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Background
Treatment of follicular lymphoma with rituximab is currently recommended at a dose of 375
mg/m2. We aimed to provide a rationale for optimal dosing and scheduling of this anti-CD20
antibody based on pharmacokinetics.

Design and Methods
Clinical efficacy of immuno-chemotherapy with rituximab, fludarabine and mitoxantrone fol-
lowed by 2-monthly rituximab maintenance was evaluated in 29 patients with previously
untreated follicular lymphoma in a prospective phase II trial (AGMT-NHL9). Pharmacokinetic
analysis was assessed in 17 patients. 

Results
Induction treatment resulted in high clinical response rates (complete remission 66%; ORR
100%). Significantly higher complete remission rates were observed in female patients (86 vs.
47%; Odds Ratio 6.8, 95% CI: 1.12; 41.82; P=0.05). Rituximab pharmacokinetic analysis
showed a high variability ranging over almost 1 order of magnitude at maintenance cycle 1
(area under the curve 1,540-12,025 g/L*days). Median area under the curve was lower in men
(81%) and in patients with initial bone marrow infiltration (76%). Higher rituximab serum con-
centrations before next therapy (Ctrough) were associated with female sex (P=0.04) as well as with
absence of initial bone marrow infiltration (P=0.001). Ctrough correlated with remission quality
(complete vs. partial remission; P=0.005) and progression-free survival (P=0.03). A decline in rit-
uximab Ctrough below 25,000 ng/mL was observed 9.5 to 62 months before clinical relapse
(P=0.008).

Conclusions
The results of this pilot trial suggest that more differentiated dosing schedules based on gender
and bone marrow infiltration should be explored for rituximab therapy for lymphoma. This
study was registered in ClinicalTrials.gov (Identifier: NCT01560117).
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Introduction

Immunotherapy with the monoclonal anti-CD20 anti-
body rituximab has become standard of care for patients
with follicular lymphoma.1 However, questions still
remain regarding dosing and scheduling of rituximab,
optimal type of chemotherapeutic combination partners
during induction, and the best interval and length of ritux-
imab maintenance treatment.2-4 Fludarabine-mitoxantrone
combinations have shown strong debulking activity as ini-
tial therapy followed by rituximab maintenance.5,6 While
rituximab maintenance with a standard dose of 375
mg/m2 prolongs clinical remissions, administration sched-
ules still vary: 3-monthly infusions for two years and 2-
monthly infusions for one or two years are those most fre-
quently used.4,7 Some pharmacokinetic data for rituximab
have been reported for induction treatment.8-13 These stud-
ies have proposed a presumptive ‘active’ level of 25,000
ng/mL in anti-lymphoma treatment. However, only limit-
ed information is available about maintenance treatment
in patients who are in remission and have no remaining
tumor burden.14,15 
In order to optimize management of previously untreat-

ed follicular lymphoma (FL) with rituximab, in 2003, the
AGMT initiated a phase II study (NHL9) with 3 major
goals: i) to investigate the effect of treatment with R-FM
and rituximab maintenance on the depth of remission
measured by BCL2/IgH PCR;16 ii) to obtain pharmacoki-
netic data during induction and 2-monthly rituximab
maintenance treatment in order to provide a rationale for
dosing and scheduling; iii) to link prognostic markers and
remission quality with pharmacokinetic (PK) data.17,18 The
results indicate a high inter-individual variability of ritux-
imab serum levels related to gender, initial bone marrow
infiltration, as well as to quality and duration of clinical
response, thereby challenging a simple, body surface area-
based, dosing concept for CD20 antibody therapy. 

Design and Methods

The AGMT NHL9 phase II study included 29 adult patients
(median age 53 years, range 33-74; 15 male, 14 female) with pre-
viously untreated advanced follicular lymphoma grade 1 or 2. The
clinical characteristics of the patients are shown in Table 1.
Inclusion criteria were: a positive BCL2/IgH rearrangement in
peripheral blood (PB) and/or bone marrow (BM); clinical stage III
or IV, requiring treatment (Online Supplementary Appendix).
Treatment consisted of 6 cycles of rituximab 375 mg/m2 i.v. Day
1, mitoxantrone 10 mg/m2 i.v. Day 1, and fludarabine  25 mg/m2

i.v. Days 2-4 (rituximab, fludarabine and mitoxantrone (R-FM)).
Cycles were repeated every 28 days. After an interval of 4-12
weeks after initiation of the 6th cycle of R-FM, 26 patients with a
complete remission (CR), unconfirmed CR (Cru), or partial remis-
sion (PR) received maintenance treatment with rituximab 375
mg/m2 every two months for two years or until relapse (Online
Supplementary Figure S1). The protocol was approved by the local
ethics committees and informed consent was obtained from all
patients. Between December 2003 and December 2007, 29
patients were enrolled. All patients were evaluated for clinical
response, 17 patients for pharmacokinetics (10 of these up to
maintenance cycle 6). Twenty-three patients had at least one
molecular follow up for BCL-2/IgH response in peripheral blood
(PB) (n=21) or bone marrow (BM) (n=15) or both (n=13).  

