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Quantitative Clinical Pharmacology Supports 
the Bridging From i.v. Dosing and Approval 
of s.c. Rituximab in B- Cell Hematological 
Malignancies
Candice Jamois1,*, Ekaterina Gibiansky2, Leonid Gibiansky2, Clarisse Chavanne1, Peter N. Morcos1, 
Christine McIntyre3, Martin Barrett3, Linda Lundberg4, Artem Zharkov5, Axel Boehnke4 and Nicolas Frey1

A fixed- dose subcutaneous (s.c.) formulation of the anti- CD20 antibody, rituximab, has been developed to address 
safety, infusion time, and patient comfort concerns relating to intravenous (i.v.) dosing, and has been approved based 
upon a pharmacokinetic (PK)– clinical bridging strategy, which demonstrated noninferiority of s.c. vs. i.v. dosing in 
malignancies, including follicular lymphoma (FL) and chronic lymphocytic leukemia (CLL). A clinical development 
plan was undertaken to identify rituximab s.c. doses achieving noninferior exposure to rituximab i.v., and to confirm 
PK– clinical bridging, with the same efficacy and similar safety. This drew upon data from 1,579 patients with FL, 
CLL, or diffuse large B- cell lymphoma in 5 clinical studies, and showed minimum steady- state serum concentration 
(Ctrough) as the most appropriate exposure bridging measure. Population PK models were developed, simulations 
were run using covariates and PK parameters from clinical studies, and exposure– efficacy and – safety analyses 
performed. Population PKs showed a two- compartment model with time- dependent and - independent clearances. 
Clearance and volume were predominantly influenced by body surface area; disposition and elimination were similar 
for the s.c. and i.v. formulations. After s.c. administration, patients with FL and CLL achieved noninferior exposures 
to i.v. dosing. Overall, rituximab exposure and route of administration did not influence clinical responses in patients 
with FL or CLL, and there was no association between exposure and safety events. Ctrough was shown to be an 
effective pharmacologic– clinical bridging parameter for rituximab in patients with FL or CLL. Clinically effective 
exposures are achieved with either s.c. or i.v. dosing.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE OF THE 
TOPIC?
 The anti- CD20 antibody rituximab (R) is standard- of- care 
in a number of B- cell malignancies, and has been available since 
1997 for intravenous (i.v.) infusion. A subcutaneous (s.c.) for-
mulation, designed to address concerns over clinic and patient 
time/convenience, and aspects of safety related to i.v. infusion, 
has been approved.
WHAT QUESTION DID THIS STUDY ADDRESS?
 R- s.c. is given by fixed- dose administration. Population 
pharmacokinetic (PopPK) models with exposure measures to 
bridge the i.v. and s.c. formulations were developed to assist op-
timization of dosing. 

WHAT DOES THIS STUDY ADD TO OUR KNOW-   
LEDGE?
 This analysis shows minimum serum drug concentration 
across the approved doses and dosing intervals (Ctrough) to be 
an effective primary end point for bridging R- s.c. and R- i.v.   
R- s.c. confers noninferior exposure and anti- lymphoma activity 
vs. R- i.v., with similar clinical benefit and safety.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
 Our results confirm the utility of bridging studies based 
on PopPK models using integration of PKs, efficacy, and 
safety data, and are a good example of model- informed drug 
development.
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Rituximab (MabThera®/Rituxan®) is a chimeric murine/human 
monoclonal antibody (mAb) that binds to the transmembrane 
CD20 antigen on the surface of normal and malignant B cells, 
exerting its anti- B- cell activity via antibody- dependent cellular 
cytotoxicity, complement- dependent cytotoxicity, induction of 
apoptosis, and phagocytosis of opsonized targets such as macro-
phages.1,2 B- cell progenitors in bone marrow lack CD20, allowing 
healthy B cells to regenerate after treatment and return to normal 
levels within several months.3 Initially formulated for intravenous 
infusion, rituximab (R- i.v.) was the first anticancer mAb approved 
in the United States (1997) and Europe (1998). Rituximab has 
transformed outcomes in B- cell malignancies, and is standard- 
of- care for non- Hodgkin lymphoma (NHL; follicular lymphoma 
(FL) and diffuse large B- cell lymphoma), and chronic lymphocytic 
leukemia (CLL).4– 7

To address treatment burden associated with lengthy infusions, 
and potential for severe administration reactions,8– 10 a subcuta-
neous formulation (R- s.c.; MabThera® s.c./Rituxan Hycela®) that 
formulates standard rituximab with recombinant human hyaluro-
nidase11– 13 was developed, and is approved in the United States14 
and the European Union.10 US approval followed an Oncology 
Drug Advisory Committee (ODAC) review of the novel clinical 
development program, which focused primarily on a pharmaco-
kinetic (PK)- based clinical bridging approach to demonstrate PK 
noninferiority of s.c. vs. i.v. dosing in NHL and CLL.1,15 Notably, 
the ODAC ultimately established precedence for other biolog-
ics to use a similar PK– bridging development program to intro-
duce s.c. routes of administration (e.g., trastuzumab).16,17 Herein, 
we describe the integration of PK, safety, and efficacy data in a 
model- informed manner through quantitative clinical pharmacol-
ogy (qCP) techniques (population PK (PopPK) and exposure– 
response (ER) analyses),18 and provide the scientific evidence that 
supported the regulatory acceptance of the R- s.c. formulation in 
FL and CLL.

METHODS
R- s.c. clinical development plan
The clinical development plan aimed to (i) identify R- s.c. doses achiev-
ing noninferior exposure to R- i.v., (ii) confirm PK– clinical bridging, 
(iii) establish comparability of safety and effectiveness, and (iv) eval-
uate patient satisfaction and preference for administration route. 
The plan drew upon data from 1,579 patients with FL, diffuse large 
B- cell lymphoma, or CLL in 5 clinical trials,19– 25 described in the 
Supplementary Methods.

