (0.2) 0.9 0.6–1.2
PRO/CR 0.3 (0.5) 0.1 0.04–1.68

*PRO, proteinuria; BW, body weight; HT, height; BSA, body surface area; NS, nephrotic
syndrome; ALB, serum albumin; TCH, serum total cholesterol; Scr, serum creatinine;
CLcr, Creatinine clearance rate,; BUN, blood urea nitrogen; CysC, cystatin C; PRO/CR,
proteinuria-to-creatinine ratio.
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Their clinical characteristics are shown in Table 1. In total,
72 serum rituximab concentrations were available for
pharmacokinetic analysis. Individual serum rituximab
concentration plots (concentration versus time) are shown in
Figure 1.

Population PK Modeling
Preliminary analysis for the linear model showed that OFV of
one- and two-compartment models were 554.96 and 533.11,
respectively. A two-compartment model resulted in a better fit
to describe rituximab concentrations based on the change of OFV
(δ � 21.85) and diagnostic plots. The two-compartment models
with time-dependent elimination (AIC � 613.847), and with

Michaelis-Menten elimination (AIC � 615.118) did not
improve model performance compared to the linear two-
compartment model (AIC � 575.117). Therefore, the two-
compartment model was selected as the structural model.
Residual variability was best described by a proportional
error model.

Of all covariate relationships tested, we observed a significant
association of CL with BSA, and V1 with BSA. The inclusion of
BSA in CL was associated with a decrease in OFV from 533.11 to
520.45 and a decrease in the inter-individual variability of CL
from 56.0 to 32.9%. The inclusion of BSA as a covariate of V1 was
associated with a decrease in OFV from 520.45 to 511.71 and a
decrease in the inter-individual variability of V1 from 39.7 to

FIGURE 1 | Individual serum rituximab concentration-time profiles. (A) Concentration plots after the first dose. (B) Concentration plots after the last dose.

TABLE 2 | Parameter estimates of rituximab final model and bootstrap validation.

Final model Bootstrap n = 1,000Parameter

Population estimate (RSE (%)) Median 95% CI

CL (ml/h) CL � θ1*(BSA/0.9)θ5
θ1 8.69 (11.9) 8.75 6.42–10.9
θ5 1.26 (16.3) 1.26 0.787–1.91

V1 (L) V1 � θ2*(BSA/0.9)
θ2 1.86 (7.7) 1.84 1.56–2.11

Q (ml/h) Q � θ3
θ3 7.5 (31.5) 7.77 4.89–21.0

V2 (L) V2 � θ4
θ4 1.9 (16.7) 1.86 1.05–2.5

Inter-individual variability (%)
IIVCL 32.9 (48.5) 30.9 15.6–51.4
ηCL-shrinkage (%) 11.6
IIVV1 26.7 (37.4) 25.9 14.6–34.5
ηV1-shrinkage (%) 4.01

Residual error model (%)
Proportional 15.2 (18.7) 14.6 11.4–17.4
ε-shrinkage (%) 15.9

*CL, central clearance; V1, central volume of distribution; Q, inter-compartment clearance; V2, peripheral volume of distribution; IIV, inter-individual variability.
*RSE (%), relative standard error; CI, confidence interval.
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26.7%. The effect of Scr, CLCR, BUN, CysC, PRO, and PRO/CR
were all not found to be significant when included as covariates.
Parameters of the final model are summarized in Table 2.

Model Evaluation
Diagnostic plots for the final rituximab model showed a good
model fit (Figure 2). The results of 1,000 bootstrap replicates for
rituximab are summarized in Table 2. The number of runs with
successful convergence was 923. The median parameter estimates
from the bootstrap procedure were very close to the values of the
final population model. In addition, the parameters from the
bootstrap procedure followed a normal distribution and
contained all of the parameter estimates from the final
population model. The results indicate that the estimates for
the population PK parameters in the final model were precise and
that the model was stable. The VPC plot for the final model is
presented in Figure 3. The observed median, 5th and 95th
percentiles were in good agreement with the simulated
median, 5th and 95th percentiles, indicating the good
predictive performance of the final model.