Clinical response evaluation
Clinical response was evaluated at the end of induction therapy

with R-FM as well as during and after maintenance treatment
using the standardized response criteria for NHL of 1999 (includ-
ing CT scans).19

BCL-2/IgH polymerase chain reaction
PCR assessment for BCL2 major and minor breakpoints was

performed with DNA from PB or BM MNC with an assay using
BIOMED-2 primers and a sensitivity of at least 1 abnormal in 103

normal cells.20

Rituximab pharmacokinetics
Detailed PK analysis of serum samples was carried out in cycles

1 and 6 of induction as well as maintenance (before start of infu-
sion, at the end of infusion, Days 2, 3, 4, 8, 15 and 22). Serum
trough levels before start of infusion were determined in cycles 1,
2, 4 and 6 of induction as well as maintenance. The median inter-
val between induction cycle 6 and maintenance cycle 1 was eight
weeks (range 4-12 weeks); between maintenance 1 and 2: eight
weeks (range 7-12 weeks); between maintenance 2 and 4: 15.5
weeks (range 8-36); between maintenance 4 and 6: 15 weeks
(range 8-36). 
Rituximab serum concentrations were determined by an

enzyme-linked immunosorbent assay (QPS Netherlands BV,
Groningen, The Netherlands) (Online Supplementary Appendix). 
Pharmacokinetic data were calculated by Kinetika software

version 3.0 (Innaphase, USA). 

Statistical analysis
Categorical variables were described by absolute and relative

frequencies and compared between groups using χ2 tests or
Fisher’s exact tests where appropriate. Reported P values are the
results of two-sided tests. P values 0.05 or under were considered
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Table 1. Patients’ characteristics and clinical outcome.
                                                          All patients             Female Male
                                                               N=29                   N=14 N=15

Median age (years)                                            53                              49 54
(range)                                                             (33-74)                    (33-66) (44-74)
Bone marrow infiltration                           17 (59%)                  9 (64%) 8 (53%)
Bulky disease                                                 5 (17%)                    1 (7%) 4 (26%)
FLIPI      0-1 (low risk)                                      12                               7 5
FLIPI      2 (intermediate risk)                        8                                1 7
FLIPI      3-4 (high risk)                                     9                                6 3
CR                                                                    19 (66%)                12 (86%)* 7 (47)*
PR                                                                    10 (34%)                 2 (14%)* 8 (53%)*
Continuous remission                                22 (76%)                 10 (71%) 12 (80%)
CCR                                                                 17 (59%)                 10 (71%) 7 (47%)
Relapse                                                           9 (31%)                   4 (29%) 3 (20%)
Sequential BCL2/IgH asessed                        23                              12 11
BCL-2 conversion to negative                  21 (91%)                 11 (92%) 9 (90%)
(PB or BM)
Median observation time                                50                               - -
in months; (range)                                        (5-68)                            
Progression-free survival at 36 months     82%                          84% 80%
Overall survival at 36 months                        89%                         100% 80%
PK assessment                                                   17                               9 8

*P=0.05
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statistically significant. Kaplan-Meier curves were calculated for
survival estimates, and a log rank test was used to determine dif-
ferences between groups. Statistical calculations were performed
using WinSTAT software version 3.0 or  Stata Statistical Software:
Release 11.ed., 2009 (StataCorp LP., College Station, TX, USA). 
Linear fit was performed for correlation of AUC and serum

trough (Ctrough) values. 

Results

Clinical response 
All 29 patients responded to induction therapy with R-

FM with a CR rate of 66% (19 of 29) and a PR rate of 34%
(10 of 29) (Table 1). Twenty-six patients received further
maintenance therapy with rituximab with a final CR rate
of 77% (20 of 26). Nine patients relapsed (2 before main-
tenance, 7 during or after maintenance). After a median
observation time of 50 months, 4 patients have died.
Progression-free survival at three years was 82% with an
overall survival (OS) rate of 89% (Online Supplementary
Figure S2A and B). 
Interestingly, female patients had a significantly higher

CR rate after induction (12 of 14 (86%) vs. 7 of 15 (47%);

P=0.05; Odds Ratio 6.8, 95% CI: 1.12; 41.82). Despite a high
CR rate, women had at least equal initial BM involvement
(64 vs. 53%, P=N.S.) and FLIPI scores suggesting that female
patients responded better to induction therapy (Table 1).
Furthermore, female patients showed a slightly better PFS
(85% vs. 80% at 36 months) and OS (100% vs. 80% at 36
months; P=0.058) that was statistically not significant (Table
1 and Online Supplementary Figures S2C and D).
The high clinical response rate after R-FM was accom-

panied by a complete molecular response (MR) rate of
91% (21 of 23). 