Three of the trials, SparkThera,21 SABRINA,19,20 and SAWYER,22,24 
were designed specifically as PK noninferiority studies to ensure nonin-
ferior exposure when treating patients with R- s.c. compared with R- i.v., 
and supported the PK– clinical bridging analyses. SABRINA, SAWYER 
(stage 2), PrefMab, and MabEase also supported evaluation of R- s.c. effi-
cacy and safety.1,19,20,23– 26 SparkThera and SAWYER were two- stage stud-
ies of R- s.c. vs. R- i.v. in FL and CLL, respectively; stage 1 was dose- finding, 
whereas the primary objective of stage 2 was to demonstrate noninferiority 
of R- s.c. vs. R- i.v. (dose- confirmation).21,22,24 SABRINA was a two- stage 
study of R- s.c.-  vs. R- i.v.- based chemoimmunotherapy induction (given 
every 3 weeks (Q3W)) followed by maintenance (every 2 months (Q2M)) 
with R- s.c. or R- i.v. in patients with FL; the primary end points were min-
imum steady- state serum rituximab concentration (Ctrough) at cycle (C)7 
(stage 1)19 and efficacy (overall response rate at end of induction (EOI); 
stage 2).20

The qCP analyses leveraged R- i.v. single- dose data in patients with 
FL undergoing maintenance treatment (from the approved dose of 
375  mg/m2 to 800  mg/m2) to inform the 1,400  mg R- s.c. dosing in 
the “pivotal” dose- confirmation study parts (SparkThera stage 2 and 
SABRINA stage 1; data not shown). Thus, SparkThera stage 2 and 
SABRINA stage 1 supported the Q3W and Q2M dosing schedules 
for induction and maintenance treatment, respectively, in FL, and were 
ultimately used to support the rituximab label in NHL.1 Similarly, 
SAWYER stage 2 confirmed 1,600 mg 4- weekly (Q4W) s.c. dosing in 
CLL.24

PK analysis
Because of rituximab’s mode of action and its known target- mediated 
drug disposition (TMDD),27 sustained saturation of B- cell CD20 recep-
tors obtained with the R- i.v. regimen is due to sufficient rituximab serum 
concentration levels maintained over a dosing interval.28 Ctrough cor-
relates with efficacy,29– 31 and similar Ctrough levels across formulations 
would be expected to achieve comparable efficacy and safety. Therefore, 
Ctrough was considered the appropriate PK exposure measure to bridge 
from i.v. to s.c. administration. Furthermore, rituximab is known to have 
a wide therapeutic window, making it a suitable candidate for fixed- dose 
s.c. administration (studies of i.v. administration evaluated concentra-
tions up to 2,200 mg/m2).32,33

A PopPK model in CLL was previously established26 using data 
from two trials, REACH (phase III, relapsed/refractory setting),34 and 
SAWYER (phase Ib, previously untreated).24 Following i.v. administra-
tion, rituximab PKs were described by a two- compartment model with 
clearance consisting of two components: a time- dependent component 
(CLT) corresponding to the decrease in capacity of a target- mediated 
clearance pathway, and a second component, independent of time (CLinf ) 
and related to the endogenous catabolic processes of IgG, which is im-
pacted by the neonatal Fc receptor:

Where kdes is the rate constant of decay of CLT with time (t).
In FL, a PopPK analysis based on data from the phase Ib SparkThera 

trial21 was re- evaluated with data from the phase III SABRINA registra-
tion trial19,20 and is presented here.

Interactions between covariates (e.g., body surface area (BSA), age, 
baseline B- cell count, tumor size, white blood cell count , and serum 
albumin concentration, presence of antidrug antibodies) and PK pa-
rameters were identified by scientific interest, mechanistic plausibil-
ity, and exploratory graphics, and were included in covariate model 
development.

Interpretation and refinement of the models were based on point es-
timates, confidence intervals (CIs), and diagnostic plots of the covariate 
effects. Precisely estimated but clinically insignificant effects and those 
not supported by data (e.g., effects close to null value, with high relative 
standard error or CIs including the null value) were excluded. Analyses 
in CLL and FL were conducted using NONMEM software (ICON 
Development Solutions).35 Details of dosing, patient numbers, and PK 
sampling are shown in Table S1.

Simulations
To compare rituximab exposure across the formulations, simulations 
were conducted with the two PopPK models, using covariate factors and 
individual PK parameters from patients who received ≥ 1 rituximab s.c. 
dose in SABRINA or SAWYER. Rituximab dosing intervals and treat-
ment durations differed for SAWYER (CLL; Q4W for 6 cycles) and 
SABRINA (FL; Q3W for 8 cycles followed by Q2M maintenance for 
≤ 2 years; Table S1).

Rituximab exposure measures at C6 (predose; CLL) and end of C7 
(FL) were Ctrough, area under the curve of drug concentration vs. time 
for a dosing interval (AUCτ), maximum serum concentration (Cmax), 

CL = CLT × exp ( − kdes × t) +CLinf
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individual ratios of s.c. to i.v. exposures, and proportion of patients with 
i.v.:s.c. ratio < 1. The measures were predicted using both models, summa-
rized for all individuals, and compared between i.v. and s.c. formulations. 
Times needed to saturate the time- varying elimination pathway of ritux-
imab were also compared.26 To assess rituximab ER relationships (safety 
and efficacy), Ctrough at EOI (FL) or at the end of treatment (CLL; CtrLD) 
and average concentrations over the induction period (CmeanLD) were also 
computed.