DISCUSSION

To establish more effective dosing regimens, we investigated
rituximab disposition and the impact of covariates on PK in
pediatric patients with FRNS/SDNS in an open prospective study
using a population approach. To the best of our knowledge, this is
the first population PK model for rituximab in pediatric patients
with FRNS/SDNS. Thirteen PK models of rituximab have been

FIGURE 2 | Diagnostic plots of rituximab final PK model. (A) The observed versus population-predicted concentration. (B) The observed versus individual-
predicted concentration. (C) Conditional weighted residual versus time. (D) Conditional weighted residual versus the predicted concentration.

FIGURE 3 | Visual predictive check of the final PK model. (A) Plots after
the first dose. (B) Plots after the last dose. Circles represent the observed
concentrations. Solid lines represent the observed median, 5th and 95th
percentiles of observed profiles. The shaded areas correspond to the
simulation-based 95% confidence intervals.
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reported in different disease populations: in patients with NHL
(Regazzi et al., 2005; Blasco et al., 2009; Müller et al., 2012; Gota
et al., 2016; Tout et al., 2017a; Rozman et al., 2017; Candelaria
et al., 2018; Ternant et al., 2019), in patients with chronic
lymphocytic leukemia (CLL) (Li et al., 2012; Tout et al.,
2017b), in patients with rheumatoid arthritis (Ng et al., 2005;
Lioger et al., 2017) and in patients under plasmapherisis (Puisset
et al., 2013). Among these studies, rituximab PK was described as
a two-compartment model (Ng et al., 2005; Regazzi et al., 2005;
Blasco et al., 2009; Li et al., 2012; Müller et al., 2012; Puisset et al.,
2013; Gota et al., 2016; Tout et al., 2017a; Tout et al., 2017b; Lioger
et al., 2017; Rozman et al., 2017; Candelaria et al., 2018; Ternant
et al., 2019). Nonlinear specific clearances corresponding to
TMDD were reported in 4 studies, in lymphomas and CLL (Li
et al., 2012; Tout et al., 2017b; Rozman et al., 2017; Ternant et al.,
2019), but was not described in rheumatoid arthritis despite the
influence of CD20 antigen mass on rituximab clearance (Ng et al.,
2005; Lioger et al., 2017). In the present study, although the PK
profile of rituximab displayed a biphasic decline which is
generally characterized by a two-compartment model, we still
tested time-varying function and Michaelis-Menten elimination.
However, the addition of nonlinear elimination did not improve
model performance. The absence of nonlinear PK in patients with
FRNS/SDNSmay be explained by low target amount compared to
lymphomas and CLL, and TMDD did not contribute clearance
significantly.

The only covariate included in the final model was body
surface area (covariate of CL and V1), which decreased OFV
and inter-individual variability. The results were similar to the
findings of previous publications in other disease populations, in
which body surface area, body weight or age were the most
significant covariates for CL, and body surface area was the most
significant covariate for V1 (Ng et al., 2005; Blasco et al., 2009; Li
et al., 2012; Müller et al., 2012; Tout et al., 2017a; Tout et al.,
2017b; Lioger et al., 2017; Candelaria et al., 2018). Müller et al.
found that clearance was significantly reduced in the female

patients and was 1.5-fold faster in male patients (Müller et al.,
2012). Gender was one of the most significant covariates for both
CL and V1 in the study by Ng et al. (2005). Similarly, Rozman
et al. and Lioger et al. also reported that V1 was higher in males
(Lioger et al., 2017; Rozman et al., 2017). But in our present study,
the covariate effect of gender on rituximab PK was not identified
probably due to the limited number of female patients. As disease
state may affect the PK of rituximab, covariates reflecting renal
function and proteinuria were considered in the current study
and none of them had powerful effects on rituximab clearance.