Pharmacokinetics of rituximab
Detailed pharmacokinetic profiling
Detailed rituximab serum concentrations were assessed

in cycles 1 and 6 of induction and maintenance treatment,
respectively (n=16). A high inter-individual variability of
total area under the curve (AUCtotal) values ranging over
almost 1 log at maintenance cycle 1 (1,540-12,025
g/L*days, median 5,736) was observed (Figure 1A and
Online Supplementary Table S1). This was accompanied by
a similar variation in half-life (median 23.3 days; range 5.9-
54.7) (Online Supplementary Table S1). The striking differ-
ence in clinical response rates prompted us to perform

Rituximab pharmacokinetics during immuno-chemotherapy
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Figure 1. Detailed pharmacokinetic profiling during R-FM induction and rituximab maintenance. (A) Area under the curve (AUCtotal) during
induction cycles 1 and 6 as well as maintenance cycles 1 and 6 shows high inter-individual variability (n=16). (B) Female patients have higher
median AUCtotal throughout the study period (AUCtotal men: 81% of that found in women). (C) Patients without bone marrow (BM) infiltration
(BM negative) at diagnosis have higher median AUCtotal (AUCtotal in patients with BM infiltration: 76% of that found in BM negative patients).
(D) Correlation between AUCtotal and serum trough levels (Ctrough) obtained before rituximab infusions. 
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subgroup analysis stratified by gender. Indeed, female
patients had higher AUCtotal throughout the treatment peri-
od. Overall, the median AUCtotal in men was 81% of the
values observed in women (Figure 1B and Online

Supplementary Table S1). This finding was in agreement
with the observed volume of distribution in women
(induction 1: 5.2 L vs. 8.6 L; Online Supplementary Table S1).
Similar findings were obtained for patients with or with-
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Figure 2. Association of rituximab trough levels with gender, quality of remission (complete (CR) vs. partial (PR)), progression-free survival
(PFS) and clinical relapse. (A) Median Ctrough in ng/mL are higher (median 29%, range 10-70%) in female patients at almost all time points
during induction and maintenance treatment (for details see Table 2). (B) Higher rituximab Ctrough correlate with CR rates at the end of R-FM
induction. (C-E) Correlation of Ctrough before induction 4, maintenance 4 and maintenance 6 with PFS. Rituximab cut-off levels are given in
ng/m. (F) Median rituximab serum levels in patients with continuous CR or PR (dotted line) or clinical relapse. Clinical relapse (black arrows)
is preceded by a significant decline in Ctrough before maintenance 6 (last serum level assessment). Time of relapse is given in months after
last Ctrough assessment. Patients per time point: continuous remission 7-10, relapse 3-6. The presumptive active serum level of rituximab
(25,000 ng/mL) is shown by an interrupted line.
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out BM infiltration (median AUCtotal in patients with BM
infiltration was 76% of that found in patients with nega-
tive BM histology) (Figure 1C and Online Supplementary
Table S1). While the differences in AUCtotal between men
and women, as well as between patients with or without
BM infiltration, were not statistically significant, they may
still be biologically important. No correlation was found
between AUCtotal and age (cycle 1: R=0.34, P=0.76; cycle
6: R=0.34, P=0.57).
The correlation between AUC and serum trough levels

(Ctrough) indicated that the latter could be used as surro-
gate for AUCtotal in further analysis (R=0.454; P=0.007)
(Figure 1D).

Association of serum trough levels (Ctrough) 
with gender, initial bone marrow infiltration
and clinical outcome
Serum levels before administration of rituximab were

available during induction and at least once during main-
tenance therapy in 17 patients. Twelve of these 17 patients
had a CR at the end of induction.
Median rituximab levels increased steadily during the 6

cycles of induction therapy with R-FM (Figure 2A and
Table 2). During 2-monthly rituximab maintenance with
375 mg/m2 median serum concentrations remained con-
stantly over 25,000 ng/mL. 
Median levels of female patients were higher at almost

Table 2. Median rituximab Ctrough levels (ng/mL) according to gender, bone marrow infiltration and clinical response.
Induction N Induction N Induction N Maintenance N Maintenance N Maintenance N Maintenance N
cycle 2 cycle 4 cycle 6 cycle 1 cycle 2 cycle 4 cycle 6

median (range) median (range) median (range) median (range) median (range) median (range) median (range)