Exposure– efficacy analysis
Exposure– efficacy analyses in FL were conducted using data from 
SABRINA and SAWYER stage 2. The analyses utilized exposure mea-
sures derived from the PopPK models at the timepoint of the primary PK 
analysis (Ctrough noninferiority; i.e., rituximab Ctrough at the end of C7 of 
induction for FL and at C6 (predose) for CLL).

In FL, relationships among exposure, patient characteristics, or disease- 
specific covariates, and progression- free survival (PFS) were explored 
using semiparametric Cox proportional hazard (CPH) models26 in pa-
tients who received ≥ 7 rituximab doses. The relationship between ritux-
imab exposure (continuous variables of Ctrough at the end of C7 (primary 
measure per protocol, utilizing rituximab concentration 21 days after the 
C7 dose), log (Ctrough at the end of C7), AUCτ at the end of C7 (AUC7, 
exploratory secondary measure, AUCτ from time of C7 dose until 21 days 
post dose), log (AUC7), and tertiles of Ctrough at the end of C7) and PFS 
was first characterized using a base CPH model (i.e., without covariates). 
For a small number of patients, Ctrough was extremely low (< 5th percentile 
of the Ctrough distribution at C7; Figure S1). After graphical exploration, 
it was noted that PFS for those patients was also low compared with the 
rest of the population; therefore, the corresponding C7 Ctrough values were 
considered further. Subsequent univariate screening identified covariates 
that were incorporated in the full covariate model. The performance of 
the exposure– PFS model was evaluated using diagnostic plots and visual 
predictive check simulations. The list of investigated covariates and the 
CPH model development are described in the Supplementary Methods.

Details of a similar analysis conducted in patients with CLL are re-
ported elsewhere.26

Integrated exposure– safety analysis
PK profiles of R- s.c.-  and R- i.v.- treated patients who received ≥  1 dose 
of rituximab with or without safety events were compared graphically. 
Selected safety data from the induction phase from patients with FL 
(SABRINA stages 1 and 2) and CLL (SAWYER stage 2) were combined 
in an integrated exposure– safety analysis based on logistic regression 
with bootstrapping (Supplementary Methods). Data from the nonran-
domized SAWYER part 1 were excluded.

This analysis was conducted for serious adverse events (SAEs), 
grade ≥  3 adverse events (AEs), and selected AEs of interest, includ-
ing administration- related reactions (ARRs (any AE occurring within 
24  hours of treatment administration considered by the investigator as 
causally related to treatment)), neutropenia (including febrile neutrope-
nia) and serious infections and infestations defined as AEs in the Medical 
Dictionary for Regulatory Activities System Organ Class “Infections and 
Infestations.” For each safety end point, CtrLD and CmeanLD were investi-
gated as measures of exposure for i.v. and s.c. concentrations for each study 
separately and for the two studies combined (Supplementary Methods).

RESULTS
PopPK analysis and simulations
The FL PopPK analysis was based on data from 8,163 quantifi-
able serum concentrations from 399 patients (SABRINA stages 
1 and 2) with ≥  1 quantifiable rituximab serum concentration. 
Of these patients, 196 received ≥ 1 R- s.c. dose and 203 received 
only R- i.v. doses (all patients received their first dose as R- i.v.). The 

CLL PopPK model is reported elsewhere (based on 4,739 concen-
trations from 255 patients).26

A two- compartment PopPK model with combined CLT and 
CLinf clearances, additional nonlinear elimination, and first- order 
s.c. absorption, was used to describe rituximab serum concentra-
tions for both formulations in patients with FL. The CLT compo-
nent of the clearance declined exponentially with time (kdes); this 
elimination pathway is thought to represent binding to the CD20 
target present on peripheral B cells. An additional nonlinear elim-
ination component throughout a new compartment (possibly rep-
resenting elimination through a nonrenewable target) was added 
to the model and described by Michaelis– Menten elimination with 
Vmax, the rate of target- mediated elimination, and kVmax, the rate 
of depletion of this nonrenewable target (Table 1 and Figure 1a). 
Model- based conditional simulations were used to illustrate the 
contribution of each component (CLinf, CLT, and Vmax) to ritux-
imab elimination, and consequently to its exposure (following 7 i.v. 
doses, 75%, 8%, and 17% of rituximab was eliminated by CLinf, 
CLT, and Vmax, respectively, whereas following 7 s.c. doses, 78%, 
7%, and 15% was eliminated, respectively; Figure 1b,c).

The model included random effects on clearance parameters 
(CLinf, CLT, and kdes), central volume of distribution (Vc), ab-
sorption rate, and residual error. Distributions of random effects 
were close to normal (Figure  S2), and shrinkage of the random 
effects was low, < 25% for all parameters except random effect on 
the absorption rate constant (ka), where it was moderate (34.4%; 
Figure S3 and Table 1). No correlations unaccounted for by the 
model were observed (Figure S4). The NONMEM code for the 
final model is shown in Table S2.

BSA was the main covariate impacting clearance and volume 
parameters. CLT increased in patients with higher baseline  B- cell 
count and tumor size. (Vc) and ka following s.c. dosing were de-
pendent on age. The covariates’ effects in the final model are sum-
marized in Table S3 and Figure S5. Disposition and elimination 
parameters of rituximab were similar for R- s.c. and R- i.v. in both FL 
and CLL populations. Parameter estimates from the final PopPK 
model in FL are shown in Table 1.

Despite the BSA effect on clearance and volume parameters, the 
simulations show that s.c. flat- dosing could be used. For both FL 
and CLL, flat s.c. dosing leads to larger differences in exposure be-
tween patients with low and high BSA than BSA- adjusted i.v. dos-
ing; however, it maintains rituximab exposure for all BSA groups 
at levels reached by i.v. dosing, thus achieving noninferior target 
saturation. PK measures following i.v. and s.c. regimens for patients 
with FL from SABRINA are compared in Table 2 (overall and by 
BSA tertiles). Fixed- dose R- s.c. 1,400 mg ensured adequate expo-
sure to rituximab in all patients across the entire BSA range.