The final PK parameters of rituximab were compared with
those reported in previous studies (Table 3). Linear non-specific
clearance from the central compartment in patients with FRNS/
SDNS was much higher than patients with lymphomas reported
by the overwhelming majority of studies (Regazzi et al., 2005;
Blasco et al., 2009; Müller et al., 2012; Gota et al., 2016; Candelaria
et al., 2018; Ternant et al., 2019), and approximately 3 times
higher compared to CLL patients (Li et al., 2012; Tout et al.,
2017b), which is in line with the previous publication that
patients with membranous nephropathy exhibited an increased
rituximab clearance from the central compartment (Fogueri et al.,
2019). One possible explanation is that rituximab is filtered by the
kidneys and eliminated in the urine due to kidney impairment.
Counsilman et al. reported that the serum half-life of rituximab
was extremely short and at least 25% of rituximab was lost in the
urine in a pediatric patient with steroid-resistant NS during
relapse (Counsilman et al., 2015). In our current study, all the
patients with FRNS/SDNS were in remission and none of the
renal function indicators was found to have a significant effect on
PK parameters when included as a covariate. We did not measure
urinary rituximab levels directly because the kit we used was only
available in serum and plasma. We are currently developing a
method to determine the concentrations of rituximab in urine. In
future studies, we will examine whether rituximab could be
eliminated in the urine. Also, other possible mechanisms need
to be explored to explain the observed increased linear clearance.

TABLE 3 | Exposure parameters of rituximab in population pharmacokinetic studies.

Study Year Type of
patients

Linear elimination
(ml/h/m2)

Nonlinear elimination
(ml/h/m2)

Central volume
of distribution

(L/m2)

This study FRNS/SDNS 9.7 (32.9% CV) — 2.0 (26.7% CV)
Regazzi 2005 FL 5.1 (3.8–8.1) — 1.75 (1.56–2.13)
Blasco 2009 FL or DLBLC 2.4 (73.9% CV) — 1.77 (12.9% CV)
Ternant 2019 FL or DLBLC 5.3 (42% CV) Not estimated (TMDD) 1.6 (19% CV)
Müller 2012 DLBLC 5.2 (4.5–6) — 2.2 (1.9–2.4)
Rozman 2017 DLBLC 10.5 (ml/h) (19.7% CV) 11.6 (ml/h) (Time-varying) 4.14 (L) (16.6% CV)
Tout 2017 DLBLC 12.4 (48.2% CV) — 3.5 (28.7% CV)
Candelaria 2018 DLBLC 7.3 (24.7% CV) — 1.9 (14.2% CV)
Gota 2016 DLBLC 5.89 (ml/h) (22.3% CV) — 0.95 (L) (48.8% CV)
Li 2012 CLL 3.8 (47% CV) 27.8 (Time-varying) 2.2 (40% CV)
Tout 2016 CLL 3.0 (29.9% CV) 140.4 (TMDD) 1.6 (18% CV)
Ng 2005 RA 6.2 (3.4% CV) — 2.9 (2.1% CV)
Lioger 2017 RA 13.0 (29% CV) — 2.6 (22% CV)
Puisset 2013 Plasmapheresis 3.6 (35.6% CV) — 1.4 (20.5% CV)

