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Abstract

The introduction of longer-acting erythropoietic agents into the practice of oncology has demanded an understanding of the
interaction of chemotherapy with the pharmacokinetics and haematological effects of these erythropoietins. We report results of
a randomised trial comparing the haematological effects of darbepoetin alfa, 6.75 pg/kg, administered once every 3 weeks to anaemic
cancer chemotherapy patients on either an asynchronous (day 15) or synchronous (day 1) schedule relative to their every-3-week
chemotherapy. A total of 81 patients were randomised and received the study drug (43 asynchronous; 38 synchronous). No differ-
ence was observed between groups in the primary endpoint of mean haemoglobin change after 6 weeks of therapy (P = 0.45) and
change scores were similar to those observed with standard weekly darbepoetin alfa therapy. In a subset of patients evaluated with
intensive pharmacokinetic sampling, an increase in endogenous erythropoietin concentration (up to 4-fold) lasting approximately 1
week following chemotherapy administration was observed in both groups. Synchronous administration of darbepoetin alfa was
associated with a 1.3-fold increase in the area under the darbepoetin alfa concentration—time curve compared with asynchronous
administration. Our data suggest that darbepoetin alfa is effective administered every 3 weeks regardless of timing of administration
with respect to chemotherapy and that receptor-mediated uptake by the erythron may be an important clearance mechanism for
erythropoietic proteins.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction
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be treated with erythropoietic agents, such as darbepoe-
tin alfa (Aranesp®) and epoetin alfa [1]. Erythropoietic
therapy increases haemoglobin concentrations, de-
creases the incidence of red blood cell (RBC) transfu-
sions, and improves health-related quality of life in
patients with chemotherapy-induced anaemia [2-12].
Darbepoetin alfa has the unique structure of increased
sialic acid content compared with epoetin alfa. This
structure appears to confer a longer serum half-life
and may allow for less frequent dosing with similar effi-
cacy as epoetin alfa [13].

The pharmacokinetics and pharmacodynamics of
endogenous and recombinant human erythropoietin
(eEPO and rHuEPO, respectively) are of clinical interest
but are not well understood. A few studies have at-
tempted to elucidate these characteristics, especially
regarding the clearance mechanism of eEPO. One
hypothesis supports a two-step clearance process [14]
in which blood- or tissue-resident sialidases remove ter-
minal sialic acids from eEPO. The asialoerythropoietin
then interacts with an asialoglycoprotein receptor
(ASGR) in the liver, which causes uptake and catabo-
lism [15-17]. Some limitations, however, exist for this
hypothesis, as no evidence of this asialyation for the re-
combinant human erythropoietin molecule in humans
and no sialidase activity or specificity for glycoproteins
(rather than gangliosides) have been demonstrated
[18]. Furthermore, rHUEPO does not preferentially
accumulate in the liver [14] and hepatectomy does not
affect the rate of clearance in sheep [19]. These data sug-
gest that the liver is not a route of clearance for erythro-
poietin. Another hypothesis is that EPO receptor-
bearing target cells may be a route of clearance, through
the mechanism of binding, internalisation, and degrada-
tion [20-26]. Evidence that serum eEPO levels increased
transiently in humans after administration of high-dose
chemotherapy suggested that the bone marrow may
clear erythropoietic proteins [27]. For darbepoetin alfa,
pharmacokinetic data [28] indicated that the terminal
half-life increased with standard-dose chemotherapy
(compared with the half-life calculated in dialysis pa-
tients), presumably through decreased clearance.

Since the bone marrow may be a key route of clear-
ance of erythropoietic agents, the timing of administra-
tion of these agents relative to that of myelosuppressive
chemotherapy may be critical to producing the maxi-
mum erythropoietic response. In a randomised, pla-
cebo-controlled clinical trial investigating the dose
response relationship of darbepoetin alfa in patients
with chemotherapy-induced anaemia, darbepoetin alfa
was effective when administered every 3 weeks [29]. As
many chemotherapy regimens are administered every 3
weeks, darbepoetin alfa administered every 3 weeks rep-
resents an opportunity to synchronise dosing with che-
motherapy. However, while synchronous dosing of
erythropoietic agents with chemotherapy is convenient,

the efficacy of the agent may not be maximised, as the
marrow may be too myelosuppressed by the cytotoxic
chemotherapeutic agents to enable a maximum response
to erythropoietin.