The covariates and individual random effects of the patients 
with FL who contributed to the PopPK analysis were used to com-
pute the individual rate of decline of the CLT (kdes parameter) val-
ues. This analysis showed a similar rate of decline for both R- i.v. 
(N = 203) and R- s.c. regimens (N = 196), with geometric means of 
0.074 (coefficient of variance (CV), 0.870) vs. 0.063 (CV, 0.908) 
per day, respectively (comparable time needed to saturate the CLT 
pathway, i.e., ≈  5  ×  9.4 and 11  days for the R- i.v. and R- s.c. reg-
imens, respectively). The PK simulations also showed that the 
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proportion of rituximab eliminated through the additional non-
linear elimination component (characterized by Vmax) was compa-
rable between the R- i.v. and R- s.c. regimens at EOI (i.e., 17% and 
15%, respectively).

To confirm the noninferiority results in FL, individual baseline 
covariates (BSA, B- cell count, and age) and PK parameters from 
196 patients in SABRINA who received ≥ 1 R- s.c. dose were used to 
predict rituximab exposure after Q3W dosing. Table 3 summarizes 
Ctrough, AUCτ, and Cmax values at induction C7 (before the last 
dose at C8) for the R- i.v. and R- s.c. regimens, individual s.c.:i.v. ex-
posure ratios, and proportions of patients with s.c.:i.v. ratios < 1 and 
< 0.8. All patients with FL had s.c.:i.v. ratios > 1 for both pre-  and 

postdosing at C7 for Ctrough. A noninferiority approach based on a 
standard bioequivalence threshold of 0.8 demonstrated that all pa-
tients are expected to exceed the noninferiority threshold at C7 for 
Ctrough (pre-  and postdosing). For AUCτ, all patients are expected 
to have an s.c.:i.v. ratio > 0.8, and 99.5% of patients a ratio > 1.

In patients with CLL, the covariates BSA, body mass index, 
sex, white blood cell count, and tumor size,26 and the individual 
parameters from 140 patients from SAWYER were used to pre-
dict and demonstrate that the ratios for geometric mean Ctrough 
for s.c. relative to i.v. dosing exceeded 1. Similar findings were 
seen with AUCτ (Table 3). Using the threshold of 0.8, the re-
sults demonstrated that ~ 96% and 95% of patients are expected 

Table 1 Parameter estimates from the final rituximab PopPK model in patients with FL

Parameter Estimate % RSE 95% CI

kdes (1/day) θ1 0.0745 8.57 0.062, 0.087

CLT (mL/day) θ2 398 11.1 311, 485

CLinf (mL/day) θ3 200 1.78 193, 207

VC (mL) θ4 4540 2.20 4350, 4740

VP (mL) θ5 4270 1.61 4140, 4400

Q (mL/day) θ6 573 3.59 533, 613

ka (1/day) θ7 0.344 7.17 0.295, 0.392

FSC θ8 0.646 0.992 0.634, 0.659

KVmax (10- 5 ng/mL/day) 1/(ng/mL) θ9 9.73 3.94 8.98, 10.5

Vmax (1/day) θ10 0.0187 4.5 0.0171, 0.0204

VC,AGE θ11 0.211 23.9 0.112, 0.309

ka,AGE θ12 – 2.40 22.1 – 3.45, – 1.36

CLBSA = CLT,BSA = QBSA θ13 1.54 8.25 1.29, 1.79

VC,BSA = VP,BSA θ14 1.25 4.69 1.14, 1.37

σL θ15 0.602 6.94 0.52, 0.684

σH θ16 0.113 3.00 0.106, 0.119

σ50 θ17 4.41 12.6 3.32, 5.49

kdes, BSIZ θ18 – 0.424 17.4 – 0.568, – 0.279

CLT, BSIZ θ19 0.355 20.2 0.215, 0.496

CLT, B- cell θ20 0.683 12.1 0.522, 0.845

Parameter Estimate % RSE 95% CI Variability Shrinkage (%)

ω2
kdes Ω (1,1) 1.07 14.5 0.765, 1.37 CV = 103% 23.1%

ω2
CLT Ω (2,2) 2.01 11.8 1.55, 2.48 CV = 142% 15.4%

ω2
CLinf Ω (3,3) 0.0776 8.07 0.0653, 0.0898 CV = 27.9% 3.8%

ω2
Vc Ω (4,4) 0.0662 12.9 0.0495, 0.0829 CV = 25.7% 20.4%

ω2 
ka Ω (5,5) 0.288 17.7 0.188, 0.388 CV = 53.7% 34.4%

ω2
σ Ω (6,6) 0.136 8.32 0.114, 0.158 CV = 36.9% 2.5%

σ2 Σ (1,1) 1 fixed 1.4%

Ɵ, NONMEM fixed effect parameter; Σ, residual covariance matrix; σ2, residual variance; σ50, concentrations when the SD of the exponential residual error 
is equal to (σL + σH)/2; σH, SDs of the exponential residual error at high concentrations; σL, SDs of the exponential residual error at low concentrations; Ω, 
interindividual covariance matrix; ω2, interindividual variance (subscripts show the covariates of interest); BSA, body surface area; BSIZ, tumor size at  
baseline; CI, confidence interval; CL, clearance; CLBSA, effect of BSA on clearance; CLinf, nonspecific time- independent clearance; CLT, specific time- dependent 
clearance; CLT,BSA, effect of BSA on CLT; CLT,B- cell, effect of B cell on CLT; CLT,BSIZ, effect of BSIZ on CLT; CV, coefficient of variation (100 × SD); FL, follicular 
lymphoma; F SC, absolute subcutaneous bioavailability; ka, subcutaneous absorption rate constant; Ka,AGE, effect of age on ka; kdes, decay coefficient of time- 
dependent clearance; kdes, BSIZ, effect of BSIZ on kdes; KVmax, rate of depletion of a hypothesized nonrenewable target; PopPK, population pharmacokinetics;  
Q, intercompartmental clearance; QBSA, effect of BSA on Q; RSE, relative standard error (100 × standard error/parameter estimate); VC, central volume;  
VC,AGE, effect of age on Vc; VC,BSA, effect of BSA on VC; Vmax, rate of target- mediated elimination; VP, peripheral volume; VP,BSA, effect of BSA on VP.
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to exceed the noninferiority threshold at C6 for Ctrough for 
pre-  and postdosing, respectively. This confirmed that nearly 
all patients with CLL receiving 1,600  mg R- s.c. in C2– 6 
would achieve Ctrough exposures noninferior to those achieved   
with R- i.v.