*FRNS/SDNS, frequent-relapsing nephrotic syndrome/steroid-dependent nephrotic syndrome; FL, follicular lymphoma; DLBCL, diffuse large B-cell lymphoma; CLL, chronic lymphocytic
leukemia; RA, rheumatoid arthritis.
*TMDD, target-mediated drug disposition.
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There is no unified dosing regimen of rituximab in pediatric
patients with FRNS/SDNS. In Japan, 375 mg/m2 weekly for
4 weeks has been approved for the treatment of complicated
FRNS/SDNS in both adult and pediatric patients (Iijima et al.,
2014). In the United Kingdom, a national policy statement
recommends that patients weighing <50 kg take two doses of
750 mg/m2 on day 1 and 15 (Specialised Commissioning, 2015).
When rituximab was first introduced to treat pediatric NS, using
375 mg/m2 weekly for 4 weeks, which is borrowed from the
protocol for the treatment of NHL. Subsequently, many dosing
regimen strategies have been reported, ranging from 100 to
750 mg/m2 per dose, with administration of 1–5 doses. Maxted
et al. in their study compared 7 different dosing strategies in 60
pediatric patients with FRNS/SDNS. They showed that a single
low dose of 375 mg/m2 has a similar outcome in maintaining
remission compared to higher doses (2 doses at 750 mg/m2) at 6
and 12 months, but this is not the case at 2 years (Maxted et al.,
2019). In contrast, Hogan et al. reported a study involving 61
SDNS patients receiving three different rituximab regimens
(single dose at 100 mg/m2, single dose at 375 mg/m2, and 2
doses at 375 mg/m2, respectively). The authors concluded a
lower dose is associated with a higher risk of relapse (Hogan
et al., 2019). It should be noted that both of the studies had small
number of patients. An enhanced clearance of rituximab reported
in our study indicates that a dose of 375 mg/m2, once weekly for
2 weeks may not be enough for controlling FRNS/SDNS in
pediatric patients. Increasing rituximab doses or more frequent
regimens may be required for optimizing therapeutic effects in
this population. Rituximab is generally well-tolerated in most
published studies of its use in FRNS/SDNS. In the present study,
two children have mild infusion-related reactions, which resolve
with slowing the infusion rate.

Some limitations of this study should be considered. First, the
PK study was limited in size to 14 pediatric patients who were
predominantly male. The relatively large numbers of subjects
may improve the precision of parameters. Secondly, most of the
planned sampling points after the last infusion were lost due to
the randomness of outpatient visits and long-term follow-up.
Population PK analysis can be based on “sparse” (few
observations/subject) and “unbalanced” data (Mould and
Upton, 2013), which are frequent features in pediatrics
because of ethical and practical issues. This method is the
application of a model to describe data that arise from more
than one individual. The process does not require that each
individual provides “rich” data to characterize completely their
own PK profile, which allows borrowing of information between
individuals to fill in gaps in the PK profiles (Duffull et al., 2011).
In the present study, the relative standard error (RSE%) for the
primary PK parameters CL and V1 are low (<15%), indicating
good certainty in parameter estimations. In addition, the inter-
individual variability for primary PK parameters CL and V1 is

estimated as 32.9 and 26.7%, respectively. With this level of
variability, 14 subjects in the current study should be
associated with a statistical power of more than 80% for
primary PK parameter estimation, according to the sample
size calculation recommended by the Food and Drug
Administration (Wang et al., 2012). Model evaluations
(diagnostic plots, bootstrap and visual predictive check) also
supported the good stability and predictive performance of the
final model. Monte Carlo simulation will be performed to
optimize rituximab dosing in pediatric patients with FRNS/
SDNS based on the developed PK model. A further clinical
study with a larger sample size will be conducted to evaluate
rituximab PK and the proposed new dosing scheme.

CONCLUSION

In summary, rituximab PK was well described by a two-
compartment model, with body surface area as significant
covariate in FRNS/SDNS. The results suggest that higher doses
or more frequent regimens in FRNS/SDNS may be required for
optimizing therapeutic effects in this population.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of Children’s Hospital of
Fudan University. Written informed consent to participate in this
study was provided by the participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

YC and QS performed the research, analyzed data and wrote the
article; MD and YX gave good suggestions and revised the article;
HX and ZL designed the research and provided valuable
comments.

FUNDING

This work was supported by Wu Jieping Medical Foundation
(320.6750.19090-38).