Median 12,695 15 56,643 13 62,451 15 38,693 16 31,041 11 34,746 12 36,287 10
all patients (<500-44,876) (25,308-93,207) (43,271-113,691) (13,826-113,709) (6,233-72,874) (1,545-54,069) (14,172-66,751)
Female 25,647 9 65,704 7 67,244 8 47,616 9 36,339 6 38,926 6 33,693 6

(<500-44,876) (31,132-93,207) (43,271-113,691) (14,701-113,709) (6,233-72,874) (16,018-52,426) (16,273-60,848)
Male 7.666 6 39,206 6 60,390 7 34,839 7 24,605 5 27,632 6 45,092 4

(<500-17,429) (25,308-78,905) (46,345-106,098) (13,826-64,709) (6,374*-57,485) (1,545-54,069) (14,172-66,751)
BM negative 25.647 5 76.994 5 81,581 5 47,616 7 26,395 5 46,882 4 38,459 3

(2,808-44,876) (43,677-93,207) (65,869-113,691) (19,692-113,709) (6,233-57,485) (20,310-54,069) (24,595-56,070)
BM positive 7,666 10 45,467 8 57,348 10 27,420 9 36,339 6 34,538 7 34,115 7

(<500-31,557) (25,308-68,249) (43,271-73,366) (13,826-58,521) (6,374-72,874) (1,545-43,314) (14,172-66,761)
BM negative 25,647 5 76,994 5 81,581 5 56,162 6 41,535 4 49,654 4 34,459 3
& no bulk (2,808-44,876) (43,677-93,207) (56,643-113,691) (35,863-113,709) (6,233-57,485) (26,119-54,069) (24,595-56,070)
BM positive 7,666 10 45,467 8 57,348 10 25,347 10 31,041 7 27,424 8 34,115 7
&/or bulky (<500-31,557) (25,308-68,249) (43,271-73,366) (13,826-58,521) (6,374-72,874) (1,545-43,314) (14,172-66,751)
CR 19,178 11 65,704 9 65,869 11 47,525 12 41,637 9 36,837 9 38,459 7

(<500-44,876) (25,308-93,207) (45,143-113,691) (13,826-113,709) (6,233-72,874) (14,857-54,069) (24,595-60,848)
PR 2,883 4 32,934 4 57,348 4 27,690 4 15,489 2 16,018 3 16,273 3

(1,336-12,695) (28,700-43,677) (43,271-67,216) (19,692-35,863) (6,374-24,605) (1,545-20,31) (14,172-66,751)
Cont. 18,303 10 62,675 8 61,877 10 44,479 10 41,637 7 36,837 7 38,944 7
remission (<500-44,876) (25,308-93,207) (45,143-113,691) (13,826-113,709) (19,714-72,874) (14,857-54,069) (28,927-66,751)
Cont. CR 19,178 9 65,704 7 62,451 9 44,479 10 41,637 7 36,837 7 38,701 6

(<500-44,876) (25,308-93,207) (45,143-113,691) (13,826-113,709) (26,395-72,874) (14,857-54,069) (28,927-60,848)
Relapse 4,110 5 43,677 5 65,869 5 35,351 6 15,489 4 20.310 5 16,273 3

(1,656-25,647) (31,132-76,994) (43,271-81,581) (19,692-72,883) (6,233-56,676) (1,545-46,882) (14,172-24,595)

Table 3. Correlation with rituximab Ctrough during induction and maintenance.
Induction 2 Induction 4 Induction 6 Maintenance 1 Maintenance 2 Maintenance 4 Maintenance 6

(n=15) (n=13) (n=15) (n=16) (n=11) (n=12) (n=10)

Gender (female vs. male)
R 0.46 0.46 0.15 0.33 0.22 0.30 0.23
P 0.04 0.06 0.30 0.10 0.26 0.17 0.26

BM infiltration (yes vs. no)
R 0.42 0.56 0.72 0.51 0.03 0.44 0.07
P 0.06 0.02 0.001 0.02 0.46 0.08 0.43

Remission quality (CR vs. PR)
R 0.46 0.67 0.30 0.34 0.45 0.70 0.21
P 0.04 0.005 0.13 0.09 0.08 0.005 0.28

Continous R vs. Relapse
R 0.32 0.26 0.14 0.13 0.43 0.52 0.74
P 0.12 0.20 0.31 0.31 0.09 0.04 0.007

R: correlation coefficient; P: P value .