Pre-clinical data using a murine model of carboplatin
chemotherapy/radiotherapy (CRT)-induced anaemia
indicate that pre-treatment (7 d prior to administration
of CRT) with darbepoetin alfa represented the most
effective dosing approach compared with same day dos-
ing or post-treatment (10 d post-CRT) dosing algo-
rithms [30]. However, changes in the pharmacokinetic
profiles were also observed; which included a reduction
in clearance (CL/F) and an increase both in overall
exposure (AUC(y_«,) and in time to peak concentration
(Tmax) In animals in the same day dosing group com-
pared with animals in the pre-treatment group. These
findings indicated that clinical investigation into the ef-
fect of synchronisation of chemotherapy and erythro-
poietic therapy is warranted.

To evaluate the effect of the timing of administration
of darbepoetin alfa with that of chemotherapy, we con-
ducted a randomised clinical trial in anaemic patients
with cancer receiving chemotherapy once every 3 weeks,
who received darbepoetin alfa once every 3 weeks, either
asynchronously (day 15) or synchronously (day 1) with
chemotherapy. Our goals were to determine any differ-
ences in erythropoietic efficacy between schedules, to
characterise the effects of chemotherapy on serum eEPO
concentrations and on darbepoetin alfa pharmacokinet-
ics, and to study the temporal effects of chemotherapy
on haemoglobin concentrations.

2. Methods
2.1. Study population

Institutional review boards approved the protocol
and patients gave written informed consent before entry.
Eligible patients were > 18 years old, had non-myeloid
malignancies, received cyclic chemotherapy once every
3 weeks, were anaemic (haemoglobin concentration
>9.0 and <11.0 g/dl), had an Eastern Cooperative
Oncology Group (ECOG) performance status of 0-2,
and had adequate renal and hepatic function. Patients
with histories of seizures, significant cardiac or inflam-
matory disease, primary haematological disorders that
could cause anaemia, or received any rHUEPO or more
than two RBC transfusions within 4 weeks of randomi-
sation were excluded.

2.2. Study drug

Darbepoetin alfa (Aranesp®, Amgen Inc., Thousand
Oaks, California, USA) was supplied in vials containing
1 mg/ml darbepoetin alfa.
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2.3. Study design

This was a multi-centre, open-label, randomised trial
conducted from January 2002 to October 2002. Patients
receiving chemotherapy every 3 weeks were randomly
assigned 1:1 to receive subcutaneous (s.c.) darbepoetin
alfa 6.75 pg/kg once every 3 weeks asynchronously or
synchronously with chemotherapy. Randomisation was
stratified by baseline haemoglobin concentration
(<10.0 versus >10.0 g/dl), study centre (UCLA Medical
Center versus all others), and optional participation in
the intensive pharmacokinetic study.

The primary endpoint assessment was after 6 weeks
of darbepoetin alfa therapy, to allow sufficient time to
detect differences in haematological response while
ensuring that most patients retained chemotherapy cy-
cles of once every 3 weeks. Since chemotherapy cessa-
tion, delays and modifications of cycle length were
likely to occur after 2 cycles, assessment of haemoglobin
change beyond 6 weeks may have confounded results of
synchronicity.

Darbepoetin alfa was withheld from patients if hae-
moglobin concentrations were >15.0 g/dl for men or
>14.0 g/dl for women. When haemoglobin concentra-
tion decreased to <13.0 g/dl, darbepoetin alfa was re-
started at 66% of the previous dose. Patients receiving
chemotherapy remained in the study for up to 16 weeks.
After 6 weeks, darbepoetin alfa dose could be doubled
for patients with <1-g/dl increase in haemoglobin con-
centration from baseline. Blood samples for eEPO, dar-
bepoetin alfa pharmacokinetics, and safety and efficacy
analyses were obtained at predefined time points
throughout the study.

2.4. Pharmacokinetic assessments

All patients had baseline eEPO measured. A subset of
patients from each treatment group signed an additional
consent form and participated in the optional pharma-
cokinetic study. After the first dose of darbepoetin alfa,
blood samples were collected over the 3-week dosing
interval at frequent predefined points up to 504 h (21
d) after administration. Weekly samples were collected
thereafter. Darbepoectin alfa and eEPO concentrations
were determined in all of these samples by separate
methods.