REFERENCES

Basu, B., Sander, A., Roy, B., Preussler, S., Barua, S., Mahapatra, T. K. S., et al.
(2018). Efficacy of Rituximab vs Tacrolimus in Pediatric

Corticosteroid-dependent Nephrotic Syndrome: A Randomized
Clinical Trial. JAMA Pediatr. 172, 757–764. doi:10.1001/
jamapediatrics.2018.1323

Blasco, H., Chatelut, E., de Bretagne, I. B., Congy-Jolivet, N., and Le Guellec,
C. (2009). Pharmacokinetics of Rituximab Associated with CHOP

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 7256657

Chen et al. PK Study of Rituximab

https://doi.org/10.1001/jamapediatrics.2018.1323
https://doi.org/10.1001/jamapediatrics.2018.1323
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Chemotherapy in B-Cell Non-hodgkin Lymphoma. Fundam. Clin.
Pharmacol. 23, 601–608. doi:10.1111/j.1472-8206.2009.00714.x

Candelaria, M., Gonzalez, D., Fernández Gómez, F. J., Paravisini, A., Del Campo
García, A., Pérez, L., et al. (2018). Comparative Assessment of
Pharmacokinetics, and Pharmacodynamics between RTXM83™, a
Rituximab Biosimilar, and Rituximab in Diffuse Large B-Cell Lymphoma
Patients: a Population PK Model Approach. Cancer Chemother. Pharmacol.
81, 515–527. doi:10.1007/s00280-018-3524-9

Counsilman, C. E., Jol-van der Zijde, C. M., Stevens, J., Cransberg, K.,
BrediusSukhai, R. G. R. N., and Sukhai, R. N. (2015). Pharmacokinetics of
Rituximab in a Pediatric Patient with Therapy-Resistant Nephrotic
Syndrome. Pediatr. Nephrol. 30, 1367–1370. doi:10.1007/s00467-015-
3120-8

Duffull, S. B., Wright, D. F., and Winter, H. R. (2011). Interpreting
Population Pharmacokinetic-Pharmacodynamic Analyses - a Clinical
Viewpoint. Br. J. Clin. Pharmacol. 71, 807–814. doi:10.1111/j.1365-
2125.2010.03891.x

Ette, E. I., Williams, P. J., Kim, Y. H., Lane, J. R., Liu, M. J., and Capparelli, E.
V. (2003). Model Appropriateness and Population Pharmacokinetic
Modeling. J. Clin. Pharmacol. 43, 610–623. doi:10.1177/
0091270003253624

Fogueri, U., Cheungapasitporn, W., Bourne, D., Fervenza, F. C., and Joy, M. S.
(2019). Rituximab Exhibits Altered Pharmacokinetics in Patients with
Membranous Nephropathy. Ann. Pharmacother. 53, 357–363. doi:10.1177/
1060028018803587

Golay, J., Semenzato, G., Rambaldi, A., Foà, R., Gaidano, G., Gamba, E., et al.
(2013). Lessons for the Clinic from Rituximab Pharmacokinetics and
Pharmacodynamics. MAbs 5, 826–837. doi:10.4161/mabs.26008

Gota, V., Karanam, A., Rath, S., Yadav, A., Tembhare, P., Subramanian, P., et al.
(2016). Population Pharmacokinetics of Reditux™, a Biosimilar Rituximab, in
Diffuse Large B-Cell Lymphoma. Cancer Chemother. Pharmacol. 78, 353–359.
doi:10.1007/s00280-016-3083-x

Hogan, J., Dossier, C., Kwon, T., Macher, M. A., Maisin, A., Couderc, A., et al.
(2019). Effect of Different Rituximab Regimens on B Cell Depletion and Time
to Relapse in Children with Steroid-dependent Nephrotic Syndrome. Pediatr.
Nephrol. 34, 253–259. doi:10.1007/s00467-018-4052-x

Holford, N. (2005). The Visual Predictive Check-Superiority to Standard Diagnostic
(Rorschach) plotsAbstract of the Annual Meeting of the Population Approach
Group in Europe. Pamplona, Spain: Population Approach Group in Europe.
Abstract 738.