Rituximab pharmacokinetics during immuno-chemotherapy
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all time points during induction and maintenance (median
29%). Differences were significant in induction cycle 2
(P=0.04) (Table 3). Saturation of rituximab serum levels
was achieved at cycle 4 in women but only at cycle 6 in
men (Figure 2A).
Low rituximab serum levels were associated with histo-

logical BM infiltration as an indicator of tumor load (Tables
2 and 3). Median trough levels in patients with BM infiltra-
tion before induction cycles 2, 4 and 6 were only 29.8%,
59% and 70% compared to the respective levels of patients
without BM involvement. These differences were statisti-
cally significant (Tables 2 and 3; P=0.02 to 0.001). Ctrough

available in 2 patients with bulky disease were also always
below the median (data not shown). Patients with high
tumor burden generally (BM infiltration and/or bulky dis-
ease) had lower levels (Table 2). Multivariate analysis was
not performed due to small patient numbers. However, the
effects of gender and BM infiltration seemed to be inde-
pendent since women as well as men without BM infiltra-
tion had higher Ctrough levels compared to their respec-
tive gender with BM infiltration at almost all time points.
For example, levels before cycle 2 (ng/mL), female: BM
negative 29,672, BM positive: 19,178; male: BM negative:
12,695, BM positive: 4,110 (Table 2). In general, men with
BM infiltration had the lowest levels. FLIPI subgroups were
small and did not seem to correlate with PK. Nonetheless,
these data indicate a considerable influence of initial tumor
burden (BM infiltration) on rituximab serum concentration,
particularly during induction.  
We also observed an association between rituximab

Ctrough levels and response to treatment. Serum concentra-
tions during induction cycles 2 and 4 showed significant
correlation with CR rates at the end of induction (Tables 2
and 3, Figure 2B; P=0.04 to 0.005). A correlation between
the quality of remission and Ctrough levels was also found
during maintenance (Table 3). We observed a trend
towards longer PFS in patients with higher rituximab lev-
els (Figure 2C and D). At maintenance 6, this reached sta-
tistical significance despite low patient numbers (P=0.03)
(Figure 2E). 
A dissociation in Ctrough levels between patients remain-

ing in continuous CR or PR and patients who later
relapsed was observed during maintenance (Table 2 and
Figure 2F).  The decline in rituximab serum concentrations
preceded clinical relapse in 5 of 6 patients. Relapses
occurred 9.5 to 62 months after the last PK measurement.
Interestingly, patients who later relapsed had levels below
25,000 ng/mL at maintenance 6, while all patients remain-
ing in continuous remission had levels above 25,000
ng/mL at this time point (median 16,273 ng/mL, range
14,172-24,595 vs. 38,944, range 28,927-66,751; P=0.008).
These data establish a close relationship between ritux-
imab Ctrough levels and clinical outcome.

Discussion

The results of this prospective phase II study in previ-
ously untreated follicular lymphoma show that rituximab
serum levels correlate with patient pre-treatment charac-
teristics and clinical outcome. High clinical efficacy was
observed with the R-FM induction regimen with 100%
overall response rate (ORR) and high CR rates (66%).5,6
The study cohort was too small to observe the inferior OS
recently reported by several study groups.21-23

Previous data on rituximab PK in follicular lymphoma
were mainly generated during monotherapy.8,11-13 Here, we
report a unique, detailed analysis of the association
between serum concentrations, prognostic factors and
clinical outcome of FL during intensive immuno-
chemotherapy induction and rituximab maintenance.
Since our PK results are based on only 17 patients, defini-
tive conclusions cannot be drawn. Nevertheless, this pilot
PK study provides valuable clues that will help the future
planning of larger clinical trials with regards to frequency
and timing of Ctrough assessment, as well as dosing and
scheduling of rituximab.
One of the major findings of this study is the log-fold

inter-individual variability in rituximab concentrations
indicating that median levels are not representative.
Rituximab PK depended on gender and on the presence or
absence of bone marrow infiltration at diagnosis as a
marker of tumor burden. 
Female patients responded better to therapy despite

equal initial risk factors. Gender is not part of the FLIPI but
has been recognized as a prognostic factor in FL.17,18 In line
with these observations, gender proved to be an inde-
pendent risk factor in multivariate analysis in previous tri-
als with rituximab and recently in the PRIMA study.7,24
Interestingly, higher rituximab serum concentrations have
previously been observed in women with rheumatological
diseases.11-13,25 The NHL9 data indicate that this is due to a
higher distribution volume in men. Our data suggest that
female patients benefit from rituximab containing regi-
mens more than men, possibly due to higher serum levels
throughout induction and maintenance. Strong evidence
for male sex being a poor prognostic factor in follicular as
well as diffuse large B-cell lymphoma in the rituximab era
has been provided by several studies.24,26 
Whether tumor burden is inversely correlated with rit-