Exposure– efficacy analysis

Patients with FL (SABRINA stage 2). The multivariate Cox 
regression analysis performed in 371 patients from SABRINA 
who received ≥  7 rituximab doses identified that patients with 

Figure 1 Scheme of the rituximab PopPK model (a)a and characterization of the contribution of each PK model component to the elimination 
of rituximab following i.v. (b)b and s.c. (c)b dosing in patients with FL using model- based conditional simulations. aArrows pointing to the 
compartment indicate drug input (doses). Arrows pointing from the compartment indicate drug output (clearance). Ordinary differential 
equation is provided in the Supplementary Methods. bConcentration– time courses were simulated following i.v. (375 mg/m2 C1– 6) or s.c. 
dosing (375 mg/m2 i.v. in C1, followed by 1,400 mg s.c. in C2– 6). CL, clearance (CL = CL

T
× exp ( − kdes × t) + CL

inf
); Clinf, time- independent 

clearance; CLT, time- dependent clearance; FL, follicular lymphoma; FSC, subcutaneous bioavailability; i.v., intravenous; Ka, subcutaneous 
absorption rate constant; kdes, rate constant of decay of CLT with time; PopPK, population pharmacokinetics; Q, inter- compartmental 
clearance; RTX, rituximab; s.c., subcutaneous; t, time; VC, central volume; VP, peripheral volume; Vmax, KVmax, target- mediated elimination from 
the drug and the target compartments.
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a Ctrough at the end of C7 < 34 μg/mL had a risk of progression 
~ 12- fold greater (hazard ratio (HR) = 11.9) than patients with 
higher exposure (Figure 2). Only eight patients (2.2%) had such 
a low rituximab Ctrough, seven of whom were from the i.v. arm. 

Individual PK and B- cell profiles for those patients are shown in 
Table S4. Two patients from the R- i.v. arm with a low rituximab 
Ctrough had antidrug antibodies against rituximab, both of whom 
had a higher initial clearance that declined slowly. Of all considered 

Table 2 Predicted rituximab exposure measures following i.v. and s.c. induction dosing in patients with FL from the 
SABRINA trial20

At C7 and C8 of induction

C7 C8

i.v. s.c i.v. s.c.

No. patients 203 196 203 196

Ctrough (µg/mL) 92 (1.1– 225.1) 135.2 (9.1– 311) 97.8 (1.4– 239.5) 145.4 (10.7– 344.5)

AUCτ (µg/mL*day) 2,827 (288– 5,904) 3,784 (473– 7,692) 2,980 (322– 6,241) 4,002 (641– 8,472)

By BSA category, at C7 and C8 of induction

BSA category 
(m2)

i.v. s.c.

< 1.73 1.73– 1.92 > 1.92 < 1.73 1.73– 1.92 > 1.92

No. patients 52 77 74 76 54 66

Ctrough, pre- C8 
dose (i.e., C7) 
(µg/mL)

95.9 (3.44– 196) 95.9 (6.31– 217) 84.2 (1.1– 225) 182 (9.07– 311) 122 (34.8– 303) 118 (9.86– 233)

Ctrough, post- C8 
dose (µg/mL)

103 (4.85– 212) 101 (8.29– 230) 87.5 (1.44– 239) 192 (10.7– 345) 133 (45.5– 336) 126 (15.9– 254)

AUCτ (µg/mL*day) 3,110 
(546– 5,370)

3,070 
(698– 6,080)

2,770 
(322– 6,240)

5,060 
(685– 8,470)

3,700 
(1,770– 7,480)

3,440 
(641– 6,330)

Results are median (range). The covariate factors and individual PK parameters from patients with FL from the R- i.v. and R- s.c. arms of SABRINA were used to 
compute rituximab exposure metrics following the i.v. (375 mg/m2) and s.c. (375 mg/m2 i.v. in cycle 1, followed by 1,400 mg s.c. in cycles 2– 8) dosing regimens.
AUCτ, area under the curve of serum drug concentration vs. time for one dosing interval; BSA, body surface area; C, cycle; Ctrough, trough serum rituximab 
concentration; FL, follicular lymphoma; i.v., intravenous; PK, pharmacokinetic; s.c., subcutaneous.

