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Abstract

Background Docetaxel has marked inter-patient PK var-

iability, and metabolic phenotypic probes may enable in-

dividualised dosing. This is the first report directly

comparing the erythromycin breath test (EBT) (a CYP3A4

probe) with the antipyrine clearance test (ACT), (a general

CYP-P450/predominant CYP3A4 probe) for the correla-

tion with docetaxel PK and toxicity.

Methods Patients pretherapy underwent: (A) EBT: IV

C14[N-methyl]-erythromycin was administered and breath

samples analysed for 14CO2, derived parameters included

(1) 14CO2 flux at 10-min (CO2f10), (2) 20-min (CO2f20),

(3) terminal rate constant kCO2 and (4) AUCCO2,(0–?) and

AUCCO2,(0–60). (B) ACL test: patients were given oral

antipyrine 10 mg/kg, blood samples were taken for PK, and

the clearance (CLAnt) was derived. Docetaxel was then

given at 75 mg/m2/3-weekly or 35 mg/m2/weekly. Sam-

ples taken for docetaxel PK in first course on day 1 and PK

parameters included clearance (CLDoc).

Results Twenty patients accrued, docetaxel: 3-weekly/

weekly = 13:7. EBT parameters (N = 19) (mean, [CV%]):

CO2f10 (%/min) 0.051 (106), CO2f20 0.052 (82), kCO2

(min-1) 0.007 (22), AUCCO2,(0–?) 7.9 (85), AUCCO2,(0–60)

2.64 (81). CLAnt (N = 19) (ml/min); 35.8 (37). Docetaxel PK

parameters (N = 19): CLDoc (l/h) = 57.2 (36), tDoc1/2

(h) = 12.7 (33). No correlations were observed between the

docetaxel PK and EBT parameters. For docetaxel weekly

patients, a significant linear relationship was observed

between CLDoc and CLAnt (P = 0.007, R2 = 79.47%).

Conclusions The utility of EBT for the prediction of

docetaxel PK was not confirmed in this study. The anti-

pyrine clearance test may be superior in this regard for

docetaxel, but regimen dependent and hence warrants

further evaluation.

Keywords Docetaxel � In vivo probes � Erythromycin

breath test � Antipyrine

Introduction

The clinical use of cytotoxics is characterised by a narrow

therapeutic index, due to the marked inter-patient

Presented in part at the Annual Scientific Meeting of the American

Society of Oncology, Orlando, June 2009.

M. Michael (&) � C. O’Kane � P. Francis

Division of Cancer Medicine,

Peter MacCallum Cancer Centre,

Locked Bag 1, A’Beckett St,

Melbourne, VIC 8006, Australia

e-mail: Michael.Michael@petermac.org

C. Cullinane � A. Hatzimihalis

Pharmacology and Developmental Therapeutics Unit,

Translational Research Centre, Peter MacCallum Cancer Centre,

Melbourne, VIC, Australia

A. Milner

Biostatistics and Clinical Trial, Centre,

Peter MacCallum Cancer Centre,

Melbourne, VIC, Australia

R. Booth � S. Schlicht

Department of Nuclear Medicine, St Vincent’s Hospital,

Fitzroy, Melbourne, VIC, Australia

S. J. Clarke

Department of Medicine and Medical Oncology,

Concord Hospital, Sydney, NSW, Australia

Present Address:
S. J. Clarke

Department of Medical Oncology, Royal North Shore Hospital,

Sydney, Australia

123

Cancer Chemother Pharmacol (2012) 69:125–135

DOI 10.1007/s00280-011-1676-y



variability in their drug handling and pharmacodynamics,

with obvious consequences in terms of toxicity and pos-

sibly response. The source of variability is related to the

patient’s physiological state, genotype, the effects of the

disease/treatment and dosing practices. It has been

the usual practice to dose cytotoxics using body surface

area (BSA), in an attempt to reduce this inter-patient

PK/PD variability. Unfortunately, BSA-based dosing does

not achieve this for the vast majority of cytotoxics [17].

Docetaxel, a taxane, is one such drug, with a large inter-

patient variability in clearance (CL) ranging from 30 to

50% associated with variability in toxicity [5, 20, 45].

Pharmacokinetic (PK)-guided (area under the plasma

concentration versus time curve [AUC] targeted), individ-

ualised docetaxel dosing has been evaluated using a limited

sampling strategy in combination with a validated popu-

lation PK model, Bayesian analysis, and a predefined target

AUC. The inter-individual variability, standard deviation

of ln(AUC), was decreased by 35% (N = 15) after 1

PK-guided course, with a resultant reduction in the vari-

ability of myelosuppression [9].