uximab serum concentrations is still a question of debate.8-
10,12,27,28 Here, we show that BM involvement (recognized as
a risk factor in the FLIPI 2 and other prognostic scores)17 is
associated with low rituximab levels. The highest initial
levels were observed in patients with neither BM infiltra-
tion nor bulky disease. Patients with BM involvement had
low rituximab serum in induction cycles 2-6. This indi-
cates potential under-dosing of these patients early during
induction.
Remission quality may have an impact on PFS.29 It is,

therefore, compelling that high rituximab trough levels
were correlated with complete remission and even PFS.
Ctrough levels in CR versus PR patients differed as early as
after the first cycle of therapy, again providing a rationale
for intensification of rituximab treatment early in induc-
tion. An association between remission and antibody con-
centrations has been described in other studies.8,15,30
Potential causes include tumor mass, amount of circulat-
ing CD20 antigen, or genetic factors like polymporphisms
in the FCgamma receptor (FCGR) genes involved in bind-
ing and internalization of antibodies or B-cell recovery.31,32
However, FCGR3A polymorphism did not significantly
influence response or PFS in the PRIMA study, making a
direct relationship to rituximab levels unlikely.33
Clinical relapses were preceded by a decline in antibody

levels. This was probably due to a rise in CD20 positive
lymphoma cells that was not readily detected by clinical
response evaluation. Our data show that at maintenance
cycle 6 relapsing patients had less than 25,000 ng/mL
while all patients in continuous remission had more than
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25,000 ng/mL.8 These data suggest exploring rituximab
serum levels as an early predictive marker of clinical out-
come in prospective trials is warranted.
As far as maintenance treatment is concerned, 2-month-

ly rituximab administration maintained constant levels
above the putative threshold (25,000 ng/mL).4,7 Two other
publications have reported rituximab levels during main-
tenance.14,15 In an interesting attempt to individualize ritux-
imab treatment, Gordan et al. have given rituximab to 16
patients with FL whenever serum levels decreased below
25,000 ng/mL and concluded that the optimal interval
between maintenance treatments was 3-4 months.14 The
‘active’ serum level was originally determined by assessing
rituximab concentrations in responders and non-respon-
ders three months after induction monotherapy.8 It seems
that this threshold is still a fairly good discriminator in the
setting of immune-chemotherapy followed by mainte-
nance where clinical debulking is much more rapid and
the PK is different. 
The results of this pilot study suggest that rituximab is

not always applied in the best way. We propose to explore
Ctrough levels in future studies in order to improve scheduling
by altering dose, frequency and timing of the drug. Novel
anti-CD20 antibodies are currently being developed as sub-
stitutes for rituximab. Among these are drugs given at a
fixed dose, such as ofatumumab, GA-101, or the cutaneous
formulation of rituximab.34 The NHL9 data challenge the
concept of dosing strategies by which ‘one solution fits all’.
This may be important in the planning of clinical trials and
in personalized antibody-based lymphoma therapy.

Authorship and Disclosures

The information provided by the authors about contributions from
persons listed as authors and in acknowledgments is available with
the full text of this paper at www.haematologica.org.
Financial and other disclosures provided by the authors using the
ICMJE (www.icmje.org) Uniform Format for Disclosure of
Competing Interests are also available at www.haematologica.org.

Rituximab pharmacokinetics during immuno-chemotherapy

haematologica | 2012; 97(9) 1437

References

1. McLaughlin P, Grillo-López AJ, Link BK,
Levy R, Czuczman MS, Williams ME, et al.
Rituximab chimeric anti-CD20 monoclonal
antibody therapy for relapsed indolent
lymphoma: half of patients respond to a
four-dose treatment program. J Clin Oncol.
1998;16(8):2825-33.

2. Schulz H, Bohlius JF, Trelle S, Skoetz N,
Reiser M, Kober T, et al.
Immunochemotherapy with rituximab and
overall survival in patients with indolent or
mantle cell lymphoma: a systematic review
and meta-analysis. J Natl Cancer Inst. 2007;
99(9):706-14.

3. van Oers MH, Van Glabbeke M, Giurgea L,
Klasa R, Marcus RE, Wolf M, et al.
Rituximab maintenance treatment of
relapsed/resistant follicular Non-Hodgkin’s
lymphoma: long-term outcome of the
EORTC 20981 phase III randomized inter-
group study. J Clin Oncol. 2010;28(17):
2853-8.

4. Vidal L, Gafter-Gvili A, Leibovici L,
Dreyling M, Ghielmini M, Hsu Schmitz SF,
et al. Rituximab maintenance for the treat-
ment of patients with follicular lymphoma:
systematic review and meta-analysis of
randomized trials. J Natl Cancer Inst. 2009;
101(4):248-55.