Table 3 Model- predicted PK parameters and proportion of patients with FL or CLL with lower s.c. vs. i.v. exposures at C7 
(SABRINA) and C6 (SAWYER)

i.v. s.c. Ratio s.c./i.v.
% of patients with s.c./i.v. 

ratio < 1 (90% CI)
% of patients with s.c./i.v. 

ratio < 0.8 (90% CI)

C7 of induction (patients with FL from SABRINA)

Predose Ctrough 
(µg/mL)

74.9 (0.629) 117 (0.575) 1.56 (0.183) 0 (0– 1.8) 0 (0– 1.8)

Postdose Ctrough
a 

(µg/mL)
84 (0.559) 131 (0.527) 1.55 (0.173) 0 (0– 1.8) 0 (0– 1.8)

AUCτ (µg/
mL*day)

2,690 (0.358) 3,680 (0.399) 1.37 (0.135) 0.5 (0.0– 2.7) 0 (0– 1.8)

Cmax (µg/mL) 220 (0.224) 218 (0.333) 0.991 (0.179) 52.6 (46.4– 58.6) 8.2 (4.9– 13.1)

C6 (patients with CLL from SAWYER)

Predose Ctrough 
(µg/mL)

69.3 (0.794) 80.6 (0.753) 1.16 (0.235) 25.7 (19.8– 32.6) 4.29 (1.99– 8.52)

Postdose Ctrough
b 

(µg/mL)
80.7 (0.678) 93.0 (0.652) 1.15 (0.235) 27.1 (21.1– 34.1) 5 (2.48– 9.42)

AUCτ (µg/
mL*day)

3,790 (0.409) 4,020 (0.451) 1.06 (0.245) 40.7 (33.8– 48) 12.1 (8.01– 17.8)

Cmax (µg/mL) 253 (0.226) 202 (0.380) 0.796 (0.285) 75.7 (68.9– 81.5) 49.3 (42.1– 56.5)

Results are presented as geometric mean (CV and/or percentage (90% CI)). The CV is computed as standard deviation of the log- transformed data.
AUCτ, area under the curve of serum drug concentration vs. time for one dosing interval; C, cycle; CI, confidence interval; CLL, chronic lymphocytic leukemia; 
Cmax, peak serum rituximab concentration; Ctrough, trough serum rituximab concentration; CV, coefficient of variance; FL, follicular lymphoma; i.v., intravenous;  
PK, pharmacokinetic; s.c., subcutaneous.
 aCtrough concentration at the end of cycle 7 (i.e., pre dose of cycle 8).
 bCtrough concentration at the end of cycle 6 (i.e., pre dose of cycle 7).
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baseline covariates, only tumor size had a statistically significant 
effect on PFS; patients with higher tumor size had an increased 
risk of progression compared with other patients. Relative to the 
median tumor size (log[BSIZ]  =  8.41), the risk of progression 
decreased by 35% (HR = 0.646) for the 5th percentile of tumor 
size (log[BSIZ] = 6.75) and increased by 52% (HR = 1.52) for the 
95th percentile of tumor size (log[BSIZ] = 10; Figure 2).

Patients with CLL (SAWYER stage 2). Similar to FL, a Cox regression 
analysis performed in 145 patients with CLL from SAWYER who 
received 6 doses of rituximab showed that Ctrough values at C6 
(pre- dose) < 32 µg/mL (observed in 8/145 patients (5.5%), six of 
whom received R- i.v.) and high tumor size were associated with 
poorer PFS.26

Integrated exposure– safety analysis
Rituximab concentrations were similar among subjects with or 
without AEs; no association between higher exposure and specific 
AEs could be identified in the time course analysis. In particular, 
in 398 patients with FL from SABRINA, exposure– safety analy-
ses following i.v. and s.c. dosing indicated no correlation between 
rituximab exposure and neutrophil counts, occurrence and grades 
of AEs, SAEs, serious infections, grade ≥ 3 AEs, neutropenia, or 
ARRs in either treatment arm.

Rituximab exposure (Ctrough and AUCτ) was slightly higher in 
patients treated with R- s.c.; however, variability in rituximab ex-
posure was not associated with any safety events in the exposure– 
safety analysis. Analysis of the pooled data showed no evidence of 
a relationship between rituximab exposure (CtrLD and CmeanLD) 
and safety events with either R- s.c. or R- i.v. Except for the relation-
ship between CmeanLD over the entire induction/treatment period 
(C1/2– 8 (FL) or C1/2– 6 (CLL)) with R- i.v. and the probability 
of any grade ≥ 3 AE, none of the relationships established for the 
entire induction/treatment period and from C2– 8 (FL) or C2– 6 
(CLL) were statistically significant (i.e., no P values < 0.05), and 
95% CIs around the 2 logistic regression slopes overlapped with 
each other, suggesting comparability of the i.v. and s.c. formula-
tions. Logistic regressions for grade ≥ 3 AEs and ARRs are shown 
in Figures 3 and 4, respectively.

DISCUSSION
We describe the successful use of a Ctrough bridging strategy sup-
ported by qCP analyses, and the achievement of clinically effective 
rituximab exposures with either s.c. or i.v. dosing. In addition to 
demonstrating noninferior efficacy and comparable safety of the 
R- s.c. and R- i.v. formulations, the studies included in the analysis 
collected the largest amount of rituximab clinical pharmacology 

Figure 2 Covariate effects on the hazard ratio for final PFS CPH model in FL. The following covariates were tested in the CPH model: 
demographic variables (bodyweight, BSA, BMI, age, sex, and race); disease characteristics at baseline (ECOG performance status, time 
from diagnosis, BSIZ, BM involvement at baseline, symptomatic splenic enlargement, symptomatic hepatic enlargement, Ann Arbor stage at 
diagnosis, FLIPI); other measures at baseline (WBC, BBCE, and lymphocyte count), route of administration, and concomitant chemotherapy. 
BBCE, B- cell count at baseline; BM, bone marrow; BMI, body mass index; BSA, body surface area; BSIZ, baseline tumor size; C, cycle; CI, 
confidence interval; CPH, Cox proportional hazards; ECOG, Eastern Cooperative Oncology Group; FL, follicular lymphoma; FLIPI, Follicular 
Lymphoma International Prognostic Index; PFS, progression- free survival; WBC, white blood cell count.