Alternative approaches for dosing have also included

phenotyping relevant metabolic enzymes, through the use

of probes metabolised by the same or similar pathways as

per the cytotoxic. Docetaxel is a pure CYP3A4 substrate

[26], and has undergone extensive evaluation by such

probes [19, 45], including the C14[N-methyl]-erythromycin

breath test (EBT) [34]. CYP3A4 selectively N-demethy-

lates intravenous C14[N-methyl]-erythromycin with the

cleaved carbon being expired as 14CO2. Measurement of

the exhaled 14CO2 provides an indirect quantification of

hepatic CYP3A4 activity [24, 42]. The EBT though has

been inconsistently correlated with docetaxel clearance

(CLDoc) [3, 20, 21, 35, 38], as it may actually reflect

hepatic ABC-B1 function rather than CYP3A activity [23].

The EBT methodology also presents logistic issues in

terms of its applicability in the general clinical setting [9].

Antipyrine is metabolised by several CYP-P450

enzymes (CYP1A2, CYP2B6, CYP2C8 and CYP3A4) and

is widely used as a measure of overall hepatic oxidative

capacity [8, 13, 25, 39]. Ketoconazole, via CYP3A4 inhi-

bition, reduces antipyrine metabolite formation by up to

80% in human liver microsomal studies. This implies that

antipyrine metabolism is predominantly by CYP3A4 [8].

Antipyrine has also been used as a probe for the evaluation

of the PK of other cytotoxics [29]. The ACT may present

some advantages relative to the EBT, as antipyrine is not

an ABC-B1 substrate, as well as being a simple and rela-

tively inexpensive to perform: it requires only 2 blood

samples following an oral dose, and blood levels are then

measured by routine HPLC analysis. The ACT has been

recently correlated with the risk of neutropenia in patients

receiving docetaxel and cisplatin [27]. The antipyrine

CL test (ACT) may thus be a more practical predictor

of CLDoc.

The aim of this exploratory trial was thus to identify the

relationship between docetaxel PK and toxicity with (1) the

EBT parameter(s) and (2) antipyrine CL.

Patients and methods

Patients

Eligible patients met the following criteria: (1) suitable for

treatment with docetaxel; (2) ECOG performance status (PS)

0–2; (3) measurable/evaluable disease; (4) no previous

chemotherapy within 3 weeks of trial entry; (5) normal organ

function such as (i) hepatic: serum (Se) bilirubin B 1.0 9

UNL, AST/ALT B 1.5 9 UNL and ALP B 2.5 9 UNL,

(ii) renal: serum creatinine B 160lmol/l, (iii) bone marrow:

absolute neutrophil count (ANC) C 1.5 9 109/l and platelet

count C 100 9 109/l; and (6) written informed consent.

Patients were excluded for the following: (1) any

uncontrolled infection, (2) history of other cancer (except

non-melanoma skin cancer or cervical carcinoma in situ)

unless in complete remission for C5 years, (3) uncontrolled

CNS metastases, and (4) pregnant or lactating women.

Baseline evaluation

At baseline patients underwent clinical evaluation, docu-

mentation of concurrent medications, and blood samples

taken for haematology and biochemistry (serum urea and

electrolytes, hepatic biochemistries) of hepatic synthetic

parameters (prothrombin time, INR), acute-phase reactants

(C-reactive protein [CRP]) and tumour staging by CT scan,

within 3 weeks of trial entry.

In vivo probes

The erythromycin breath test (EMBT):

The breath test was performed within 3 days prior to

the first docetaxel dose in the Department of Nuclear

Medicine, St. Vincent’s Hospital [33].

(i) Sample preparations:

Patient Sample: The C14-erythromycin was prepared for

individual patient use by reconstituting *148 kBq (4 lCi)

of C14[N-methyl]-erythromycin (New England Nuclear

Boston, MA) in 2 ml of 5% dextrose in water. Prior to

administration, the solution was diluted to a total volume

of 12 ml in normal saline: 10 ml was drawn up to be

administered and 2 ml was set aside for the preparation of

the reference solution.
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Preparation of Reference: A reference solution was

prepared by diluting 1.0 ml from the residual patient

solution in 99 ml of 100% ethanol into a 100-ml volu-

metric flask.

Breath capture: Patients were rested for 15 min prior to

the test and during this time, practiced the required

breathing procedure. On the final practice breath, they

exhaled into a vial containing the CO2 trapping solution:

this sample was used as the counting background. The test

commenced when the patients received an IV bolus of

C14[N-methyl]-erythromycin at time T = 0 min. Patients

then provided breath samples at T = 5, 10, 20, 30, 40, 60,

90 and 120 min.