Iijima, K., Sako, M., Nozu, K., Mori, R., Tuchida, N., Kamei, K., et al. (2014).
Rituximab for Childhood-Onset, Complicated, Frequently Relapsing Nephrotic
Syndrome or Steroid-dependent Nephrotic Syndrome: a Multicentre, Double-
Blind, Randomised, Placebo-Controlled Trial. Lancet 384, 1273–1281.
doi:10.1016/S0140-6736(14)60541-9

ISKDC (1978). Nephrotic Syndrome in Children: Prediction of Histopathology
from Clinical and Laboratory Characteristics at Time of Diagnosis. A Report of
the International Study of Kidney Disease in Children. Kidney Int. 13, 159–165.
doi:10.1038/ki.1978.23

ISKDC (1981). The Primary Nephrotic Syndrome in Children. Identification of
Patients with Minimal Change Nephrotic Syndrome from Initial Response to
Prednisone. A Report of the International Study of Kidney Disease in Children.
J. Pediatr. 98, 561–564. doi:10.1016/s0022-3476(81)80760-3

Kamei, K., Ito, S., Nozu, K., Fujinaga, S., Nakayama, M., Sako, M., et al. (2009). Single
Dose of Rituximab for Refractory Steroid-dependent Nephrotic Syndrome in
Children. Pediatr. Nephrol. 24, 1321–1328. doi:10.1007/s00467-009-1191-0

Keating, G. M. (2010). Rituximab: a Review of its Use in Chronic
Lymphocytic Leukaemia, Low-Grade or Follicular Lymphoma and
Diffuse Large B-Cell Lymphoma. Drugs 70, 1445–1476. doi:10.2165/
11201110-000000000-00000

Kemper, M. J., Gellermann, J., Habbig, S., Krmar, R. T., Dittrich, K., Jungraithmayr,
T., et al. (2012). Long-term Follow-Up after Rituximab for Steroid-dependent
Idiopathic Nephrotic Syndrome. Nephrol. Dial. Transpl. 27, 1910–1915.
doi:10.1093/ndt/gfr548

Li, J., Zhi, J., Wenger, M., Valente, N., Dmoszynska, A., Robak, T., et al. (2012).
Population Pharmacokinetics of Rituximab in Patients with Chronic
Lymphocytic Leukemia. J. Clin. Pharmacol. 52, 1918–1926. doi:10.1177/
0091270011430506

Lioger, B., Edupuganti, S. R., Mulleman, D., Passot, C., Desvignes, C., Bejan-
Angoulvant, T., et al. (2017). Antigenic burden and Serum IgG Concentrations
Influence Rituximab Pharmacokinetics in Rheumatoid Arthritis Patients. Br.
J. Clin. Pharmacol. 83, 1773–1781. doi:10.1111/bcp.13270

Maxted, A. P., Dalrymple, R. A., Chisholm, D., McColl, J., Tse, Y., Christian, M. T.,
et al. (2019). Low-dose Rituximab Is No Less Effective for Nephrotic Syndrome
Measured by 12-month Outcome. Pediatr. Nephrol. 34, 855–863. doi:10.1007/
s00467-018-4172-3

Mould, D. R., and Upton, R. N. (2013). Basic Concepts in Population Modeling,
Simulation, and Model-Based Drug Development-Part 2: Introduction to
Pharmacokinetic Modeling Methods. CPT Pharmacometrics Syst. Pharmacol.
2, e38. doi:10.1038/psp.2013.14

Müller, C., Murawski, N., Wiesen, M. H., Held, G., Poeschel, V., Zeynalova, S., et al.
(2012). The Role of Sex and Weight on Rituximab Clearance and Serum
Elimination Half-Life in Elderly Patients with DLBCL. Blood 119, 3276–3284.
doi:10.1182/blood-2011-09-380949

Ng, C. M., Bruno, R., Combs, D., and Davies, B. (2005). Population
Pharmacokinetics of Rituximab (Anti-CD20 Monoclonal Antibody) in
Rheumatoid Arthritis Patients during a Phase II Clinical Trial. J. Clin.
Pharmacol. 45, 792–801. doi:10.1177/0091270005277075

Park, S. J., and Shin, J. I. (2011). Complications of Nephrotic Syndrome. Korean
J. Pediatr. 54, 322–328. doi:10.3345/kjp.2011.54.8.322