Covariate
Categorical=comparator:reference
Continuous=reference (P05-P95)

Hazard ratio (95% CI)

11.9 (5.31–26.9)

1.52 (1.09–2.12)
0.646 (0.455–0.917)

0.1 0.2 0.5 1.0 2.0

Change in hazard ratio relative to reference patient

5.0 10.0 20.0

Log (tumor size [mm2])
8.41 (6.75–10)

Estimate (95% CI): continuous (P95)
Estimate (95% CI): continuous (P05)

Estimate (95% CI): categorical
Estimate (cont. values > reference)

C7 < 34 ug/mL
Yes : No

(N = 8 : 363)
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data to date, and enabled a comprehensive assessment of ER re-
lationships for rituximab. Reduced PFS in small numbers of pa-
tients with very low exposure is consistent with reports in the 
literature; reasons for these low exposures are unclear but may be 
associated with high B- cell count or tumor size. There was no cor-
relation between rituximab exposure and safety events of interest, 
which supports the use of flat dosing with no need for adjustment 
for body size. Target receptor saturation is sustained with R- s.c. 

in both FL and CLL, and the approved R- s.c. dosing regimen 
achieves the same degree of anti- lymphoma activity as R- i.v. dosing 
while preserving safety.

Rituximab steady- state Ctrough used as the primary end point 
for bridging from i.v. to s.c. dosing
The PopPK analyses of rituximab following i.v. and s.c. admin-
istration established that rituximab total clearance included (i) a 

Figure 3 Relationships between probability of any AE grade ≥ 3 and Ctrough at EOI (FL) or EOT (CLL) (CtrLD) and average concentrations over 
the induction period (CmeanLD). (a) Entire induction period. (b) From C2 until EOI. Squares and vertical lines show observed fraction of subjects 
with events in each exposure tertile and 95% CI for these fractions. As all patients received R- i.v. during C1, safety relationships were also 
examined from C2 to EOI to strictly compare the R- i.v. and R- s.c. formulations. Circles illustrate the observed response (vertically jittered for 
better visualization). Lines show the logistic regression lines. Shaded regions are the 90% CIs for the regression lines. P values are obtained 
from the glm function of R for the slope of the logistic regression models. Red and green circles represent R- i.v. and R- s.c., respectively. 
AE, adverse event; C, cycle; CI, confidence interval; Cmean, average serum concentration; Ctrough, minimum serum concentration; EOI, end of 
induction; EOT, end of treatment; FL, follicular lymphoma; R- i.v., intravenous rituximab; R- s.c., subcutaneous rituximab.
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first component that decreased exponentially with time following 
treatment initiation, (ii) a time- independent component (in FL 
(reported herein) and CLL26), and (iii) a third nonlinear elimina-
tion component through an additional B- cell compartment (FL 
only).

It is believed that the CLT component corresponds to the de-
crease in capacity of the TMDD related to CD20 target on cir-
culating B cells.27,36,37 The first- order rate characterizing this 
clearance decay with time (kdes) was similar between FL and CLL, 

and independent of administration route. Similar to the CLT com-
ponent, the nonlinear elimination component in patients with FL 
(additional component characterized by Vmax, possibly related to 
nonrenewable target) was shown to be comparable between R- i.v. 
and R- s.c. Based on these findings, at the investigated doses, de-
spite significant differences in the rituximab concentration– time 
course profile between the 2 routes of administration, the times 
needed to saturate the CD20 receptors in the blood stream (pe-
riphery) and the amount of drug eliminated through a potential 

Figure 4 Relationships between probability of ARRs and Ctrough at EOI (CtrLD) and Cmean over induction period (CmeanLD). (a) For the entire 
induction period. (b) From C2 until EOI. Squares and vertical lines show observed fraction of subjects with events in each exposure tertile 
and 95% CI for these fractions. Circles illustrate the observed response (vertically jittered for better visualization). Lines show the logistic 
regression lines. Shaded regions are the 90% CIs for the regression lines. P values are obtained from the glm function of R for the slope of 
the logistic regression models. Red and green circles represent R- i.v. and R- s.c., respectively. ARR, administration- related reaction; C, cycle; 
CI, confidence interval; Cmean, average serum concentration; Ctrough, minimum serum concentration; EOI, end of induction; R- i.v., intravenous 
rituximab; R- s.c., subcutaneous rituximab.
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additional B- cell compartment were found to be similar between 
the 2 formulations.

In the current analysis, the PK model has time- varying elimina-
tion components (to approximate a TMDD- like behavior), and 
the use of model parameters (e.g., kdes and Vmax) was optimized to 
support the comparison of Ctrough values at EOI.

Consistent with nonlinear elimination, CLT increased in pa-
tients with higher B- cell counts and tumor size. B cells in the pe-
riphery represent easily accessible CD20 targets and are depleted 
first. In contrast, tumor size represents the rituximab target in less 
accessible tissues. PopPK modeling allows a quantitative under-
standing of rituximab drug– target interaction and the underlying 
mechanisms involved in its disposition, thereby providing insight 
into the link between exposure, target saturation, and expected 
clinical response. To ensure minimal residual disease secondary to 
maximal B- cell depletion, a strategy of high CD20 target satura-
tion is desired throughout the dosing interval of rituximab treat-
ment. This approach is consistent with those used for other mAbs 
associated with antigenic targets and TMDD processes. Several 
published reports in oncology, rheumatoid arthritis, and chronic 
inflammatory conditions38,39 support the utilization of Ctrough for 
association with clinical outcomes, and suggest that minimum 
concentrations exceeding those required for target saturation have 
been important for mAbs targeting either soluble or membrane 
bound ligands. Steady- state Ctrough was therefore a suitable surro-
gate for exposure, as it reflects the minimum concentration of rit-
uximab over a dosing interval that will maximize peripheral B- cell 
depletion and duration of CD20 target saturation, thus optimizing 
response and clinical efficacy.