Darbepoetin alfa concentrations were measured
using the Quantikine IVD human erythropoietin en-
zyme-linked immunosorbent assay (ELISA) kit (R&D
Systems, Minneapolis, MN, USA) by MDS Pharma
Services (Montreal, Canada). The standard curve con-
centrations range was 5.00-0.125 ng/ml and the lower
limit of quantification was generally 0.14 ng/ml. The as-
say was validated [31] and demonstrated recovery of
spike experiments, parallelism, accuracy, inter-assay
precision (coefficient of variation for darbepoetin alfa

was 1-4%) and stability. Endogenous EPO cross-reacted
in this ELISA.

An additional EPO-specific assay was used to deter-
mine eEPO concentrations when darbepoetin alfa was
present. This assay used a different erythropoietin-spe-
cific monoclonal antibody (F12) as the capture antibody
[32,33]. This antibody does not bind to darbepoetin alfa
at concentrations <5000 ng/ml (maximum tested). The
detection antibody was the same anti-rHuEPO rabbit
polyclonal antibody used in R&D Systems rHuEPO
ELISA kit. This assay used rHuEPO for standard and
quality control samples. The standard curve range was
333.3-5.2 mU/ml and the lower limit of quantification
was generally 6 mU/ml. This research assay was devel-
oped at Amgen Inc. and validated and performed by
MDS Pharma Services.

2.5. Study endpoints

The primary efficacy endpoint was change in haemo-
globin concentration after 6 weeks of therapy (study
week 7). Secondary efficacy endpoints included the pro-
portion of patients who had a >1.0 g/dl increase in hae-
moglobin concentration by week 7, time to >1.0 g/dl
increase in haemoglobin concentration, change in hae-
moglobin concentration over treatment, haematopoietic
response (increase in haemoglobin concentration of
>2.0 g/dl over baseline or haemoglobin concentration
>12.0 g/dl without RBC transfusions during the preced-
ing 28 d), time to haematopoietic response, and transfu-
sion requirements (week 5 through end of treatment
phase (EOTP) and week 1 through EOTP).

Standard  non-compartmental  pharmacokinetic
parameters were estimated for darbepoetin alfa in the
pharmacokinetic subset, including peak serum concen-
tration (Cpyax), time of peak serum concentration (7 yay),
area under the serum concentration—time curve from
time 0 to infinity (area under the curve, AUC)
(AUC(¢_r)), terminal half-life (¢;,.), mean residence
time to infinity (MRT .,), and relative clearance
(CL/F). Serum eEPO concentrations were summarised
relative to baseline for the same subset of patients.

Safety was assessed by incidence and severity of ad-
verse events by treatment group. Events were categor-
ised and graded according to the World Health
Organization system. Another safety endpoint was the
proportion of patients in whom anti-darbepoetin alfa
antibodies were detected.

2.6. Statistical analysis

The planned sample size was 80 patients randomised
1:1 to 1 of the 2 treatment groups. This sample size was
chosen to achieve a minimum of 30 evaluable patients
in each treatment group at week 7 of treatment. The
standard deviation (SD) of change from baseline



J. Glaspy et al. | European Journal of Cancer 41 (2005) 1140-1149 1143

haemoglobin measurement was assumed to be approxi-
mately 1.4 g/dl. The study had approximately 90%
power using a one-sided z-test (o = 0.05) to detect a dif-
ference between treatment groups, assuming the true dif-
ference was >1.0 g/dl. Since this was the first clinical
investigation that evaluated the superiority of one dos-
ing schedule over another (i.e., asynchronous dosing
over more standard synchronous dosing of darbepoetin
alfa), a one-sided ¢-test was appropriate.

Analyses of all endpoints except transfusions from
week 5 to EOTP were conducted on patients who re-
ceived at least 1 dose of darbepoectin alfa (primary anal-
ysis data-set). To handle missing haemoglobin values,
both the available data and the last value carried for-
ward (LVCF) approaches were used. Available data
analyses included only values at a specified period not
within 28 d of an RBC transfusion; missing values were
excluded. The LVCF approach imputed missing haemo-
globin values or values within 28 d of a transfusion using
the last available value (last value carried forward) that
was not within 28 d of RBC transfusion. This LCVF ap-
proach accounted for all patients randomly assigned to
treatment who received study drug and reduced chances
of selection bias inherent in a methodology that often
excludes more anaemic patients from mean haemoglo-
bin calculation at any given point. Samples drawn out-
side a 10% window from protocol-specific sampling
times were excluded from all summary statistics but
not from individual analyses.