5. Zinzani PL, Pulsoni A, Perrotti A, Soverini
S, Zaja F, De Renzo A, et al. Fludarabine
plus mitoxantrone with and without ritux-
imab versus CHOP with and without ritux-
imab as front-line treatment for patients
with follicular lymphoma. J Clin Oncol.
2004;22(13):2654-61.

6. Morschhauser F, Mounier N, Sebban C,
Brice P, Solal-Celigny P, Tilly H, et al.
Efficacy and safety of the combination of
rituximab, fludarabine, and mitoxantrone
for rituximab-naïve, recurrent/refractory
follicular non-Hodgkin lymphoma with
high tumor burden. Cancer. 2010;116
(18):4299-308.

7. Salles G, Seymour JF, Offner F, López-
Guillermo A, Belada D, Xerri L, et al.
Rituximab maintenance for 2 years in

patients with high tumour burden follicular
lymphoma responding to rituximab plus
chemotherapy (PRIMA): a phase 3, ran-
domised controlled trial. Lancet. 2011;
377(9759):42-51. 

8. Berinstein NL, Grillo-López AJ, White CA,
Bence-Bruckler I, Maloney D, Czuczman
M, et al. Association of serum rituximab
(IDEC-C2B8) concentration and anti-tumor
response in the treatment of recurrent low-
grade or follicular non-Hodgkin’s lym-
phoma. Ann Oncol. 1998;9(9):995-1001.

9. Iacona I, Lazzarino M, Avanzini MA,
Rupolo M, Arcaini L, Astori C, et al.
Rituximab (IDEC-C2B8): validation of a
sensitive enzyme-linked immunoassay
applied to a clinical pharmacokinetic study.
Ther Drug Monit. 2000;22(3):295-301.

10. Mangel J, Buckstein R, Imrie K, Spaner D,
Franssen E, Pavlin P, et al. Pharmacokinetic
study of patients with follicular or mantle
cell lymphoma treated with rituximab as
‘in vivo purge’ and consolidative
immunotherapy following autologous
stem cell transplantation. Ann Oncol.
2003;14(5):758-65.

11. Regazzi MB, Iacona I, Avanzini MA,
Arcaini L, Merlini G, Perfetti V, et al.
Pharmacokinetic behaviour of rituximab. A
study of different schedules of administra-
tion for heterogeneous clinical settings.
Ther Drug Monit. 2005;27(6):785-92.

12. Cartron G, Blasco H, Paintaud G, Watier H,
Le Guellec C. Pharmacokinetics of ritux-
imab and its clinical use: thought for the
best use? Crit Rev Oncol Hematol. 2007;
62(1):43-52.

13. Rodriguez J, Gutierrez A. Pharmacokinetic
properties of rituximab. Rev Recent Clin
Trials. 2008;3(1):22-30.

14. Gordan LN, Grow WB, Pusateri A, Douglas
V, Mendenhall NP, Lynch JW. Phase II trial
of individualized rituximab dosing for
patients with CD20-positive lymphoprolif-
erative disorders. J Clin Oncol. 2005;23(6):
1096-102.

15. Tran L, Baars JW, Aarden L, Beijnen JH,
Huitema AD. Pharmacokinetics of ritux-
imab in patients with CD20 positive B-cell
malignancies. Hum Antibodies. 2010;19(1):

7-13.
16. van Oers MH, Tönnissen E, Van Glabbeke

M, Giurgea L, Jansen JH, Klasa R, et al.
BCL-2/IgH polymerase chain reaction sta-
tus at the end of induction treatment is not
predictive for progression-free survival in
relapsed/resistant follicular lymphoma:
results of a prospective randomized
EORTC 20981 phase III intergroup study. J
Clin Oncol. 2010;28(13):2246-52.

17. Luminari S, Cox MC, Montanini A,
Federico M. Prognostic tools in follicular
lymphomas. Expert Rev Hematol. 2009;
2(5):549-62.

18. Solal-Céligny P, Cahu X, Cartron G.
Follicular lymphoma prognostic factors in
the modern era: what is clinically meaning-
ful? Int J Hematol. 2010;92(2):246-54.

19. Cheson BD, Horning SJ, Coiffier B, Shipp
MA, Fisher RI, Connors JM, et al. Report of
an international workshop to standardize
response criteria for non-Hodgkin's lym-
phomas. NCI Sponsored International
Working Group. J Clin Oncol. 1999;17(4):
1244.

20. van Dongen JJ, Langerak AW, Brüggemann
M, Evans PA, Hummel M, Lavender FL, et
al. Design and standardization of PCR
primers and protocols for detection of clon-
al immunoglobulin and T-cell receptor gene
recombinations in suspect lymphoprolifer-
ations: report of the BIOMED-2 concerted
action BMH4-CT98-3926. Leukemia. 2003;
17(12):2257-317.