Patients exhaled through a plastic straw into 4 ml of the

capture solution as a single breath. The breath capture

solution consisted of 0.5 M hyamine solution (achieved by

mixing 1 part of 1.0 M hyamine [alkyl(C12-16)dimeth-

ylbenzylammonium chloride] with 1 part 100% ethanol) to

which 2–3 drops of phenolphthalein had been added to

generate a mauve colour change. The patients continued

exhalation until the solution changed from mauve (alka-

line) to clear (acid), indicating the trapping of approxi-

mately 2 mmol CO2. The vials were then capped. The

reference sample consisted of 4 ml hyamine solution

mixed with 1 ml reference solution. The background

capture solution contained 4 ml of hyamine solution and

1 ml of ethanol.

Once all the samples were collected, 10 ml of scintillant

was added to each sample, and they were stored overnight

at *4�C in a black UV-proof plastic bag until counting.

The vials were then counted in a liquid scintillation

counter: counts were corrected to disintegrations per min-

ute (dpm), using a standard quench programme.

(ii) Derivation of EMBT Parameters

Assuming an endogenous CO2 production rate of

9 mmol/(kg�h) (a constant derived from sedentary indi-

viduals over a range of ages and weight) [44], the rate of
14CO2 production was calculated as the % administered

dose expired per minute where [4]:

14CO2flux %=minð Þ ¼
dpmbreath sample

dpmadministered

� 9 mmolCO2= kg � hð Þ
2 mmolCO2

� 1h

60 min
� bodyweightðkgÞ � 100%

The 14CO2 flux (i.e. % dose expired/min) was plotted as

a function of time for each patient. The EBT parameters

derived were the following: (1) 14CO2 flux at 10 min

(CO2f,(t=10)), (2) and 20 min (CO2f,(t=20)), (3) terminal rate

constant of the 14CO2 flux versus time curve, kCO2, by log-

linear extrapolation, (4) AUCCO2,(0–?) and AUCCO2,(0–60)

of 14CO2 flux versus time curve, from time = 0 to ? and

to 60 min, respectively, estimated by the linear-trapezoidal

rule. The analyses were performed using Microsoft

Office Excel 2003 and WinNonLin Profession version

5.2. The results were summarised as mean, median, range

and coefficient of variability (CV = [100% 9 (standard

deviation)]/mean).

The antipyrine clearance test (ACT)

(i) Antipyrine administration

This was performed within one week of docetaxel

administration as per Farrell et al. [10]. Each patient was

given an oral dose of antipyrine, (Fernz Specialty Chemi-

cals, Victoria, Australia), 10 mg/kg body weight, dissolved

in 50 ml water. Blood samples were collected 0 (predose),

4 and 24 h following the dose, in the presence of lithium

heparin and stored on ice. Plasma was separated from

erythrocytes by centrifugation at 1,0009g for 10 min at

4�C and stored at -70�C until analysis.

(ii) Antipyrine analytical methodology

The plasma concentration of antipyrine was assayed

using a modified version of a reported extraction and

HPLC method [43].

(iii) Antipyrine pharmacokinetics (PK)

The antipyrine clearance (CL) was calculated as per

Farrell et al. [10]. A log plasma concentration versus time

curve was generated, and the elimination half-life (tAnt:1/2)

was calculated by least-square regression. The apparent

volume of distribution VAnt = Dose/CAnt,t = 0 was derived,

where CAnt,t = 0 is the plasma concentration extrapolated

back to T = 0 h. The antipyrine CL (CLAnt, ml/min) =

(ln[2] 9 VAnt)/tAnt:1/2. The antipyrine CL was also cor-

rected for body weight, i.e., CLAnt,W = CLAnt/BW, where

BW = body weight.

Treatment programme

(1) Docetaxel administration

Docetaxel was administered either 3-weekly (75 mg/m2,

IV/1 h, every 21 days) or weekly (36 mg/m2, IV/1 h,

weekly by 6, q 8 weeks). Standard premedication com-

prised of dexamethasone 8 mg bid for 3 days, commencing

on the day prior to chemotherapy.

(2) Docetaxel dose adjustments in subsequent courses

Dose adjustments for subsequent courses of docetaxel

were made based upon the severity of toxicities as per the

NCI-CTC version 3. For both regimens, dose reductions

were at 25% increments based upon significant toxicities or
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failure of adequate haematological recovery by time of the

next dose. Treatment was continued until disease pro-

gression, intolerable toxicity or withdrawal of consent.