The incidence of transfusions was analysed for the
subset of patients who received at least 1 dose of darbe-
poetin alfa and remained in the study after 4 weeks. Pre-
vious studies evaluating transfusion requirements have
suggested that treatment effects are not expected until
after 4 weeks of erythropoietic treatment [34]. The Kap-
lan—Meier estimate was calculated for the proportion of
patients with a haematopoietic response and the propor-
tion transfused from week 5 to EOTP. Approximate
95% confidence intervals (95% CI) for Kaplan—Meier
estimates of proportions were calculated using Green-
wood’s estimate of the variance [35].

To determine the association of asynchronous/syn-
chronous darbepoetin alfa administration and greater
haemoglobin increase at week 7, a one-sided Wilcoxon
procedure [36] was used stratified by baseline haemoglo-
bin concentration (<10.0 versus >10.0 g/dl) and by
study centre. Point estimates (95% CI) of mean change
for each schedule and point estimate (with a one-sided
95% CI) for difference in means were presented for both
analyses.

Pharmacokinetic analyses of darbepoetin alfa were
conducted on data generated by ELISA. Concentrations
less than the limit of quantification were given a value of
zero. To account for the baseline eEPO that cross-reacts
in the assay, baseline-corrected values for each patient
were calculated by subtracting the measured pre-study

eEPO concentration on day 1, as assessed in the darbe-
poetin alfa assay, from all subsequent values for that pa-
tient. No correction was necessary when the pre-dose
value was less than the limit of quantification of the as-
say. When baseline correction resulted in a negative va-
lue, it was converted to zero. This correction does not
account for fluctuations in eEPO throughout the course
of the study, but eliminates 1 confounding variable.

Pharmacokinetic parameters after a single subcutane-
ous dose of darbepoetin alfa were estimated by standard
non-compartmental methods using WinNonlin Profes-
sional Version 1.5 (Pharsight Corp., Mountain View,
CA, USA). Data points were included in the regression
if they were the last 3 (or more) non-increasing concen-
trations, and if these concentrations were greater than
twice the limit of quantification. This method was used
to prevent over-interpretation of data in the region
where relative contribution of eEPO was greatest. Ac-
tual sampling times and doses were used for estimation
of all parameters. For eEPO data, measured concentra-
tions were summarised.

3. Results
3.1. Patient demographics and baseline characteristics

Eighty-four patients were enrolled (Fig. 1). Three pa-
tients (all assigned to synchronous dosing) did not re-
ceive study drug; thus, 81 were included in the primary
analysis set. A total of 74 patients (41 asynchronous,
33 synchronous) completed 6 weeks of study (time of
the primary endpoint). The median duration of therapy
was 10 weeks. Baseline demographics were well bal-
anced between treatment groups, with slight differences
in the proportion of patients with breast and gynaeco-
logic malignancies observed (Table 1). Mean baseline
haemoglobin concentration was slightly lower in the
asynchronous (10.0 g/dl) than the synchronous group
(10.5 g/dl); however, the baseline value of the asynchro-
nous group was taken mid-cycle (7 d before the next che-
motherapy administration) rather than immediately
before the start of the next cycle as in the synchronous
group. This difference may be the result of the impact
of chemotherapy.

3.2. Efficacy

Mean increases in haemoglobin concentration after 6
weeks were similar between groups (1.0 g/dl (95% CI
0.6-1.3) asynchronous, 1.0 g/dl (95% CI 0.6-1.5) syn-
chronous) with a P-value of 0.45 (Table 2). Over the
treatment period, no major differences were observed
in either the magnitude or rate of haemoglobin change
(Fig. 2). However, an impact of each chemotherapy cy-
cle on haemoglobin concentration was clearly seen in
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Screened patients (n = 103)

Randomized patients (n = 84)

Received darbepoetin alfa (n =8 1)

Asynchronous
dosing (n = 43)

Synchronous
dosing (n= 38)

Withdrew before Withdrew before
primary endpoint primary endpoint
(Day 43) (Day 43)
1 Adverse Events 2 Adverse Events
1 Died 1 Died
1 Discontinued
chemotherapy
1 Withdrew
consent
On study through On study through
primary analysis primary analysis
(n=41) (n=233)
Withdrew after Withdrew after
primary assessments primary assessments
12 Discontinued 11 Discontinued
chemotherapy chemotherapy
3 delayed 4 delayed
chemotherapy chemotherapy
2 adverse events 1 adverse events
2 changed 1D ied
chemotherapy 1 Withdrew consent
regimen
1 Discontinued
treatment

Withdrew consent
Protocol violation

Fig. 1. Patient disposition. CONSORT diagram.

both groups throughout treatment, with a slight decline
or stabilisation during the week immediately after che-
motherapy administration followed by an increase over
the remainder of the chemotherapy cycle length.