Comparison of R- s.c. and R- i.v. PKs
Simulations from the PopPK models developed using data from 
the registration trials, SABRINA and SAWYER, demonstrate 
that the proposed R- s.c. regimens in FL (375 mg/m2 i.v. followed 
by 1,400 mg s.c. Q3W for 8 cycles (induction)) and CLL (500 mg/
m2 i.v. followed by 1,600 mg s.c. Q4W for 6 cycles) have noninfe-
rior exposure (Ctrough) throughout therapy across all BSA groups 
compared with the approved R- i.v. dosing regimens (375 mg/m2 
Q3W for 8 cycles in FL and 375 mg/m2 followed by 500 mg/m2 
Q4W for 6 cycles in CLL). Of note, for both FL and CLL, flat 
s.c. dosing leads to larger differences in exposure between patients 
with low and high BSA compared with BSA- adjusted i.v. dosing; 
however, it allows maintenance of rituximab exposure for all BSA 
groups at least at the levels reached by i.v. dosing, thus achieving 
noninferior target saturation.

The simulations confirmed that serum rituximab concentra-
tions were sustained over dosing intervals with both routes of 
administration, and indicate that similar anti- B- cell responses fol-
lowing rituximab treatment will be obtained. Therefore, the same 
degree of anti- lymphoma activity can be expected irrespective of 
rituximab administration route in patients with FL and CLL.

Exposure– efficacy analysis
Exposure– efficacy analyses of data from SABRINA and 
SAWYER stage 2 for PFS supported the overall comparability of 
efficacy profiles via either administration route, and are consistent 

with the use of Ctrough for bridging. As expected, because the in-
vestigated R- i.v. and R- s.c. doses led to full target saturation, most 
patients were found to be at the plateau of effect, and only the 
small number of patients with low Ctrough values < 34 µg/mL (FL) 
or < 32 µg/mL (CLL) were found to have poorer prognosis (nota-
bly shorter PFS). However, it is difficult to establish with certainty 
if low exposure is a cause or a consequence of poor outcome. Most 
of these patients had high B- cell counts at baseline, indicating 
high baseline target expression that could explain lower exposure.

In patients with cancer, ER analyses may be confounded by the 
underlying relationship between exposure and response to treat-
ment, and apparent ER relationships may be response- driven ER 
relationships, whereby disease- related factors impact PKs. For ex-
ample, a correlation between cancer cachexia and increased mAb 
catabolism secondary to generalized protein turnover has been re-
ported for several check- point inhibitors.40,41 For pembrolizumab, 
decreased overall survival in patients with higher initial clearance 
mirrored disease severity markers associated with end- stage can-
cer anorexia- cachexia syndrome.40 Thus, increasing the treatment 
dose (and theoretically concentration) may improve the outcome 
of patients with low exposure.42 Several rituximab studies have 
demonstrated a correlation between lower exposure and inferior 
outcome;43,44 however, trials in which increased doses of rituximab 
were tested have reported mixed results, with some showing no 
benefit of dose intensification.43,45– 47

As intrinsic patient and disease characteristics, such as tumor 
size, are likely to play a role in exposure,48 lower rituximab ex-
posure (higher CL) may be a consequence of poorer prognosis 
rather than the cause of poorer clinical outcome as demonstrated 
previously for rituximab.49 In the current analysis, only 2.4% and 
5.5% of patients with FL and CLL, respectively, seem to be re-
sponsible for this apparent exposure– PFS association; indicating 
that for the majority of patients (97% in FL and > 94% in CLL), 
variability in exposure does not impact response. To properly 
assess and resolve the uncertainty surrounding relationships be-
tween patient and disease characteristics, exposure, and outcomes, 
an analysis based on > 1 dose level would be needed, and more 
potential confounding factors (e.g., CD20 expression) should be 
considered.50

Exposure– safety analysis
Rituximab exposure was not associated with any safety events 
in the graphical exposure– safety analysis; therefore, the slightly 
higher exposure seen following R- s.c. dosing vs. established R- i.v. 
dosing was considered to be within the associated rituximab PK 
variability32,33 and was not expected to impact patient safety.

Both separate (CLL (SAWYER) and FL (SABRINA)) and 
integrated exposure– safety analyses confirmed the lack of associ-
ation between rituximab exposure and safety events of interest, in 
accordance with the CLL PopPK analysis of R- i.v. and R- s.c in 255 
patients from SAWYER and REACH.26 Moreover, there was no 
correlation between rituximab exposure and neutrophil counts, 
occurrence or grade of neutropenia, or occurrence/frequency 
of SAEs or grade ≥ 3 AEs following either administration route. 
The logistic regression analysis indicated the higher the exposure 
(Cmean) the lower the risk of occurrence of grade ≥ 3 AEs. As Cmean 
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was not statistically significantly correlated with the occurrence of 
other events (particularly ARRs, which are mainly present in C1), 
the authors did not consider this relationship as clinically relevant. 
In addition, the slopes of the logistic regressions overlapped for  
R- i.v. and R- s.c., suggesting no difference in the exposure– safety 
relationship by route of administration.

CONCLUSIONS
Quantitative pharmacology can provide predictive evidence to 
optimize a drug’s clinical development plan and a safe and effec-
tive dosing regimen of a new drug formulation. The modeling ap-
proaches applied to rituximab generated evidence for regulatory 
approval, and enabled faster access to R- s.c.51 They supported the 
selection of the R- s.c. dosing regimen and label recommendation, 
and were of high impact to inform the decision to move forward 
with an s.c. regimen based on model- informed drug discovery and 
development principles.52 Moreover, they enabled simplification 
of drug administration during therapeutic use expansion of a drug 
that had been available for almost 2 decades, by integrating solid 
understanding of its clinical pharmacology into model- informed 
knowledge.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical 
Pharmacology & Therapeutics website (www.cpt-journal.com).
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