Puisset, F., White-Koning, M., Kamar, N., Huart, A., Haberer, F., Blasco, H., et al.
(2013). Population Pharmacokinetics of Rituximab with or without
Plasmapheresis in Kidney Patients with Antibody-Mediated Disease. Br.
J. Clin. Pharmacol. 76, 734–740. doi:10.1111/bcp.12098

Ravani, P., Magnasco, A., Edefonti, A., Murer, L., Rossi, R., Ghio, L., et al.
(2011). Short-term Effects of Rituximab in Children with Steroid- and
Calcineurin-dependent Nephrotic Syndrome: a Randomized Controlled
Trial. Clin. J. Am. Soc. Nephrol. 6, 1308–1315. doi:10.2215/
CJN.09421010

Ravani, P., Ponticelli, A., Siciliano, C., Fornoni, A., Magnasco, A., Sica, F., et al.
(2013). Rituximab Is a Safe and Effective Long-Term Treatment for Children
with Steroid and Calcineurin Inhibitor-dependent Idiopathic Nephrotic
Syndrome. Kidney Int. 84, 1025–1033. doi:10.1038/ki.2013.211

Ravani, P., Rossi, R., Bonanni, A., Quinn, R. R., Sica, F., Bodria, M., et al.
(2015). Rituximab in Children with Steroid-dependent Nephrotic
Syndrome: A Multicenter, Open-Label, Noninferiority, Randomized
Controlled Trial. J. Am. Soc. Nephrol. 26, 2259–2266. doi:10.1681/
ASN.2014080799

Regazzi, M. B., Iacona, I., Avanzini, M. A., Arcaini, L., Merlini, G., Perfetti, V., et al.
(2005). Pharmacokinetic Behavior of Rituximab: a Study of Different Schedules
of Administration for Heterogeneous Clinical Settings. Ther. Drug Monit. 27,
785–792. doi:10.1097/01.ftd.0000184162.60197.c1

Rozman, S., Grabnar, I., Novaković, S., Mrhar, A., and Jezeršek Novaković, B.
(2017). Population Pharmacokinetics of Rituximab in Patients with Diffuse
Large B-Cell Lymphoma and Association with Clinical Outcome. Br. J. Clin.
Pharmacol. 83, 1782–1790. doi:10.1111/bcp.13271

Schulman, S. L., Kaiser, B. A., Polinsky, M. S., Srinivasan, R., and Baluarte, H. J.
(1988). Predicting the Response to Cytotoxic Therapy for Childhood Nephrotic
Syndrome: Superiority of Response to Corticosteroid Therapy over
Histopathologic Patterns. J. Pediatr. 113, 996–1001. doi:10.1016/s0022-
3476(88)80570-5

Schwartz, G. J., Muñoz, A., Schneider, M. F., Mak, R. H., Kaskel, F., Warady, B. A.,
et al. (2009). New Equations to Estimate GFR in Children with CKD. J. Am. Soc.
Nephrol. 20, 629–637. doi:10.1681/ASN.2008030287

Specialised Commissioning Team, NHS England (2015). Clinical Commissioning
Policy: Rituximab for the Treatment of Relapsing Steroid Sensitive Nephrotic
Syndrome. Redditch: NHS England E03/P/b.

Ternant, D., Monjanel, H., Venel, Y., Prunier-Aesch, C., Arbion, F., Colombat, P.,
et al. (2019). Nonlinear Pharmacokinetics of Rituximab in Non-hodgkin
Lymphomas: A Pilot Study. Br. J. Clin. Pharmacol. 85, 2002–2010.
doi:10.1111/bcp.13991

Tout, M., Casasnovas, O., Meignan, M., Lamy, T., Morschhauser, F., Salles,
G., et al. (2017). Rituximab Exposure Is Influenced by Baseline Metabolic
Tumor Volume and Predicts Outcome of DLBCL Patients: a Lymphoma
Study Association Report. Blood 129, 2616–2623. doi:10.1182/blood-
2016-10-744292