Table 1

Baseline demographic and clinical characteristics

Characteristics All patients®
Asynchronous Synchronous

Number of patients 43 38
Sex, n (%)

Women 32 (74%) 28 (74%)

Men 11 (26%) 10 (26%)
Age (years)

Mean (SD) 61.4 (13.9) 62.2 (13.8)
Primary tumour type, n (%)

Breast 20 (47%) 12 (32%)

Gastrointestinal 2 (5%) 3 (8%)

Genitourinary 4 (9%) 4 (11%)

Gynaecological 4 (9%) 9 (24%)

Lung 3 (7%) 5 (13%)

Other 10 (23%) 5 (13%)
Chemotherapy

Platinum-containing 12 (28%) 14 (37%)
ECOG performance status, n (%)

0 16 (37%) 13 (34%)

1 24 (56%) 24 (63%)

2 3 (7%) 1 (3%)
Baseline haemoglobin (g/dl)

Mean (SD) 10.03 (1.15) 10.47 (0.97)
Serum endogenous EPO (mU/ml)

n 41 38

Median 33.58 25.38
Ferritin (ng/l)

n 41 38

Median 242.60 202.85

Range (min, max) 19.6, 2976.0 25.4, 1659.0
Transferrin saturation (%)

n 40 37

Median 23.00 23.00

Range (min, max) 8.0, 60.0 5.0, 57.0

ECOG, Eastern Cooperative Oncology Group.
% All patients who were administered at least 1 dose of darbepoetin

alfa.

No significant between-group differences were ob-
served in any secondary haematological and clinical effi-
cacy endpoints (Table 2, Fig. 3). The haematological
response rates for both groups (69% asynchronous,
81% synchronous) compare favourably to rates reported
with standard, more frequently administered erythro-

poietic therapy [8,11,12].

Table 2
Summary haemoglobin results for each dose group and both groups combined (overall)

Asynchronous Synchronous Overall
Mean (95% confidence (CI)) change in haemoglobin after 6 weeks of 1.0. (0.6-1.3) 1.0 (0.6-1.5) 1.0 (0.7-1.3)

treatment (week 7) (g/dl)
“K-M proportion (95% CI) of patients with >1 g/dl increase in
haemoglobin after 6 weeks of treatment
K-M proportion (95% CI) of haematopoietic response
K-M median (95% CI) time to haematopoietic response (d)
K—M proportion (95% CI) of transfusions (week 5 to EOTP)
K-M proportion (95% CI) of transfusions (week 1 to EOTP)

68% (54-83)

69% (52-86)
50 (36-92)
19% (6-33)
33% (18-48)

64% (48-80)

81% (61-100)
43 (36-92)
18% (5-31)
22% (9-36)

66% (56-77)

74% (61-87)
49 (36-58)
19% (9-28)
28% (18-39)

& Kaplan—-Meier proportion.
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Fig. 3. Haematopoietic response from baseline through the end of study (Kaplan-Meier proportions). Filled circles = asynchronous administration;

empty circles = synchronous administration.

3.3. Pharmacokinetic evaluations

Thirty-three patients were in the pharmacokinetic
subset, of which 25 patients (12 asynchronous, 13 syn-
chronous) had evaluable profiles after the first dose.
Eight patients contributed only to the weekly sampling
and 1 was excluded because of high baseline serum
eEPO concentration. Demographic and baseline charac-
teristics were generally balanced between groups, with a
few exceptions. In the asynchronous group, there were
more men than women (7 (44%) asynchronous; 5
(29%) synchronous). The median baseline eEPO levels
were 25.2 mU/ml for the asynchronous group and 31.6
g/dl for the synchronous group.