21. Federico M, Luminari S, Dondi A, et al. R-
CVP vs R-CHOP vs R-FM for the initial
treatment of patients with advanced stage
follicular lymphoma. Preliminary results of
FOLL05 IIL trial. Ann Oncol. 2011;22(suppl.
4):135.

22. Morschhauser F, Seymour J, Feugier P, et al.
Impact of induction chemotherapy regi-
men on response, safety and outcome in
the PRIMA study. Ann Oncol. 2011;22
(Suppl 4):022.

23. Nastoupil L, Sinha R, Byrtek M, et al. A
comparison of the effectiveness of first-line
chemoimmunotherapy regimens for follic-
ular lymphoma (FL) used in the United
States. Blood (ASH Annual Meeting

©Ferr
ata

 S
tor

ti F
ou

nd
ati

on

©Ferr
ata

 S
tor

ti F
ou

nd
ati

on



Abstracts) 2011;118(21):97.
24. Rambaldi A, Lazzari M, Manzoni C,

Carlotti E, Arcaini L, Baccarani M, et al.
Monitoring of minimal residual disease
after CHOP and rituximab in previously
untreated patients with follicular lym-
phoma. Blood. 2002;99(3):856-62.

25. Ng CM, Bruno R, Combs D, Davies B.
Population pharmacokinetics of rituximab
(anti-CD20 monoclonal antibody) in
rheumatoid arthritis patients during a
phase II clinical trial. J Clin Pharmacol.
2005;45(7):792-801.

26. Müller C, Murawski N, Wiesen MHJ, Held
G, Poeschel V, et al. The role of gender and
weight on rituximab clearance and serum
elimination half life in elderly patients with
DLBCL. Blood. 2012 Feb 15 [Epub ahead of
print]

27. Daydé D, Ternant D, Ohresser M, Lerondel
S, Pesnel S, Watier H, et al. Tumor burden
influences exposure and response to ritux-
imab: pharmacokinetic-pharmacodynamic
modelling using a syngeneic biolumines-

cent murine model expressing human
CD20. Blood. 2009;113(16):3765-72.

28. Boross P, Jansen JH, de Haij S, Beurskens FJ,
van der Poel CE, Bevaart L, et al. The in
vivo mechanism of action of CD20 mono-
clonal antibodies depends on local tumor
burden. Haematologica. 2011;96(12):1822-
30. 

29. Bachy E, Brice P, Delarue R, Brousse N,
Haioun C, Le Gouill S, et al. Long-term fol-
low-up of patients with newly diagnosed
follicular lymphoma in the prerituximab
era: effect of response quality on survival –
a study from the Groupe d’Etude des
Lymphomes de l’Adulte. J Clin Oncol.
2010;28(5):822-9.

30. Igarashi T, Kobayashi Y, Ogura M,
Kinoshita T, Ohtsu T, Sasaki Y, et al. Factors
affecting toxicity, response and progres-
sion-free survival in relapsed patients with
indolent B-cell lymphoma and mantle cell
lymphoma treated with rituximab: a
Japanese phase II study. Ann Oncol. 2002;
13(6):928-43.

31. Cartron G, Dacheux L, Salles G, Solal-
Celigny P, Bardos P, Colombat P, Watier H.
Therapeutic activity of humanized anti-
CD20 monoclonal antibody and polymor-
phism in IgG Fc receptor FcγRIIIA gene.
Blood 2002;99(3):754-8.

32. Maloney DG, Grillo-López AJ, White CA,
et al. IDEC-C2B8 (rituximab) anti-CD20
monoclonal antibody therapy in patients
with relapsed low-grade non-Hodgkin’s
lymphoma. Blood. 1997;90(6):2188-95.

33. Ghesquieres H, Seymour J, Offner F, et al.
FCGR3A polymorphism does not signifi-
cantly affect response and outcome of fol-
licular lymphoma patients treated in the
PRIMA study with rituximab and
chemotherapy followed by rituximab
maintenance or observation. Ann Oncol.
2011;22(Suppl 4):iv187.

34. Maloney D, Morschhauser F, Linden O,
Hagenbeek A, Gisselbrecht C. Diversity in
antibody-based approaches to non-
Hodgkin lymphoma. Leuk Lymphoma.
2010;51(Suppl 1):20-7.

U. Jäger et al.

1438 haematologica | 2012; 97(9)

©Ferr
ata

 S
tor

ti F
ou

nd
ati

on

©Ferr
ata

 S
tor

ti F
ou

nd
ati

on