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 7256658

Chen et al. PK Study of Rituximab

https://doi.org/10.1111/j.1472-8206.2009.00714.x
https://doi.org/10.1007/s00280-018-3524-9
https://doi.org/10.1007/s00467-015-3120-8
https://doi.org/10.1007/s00467-015-3120-8
https://doi.org/10.1111/j.1365-2125.2010.03891.x
https://doi.org/10.1111/j.1365-2125.2010.03891.x
https://doi.org/10.1177/0091270003253624
https://doi.org/10.1177/0091270003253624
https://doi.org/10.1177/1060028018803587
https://doi.org/10.1177/1060028018803587
https://doi.org/10.4161/mabs.26008
https://doi.org/10.1007/s00280-016-3083-x
https://doi.org/10.1007/s00467-018-4052-x
https://doi.org/10.1016/S0140-6736(14)60541-9
https://doi.org/10.1038/ki.1978.23
https://doi.org/10.1016/s0022-3476(81)80760-3
https://doi.org/10.1007/s00467-009-1191-0
https://doi.org/10.2165/11201110-000000000-00000
https://doi.org/10.2165/11201110-000000000-00000
https://doi.org/10.1093/ndt/gfr548
https://doi.org/10.1177/0091270011430506
https://doi.org/10.1177/0091270011430506
https://doi.org/10.1111/bcp.13270
https://doi.org/10.1007/s00467-018-4172-3
https://doi.org/10.1007/s00467-018-4172-3
https://doi.org/10.1038/psp.2013.14
https://doi.org/10.1182/blood-2011-09-380949
https://doi.org/10.1177/0091270005277075
https://doi.org/10.3345/kjp.2011.54.8.322
https://doi.org/10.1111/bcp.12098
https://doi.org/10.2215/CJN.09421010
https://doi.org/10.2215/CJN.09421010
https://doi.org/10.1038/ki.2013.211
https://doi.org/10.1681/ASN.2014080799
https://doi.org/10.1681/ASN.2014080799
https://doi.org/10.1097/01.ftd.0000184162.60197.c1
https://doi.org/10.1111/bcp.13271
https://doi.org/10.1016/s0022-3476(88)80570-5
https://doi.org/10.1016/s0022-3476(88)80570-5
https://doi.org/10.1681/ASN.2008030287
https://doi.org/10.1111/bcp.13991
https://doi.org/10.1182/blood-2016-10-744292
https://doi.org/10.1182/blood-2016-10-744292
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Tout, M., Gagez, A. L., Leprêtre, S., Gouilleux-Gruart, V., Azzopardi, N., Delmer,
A., et al. (2017). Influence of FCGR3A-158V/F Genotype and Baseline CD20
Antigen Count on Target-Mediated Elimination of Rituximab in Patients with
Chronic Lymphocytic Leukemia: A Study of FILO Group. Clin. Pharmacokinet.
56, 635–647. doi:10.1007/s40262-016-0470-8

Wang, Y., Jadhav, P. R., Lala, M., and Gobburu, J. V. (2012). Clarification on
Precision Criteria to Derive Sample Size when Designing Pediatric
Pharmacokinetic Studies. J. Clin. Pharmacol. 52, 1601–1606. doi:10.1177/
0091270011422812

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Chen, Shen, Dong, Xiong, Xu and Li. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org September 2021 | Volume 12 | Article 7256659

Chen et al. PK Study of Rituximab

https://doi.org/10.1007/s40262-016-0470-8
https://doi.org/10.1177/0091270011422812
https://doi.org/10.1177/0091270011422812
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Population Pharmacokinetics of Rituximab in Pediatric Patients With Frequent-Relapsing or Steroid-Dependent Nephrotic Syndrome
	Introduction
	Methods
	Patients and Data Collection
	Administration of Treatment
	Laboratory Analysis
	Pharmacokinetic Analysis
	Model Development
	Model Evaluation


	Results
	Patient Characteristics
	Population PK Modeling
	Model Evaluation

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