Endogenous EPO concentrations before and during
chemotherapy were estimated for the pharmacokinetic
subset. The mean (SD) baseline eEPO concentration
for asynchronous patients was 81.2 (235) and 34.0
(29.6) mU/ml for synchronous patients. One asynchro-
nous patient, however, had a high baseline eEPO con-
centration of 1523 mU/ml. This patient also had a

severely low baseline haemoglobin level (<6 g/dl), which
may have influenced the baseline eEPO value. After ex-
clusion of this patient from the analysis, mean (SD)
baseline eEPO concentration for the asynchronous
group was 45.2 (47.6) mU/ml.

Increase in eEPO concentrations was observed in the
week after chemotherapy administration. Peak concen-
tration was observed 48 h after chemotherapy administra-
tion in both groups. In the synchronous group, mean
eEPO concentrations were elevated approximately 5-fold
over baseline. The individual ratio of 48-h value to base-
line ranged from 2 to 32, with mean and median ratios
for the group of 8.6 and 6.4, respectively. The eEPO of
most patients in the synchronous returned to near base-
line values by the 168-h point (end of week 1). In the asyn-
chronous group, eEPO concentrations over the week
before chemotherapy administration were relatively
constant. In the synchronous group, mean eEPO concen-
trations rose to a peak value 48 h after chemotherapy
(i.e., day 9) with a 4-fold increase in mean eEPO concen-
tration compared with the pre-chemotherapy value. The
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Fig. 4. Mean endogenous erythropoietin (¢€EPO) concentrations dur-
ing the first 3 weeks of study for the asynchronous (7-17 patients) and
synchronous groups (8-15 patients). Filled circles = asynchronous
administration; empty circles = synchronous administration. Error
bars represent standard deviations.

individual ratio of 48-h post-chemotherapy to baseline
value ranged from 1 to 4, with mean and median ratios
for the asynchronous group of 2.6 and 2.8, respectively
(see Fig. 4).

Same-day dosing of darbepoetin alfa and chemother-
apy was associated with an increase in maximal concen-
tration (1.7-fold increase in mean C,,.4), and area under
the serum concentration—time curve (1.3-fold increase in
mean AUC_..,) compared with asynchronous dosing
(Table 3, Fig. 5). After peak concentration, serum dar-
bepoetin alfa concentrations declined in the expected
monophasic manner for patients in the synchronous
group. However, for the asynchronous group, the de-
cline in mean serum concentration was interrupted after
chemotherapy administration (i.e., 7 d after darbepoetin
alfa administration) for 3 d, then declined at a rate sim-
ilar to that observed in the synchronous group (Table 3).

3.4. Safety

The types of adverse events reported were consistent
with those observed in clinical trials of darbepoetin alfa
[7,29] and were generally associated with malignant dis-
ease and toxic effects of chemotherapy. The safety pro-
file of darbepoetin alfa was similar between groups.

Table 3
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1004

104

Darbepoetin alfa Serum Concentration (ng/mL)

0.1

T T T T T T T T T T T T T T T T T T
0123456 7 8 9 1011121314 1516 17 18 19 20 21
Time (days)

Fig. 5. Mean darbepoetin alfa concentrations after a subcutaneous
dose of 6.75 pg/kg during the first 3 weeks of study for the
asynchronous (10-13 patients) and synchronous (10-13 patients)
groups. Filled circles = asynchronous administration; empty cir-
cles = synchronous administration. Error bars represent standard
deviations.

Two patients (2%) had thrombotic adverse events: one
had pulmonary embolism with disease progression,
including spinal cord compression and the other had
subclinical left-arm deep-vein thrombosis (DVT). The
second patient also had an excess rate of rise in haemo-
globin within *14 d of the thrombotic event; however,
this patient also received a transfusion within these 14
d (haemoglobin = 8.2 g/dl before receiving the transfu-
sion). The DVT event occurred 9 d after the transfusion.
The rapid rise in haemoglobin reached a maximum level
of 10.9 g/dl during these 14 d. Despite the investigator’s
initial possible association of the rapid rate of haemo-
globin rise with darbepoectin alfa, this haemoglobin rise
was associated with the transfusion.

No evidence of anti-darbepoetin alfa antibodies was
detected in any patient.

4. Discussion

In clinical practice, erythropoietic agents and chemo-
therapy have been administered synchronously when-

Summary pharmacokinetic parameters after a single subcutaneous dose of darbepoetin alfa

Parameter Asynchronous

Synchronous Overall

Mean (SD) (min, max)

Mean (SD) (min, max)

Mean (SD) (min, max)

Cmax (ng/ml)

Tm'dX (h)
AUC_w)(ng h/ml)
tip, (h)

MRT oo (h)
CL/F (ml/h/kg)

15.5 (5.25) (7.39, 26.1)
59.8 (16.6) (27.5, 85)
2570 (1110) (955, 5070)
87.7 (26.0) (58.3, 144)
159 (38.1) (118, 247)
3.18 (1.59) (1.34, 7.14)

26.5 (9.67) (9.76, 47.3)
70.5 (25.3) (47.1, 120)
3280 (1280) (1090, 6080)
60.9 (22.3) (23.5, 111)
111 (23.0) (81.1, 155)
2.45 (1.29) (1.11, 6.24)

21.2 (9.52 (7.39, 47.3)
65.4 (21.9) (27.5, 120)
2940 (1230) (955, 6080)
73.7 (27.3) (23.5, 144)
134 (39.3) (81.1, 247)
2.80 (1.46) (1.11, 7.14)

AUC, area under the curve; MRT, mean residence time; CL/F, relative clearance.
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ever possible, but without a clear understanding of the
underlying biology or guidance from randomised trials
addressing the issue. The assumption is that the practice
is safe and as effective as asynchronous administration.
As longer-acting erythropoietic agents are developed,
moving treatment toward less-frequent administration,
studies elucidating the potentially complex interaction
of chemotherapy and erythropoiesis have become
increasingly important. This randomised trial provided
several important and relevant insights.

The results from this trial did not provide sufficient
evidence to suggest that asynchronous dosing was supe-
rior to synchronous dosing when administering darbe-
poetin alfa every-3-weeks. The two schedules of
darbepoetin alfa had similar haematological efficacy
and safety profiles, despite some differences in the phar-
macokinetic and pharmacodynamic profiles between the
two schedules. In the synchronous group, either the in-
creased drug exposure was of insufficient magnitude to
produce a detectable difference in efficacy or the target
organ, the marrow, did not remain fully responsive dur-
ing the immediate post-chemotherapy period. Notably,
after each dose of myelosuppressive chemotherapy, the
rate of haemoglobin rise was consistently and repeatedly
impacted in both groups for approximately 1 week, a
time frame similar to that observed for the post-chemo-
therapy increases in eEPO levels.

The pharmacokinetic and pharmacodynamic (PK/
PD) findings provide insight into the mechanism of
clearance of eEPO and darbepoetin alfa. The increase
in eEPO concentrations in both groups occurring as
soon as 6 h after chemotherapy and lasting approxi-
mately 1 week afterwards suggest that the clearance of
eEPO was impaired by chemotherapy rather than that
the production of eEPO was increased. Previous studies
have shown that eEPO serum concentrations associated
with chemotherapy increased up to 7-fold [37-39]. Sim-
ilarly, chemotherapy may be associated with interrup-
tion of clearance of darbepoetin alfa, as a larger AUC
for this agent with synchronous administration relative
to that of asynchronous administration was observed.
One might predict that from this increased drug expo-
sure, the pharmacodynamics (haematopoietic efficacy)
of darbepoetin alfa may be enhanced by synchronous
dosing, especially if the bone marrow remained respon-
sive to this agent during the immediate post-chemother-
apy period.

One possible explanation for our PK/PD findings is
that chemotherapy alters the volume of distribution of
all erythropoietins and/or the activity of ASGR- based,
non-receptor-mediated clearance. However, we believe
that the hypothesis that best fits the totality of our data
is that the receptor-bearing cells in the bone marrow
contribute to the clearance of both eEPO and darbepoe-
tin alfa through binding, internalisation and catabolism
of these hormones. This would explain the apparent

temporal association of the elevated eEPO levels and rel-
ative marrow unresponsiveness observed in our patients,
both lasting approximately 1 week. A study in sheep
administered busulfan and rHuEPO verified that the
clearance, and not the volume of distribution, was sig-
nificantly decreased by chemotherapy [39]. In vitro work
has supported the model that rHuEPO is internalised
and degraded by target cells [21], and it has been postu-
lated that saturable uptake by bone marrow is mediated
by the EPO receptor [40,41]. Reduced clearance of rHu-
EPO has been reported in patients with myelodysplastic
syndromes, who have reduced bone marrow activity
[42]. Finally, this hypothesis is consistent with the ob-
served inverse relationship between receptor affinity
and serum half-life as well as in vivo potency of different
erythropoietic proteins.

A few differences in baseline characteristics between
the asynchronous and synchronous groups were noted,
which based on recent clinical findings may suggest a bet-
ter prognosis for response for one group over the other.
A large study of approximately 1500 patients by
Vadhan-Raj et al. [43] analysed potential covariates of
response. Tumour type (breast and colorectal cancer),
non-platinum-containing therapy, and lower baseline
haemoglobin levels were identified as important indepen-
dent variables that conferred better transfusion-based
and haematological responses. In our study, baseline
characteristics favoured the asynchronous group for bet-
ter prognosis for response versus the synchronous group
(breast cancer: 47% versus 32%, respectively; platinum-
containing chemotherapy: 28% versus 37%, respectively;
baseline haemoglobin levels: 10.0 versus 10.5 g/dl, respec-
tively). However, despite a possible bias in favour of the
asynchronous group, no clinically relevant difference in
haematological response was observed between the
groups. Thus, we feel that our data do not suggest a ben-
efit of asynchronous dosing over synchronous dosing.

We note a few limitations to our study. First, we did
not carry out formal drug disposition studies to confirm
our suspicion that chemotherapy changes the clearance
as opposed to the distribution of darbepoetin alfa, and
we did not obtain repeated blood and/or marrow sam-
ples for progenitor cell studies to further explore our
hypothesis that the responsiveness of the marrow is im-
paired in the immediate post-chemotherapy period.
Therefore, the mechanisms by which chemotherapy im-
pacts on serum eEPO concentrations, darbepoetin alfa
pharmacokinetics and haematopoietic responsiveness
have not been fully elucidated. Future studies to eluci-
date the exact role of the bone marrow in the mechanism
of erythropoietin clearance need to be conducted using
repeated blood and/or marrow samples. Also, the effects
of different chemotherapeutic regimens that may influ-
ence the pharmacokinetic and pharmacodynamic prop-
erties of darbepoetin alfa were not studied and need to
be addressed in future studies.
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Another important limitation is that the measured
drug concentrations were actually a composite of
endogenous EPO and darbepoetin alfa because the as-
say recognises both proteins, albeit differentially. The
reported darbepoetin alfa concentrations have been
corrected individually for the baseline eEPO concen-
trations, as measured by cross-reactivity in the darbe-
poetin alfa assay; standard methodology for
recombinant proteins [44]. Corrections were not made
for the fluctuations in endogenous erythropoietin lev-
els resulting from chemotherapy because direct sub-
traction of one from another is not feasible when
different assays, with different affinities for the ligand,
are used. However, as endogenous erythropoietin con-
tributes no more than approximately 15% to the over-
all signal up to 216 h after administration of
darbepoetin alfa, these fluctuations are insufficient to
alter the overall pharmacokinetic conclusions of the
study.

Our findings support the hypothesis that the bone
marrow is an effector site and clearance site for erythro-
poietins. With synchronous administration of darbepoe-
tin alfa, transient decreased marrow responsiveness is
precisely offset by the observed increased concentration
and AUC associated with synchronous administration.
The net result is a nearly identical overall erythropoietic
benefit between the two dosing schedules. This hypoth-
esis provides a mechanism explaining the observed lack
of decrease in efficacy with synchronous every-3-week
darbepoetin alfa administration. Therefore, since no
advantage appears to be gained with asynchronous dos-
ing as initially expected, synchronous dosing with every-
3-week darbepoetin alfa is preferable and offers greater
convenience to the patients.

We conclude the following: myelosuppressive che-
motherapy is associated with a rapid increase in the
concentration of eEPO, probably due to decreased
clearance by progenitor cells in the bone marrow. Max-
imal concentrations and AUC of darbepoetin alfa are
increased by synchronous compared with asynchronous
chemotherapy administration, again probably due to
decreased clearance. Erythropoiesis is compromised
during the days after chemotherapy, offsetting the phar-
macokinetic advantages of synchronous dosing. There-
fore, darbepoetin alfa administered every 3 weeks has
similar effectiveness whether given synchronously or
asynchronously with chemotherapy, and is highly effec-
tive in producing haematopoietic responses that are
indistinguishable from those observed with more fre-
quent dosing.
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