(3) Patient assessments

Patients treated every 3 weeks were reviewed on the day

of each treatment. Blood samples were taken for haema-

tological analysis 2–3 times per week and for biochemical

analysis weekly in the first course and then on the days of

chemotherapy. Toxicities were recorded weekly in the first

course. Tumour response was assessed every 6 weeks

using WHO criteria.

For those treated with weekly docetaxel, blood samples

for haematological analysis were taken twice per week for

the first 3 weeks and then weekly prior to each treatment.

In the first course, patients were reviewed weekly for

toxicities. Patients were reviewed at the commencement of

each subsequent 8-week course, and tumour response was

assessed every 8 weeks.

Neutropenia was described either by the ANC nadir

counts or by the per cent change of ANC at the nadir

relative to the baseline. The latter was calculated for the 3-

weekly regimen patients, as the nadir was well defined

following a single-drug exposure:

%Decrease ¼ 100% � ðANCbaseline � ANCNadirÞ
ANCbaseline

;

where ANCbaseline and ANCnadir = ANC at baseline or day

1 of therapy and at nadir, respectively.

(4) Docetaxel analytical methodology

Blood samples were taken for docetaxel PK during the

first course of treatment. Blood samples were taken at

predose (0 h), midinfusion (0.5 h), infusion end (1 h) and

then at 5, 10, 30, 60, 90 min, 2, 4, 8 and 24 h following

infusion end. Blood samples were collected on ice in the

presence of lithium heparin. Plasma was separated from

erythrocytes by centrifugation at 1,0009g for 10 min at

4�C and stored at -70�C until analysis. Docetaxel was

assayed using a solid-phase extraction procedure followed

by an isocratic reversed-phase HPLC method similar to

that previously described [30].

(5) Docetaxel PK analysis

A log plasma concentration vs time curve was generated

from the plasma concentration data. Pharmacokinetic

parameters were derived by non-compartmental methods.

Docetaxel PK parameters derived included the following

(1) terminal elimination half-life: tDoc1/2, (2) AUC (AUC-

Doc:0–?) and (3) clearance: CLDoc. The analyses were

performed using Microsoft Office Excel 2003 and Win-

NonLin Profession version 5.2.

Statistical analysis

All 20 patients registered were included in these explor-

atory analyses. Baseline characteristics and treatment

details were summarised using descriptive statistics,

including mean, median, standard deviation and range for

continuous data and counts and percentages for categorical

data. The Pearson correlation coefficient was computed for

EBT parameters, docetaxel PK, antipyrine CL versus

baseline patient characteristics. Linear regression was used

to examine the relationship between pairs of variables. The

Wilcoxon rank sum test was used to compare the distri-

bution of responses to docetaxel PK, antipyrine CL and

EBT parameters according to gender and ECOG PS. The

population was considered overall, and the impact of

docetaxel schedule was also explored.

As this was an exploratory hypothesis generating study,

no power calculation for sample size determination was

carried out.

Statistical analyses were performed using S-Plus 2000

Professional software.

Results

Patients

Overall 20 patients were recruited; 19 had metastatic non-

small cell lung cancer that progressed following initial

platin-based chemotherapy. Their demographics were

typical for this population (Table 1).

Treatment delivery

Overall 13 of 20 patients were treated with the 3-weekly

docetaxel regimen: one patient had come off study, due to

lack of cooperation with the EBT, and another 2 patients

had changed over to the weekly regimen, due to intoler-

ance. The treatment delivery is summarised in Table 2.

Overall 7 patients were treated with the weekly regimen.

Only 2 of the 20 had a dose reduction after cycle 1, the

first by grade 3 oesophagitis/neutropenia in cycle 1 and the

second by significant arthralgia and performance status

decline in cycle 1.

Docetaxel pharmacodynamic endpoints: toxicity

and response

The best radiological responses are summarised in Table 2,

where overall 30% of patients achieved stable disease.

Generally, the chemotherapy was well tolerated. The major

haematological toxicity was neutropenia: (1) 3-weekly
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regimen- grade 4 in 2 patients and grade 3 in 5 and (2)

weekly regimen: grade 3 in 1. There were no episodes of

febrile neutropenia.

Docetaxel PK

The PK parameters are summarised in Table 3. As

expected, there were no significant differences between the

3-weekly and weekly regimens for CLDoc, tDoc1/2 or VdDoc.

The inter-patient variability for these parameters, as

reflected by the coefficient of variation (CV), ranged from

25.1 to 38.6% and 26.3 to 46.9% for the 3-weekly and

weekly regimens, respectively.

In vivo probes

The results of the EBT and the antipyrine CL test (ACT)

are summarised in Table 3. With regard to the EBT, the

inter-patient variability was wide ranging from 22.1% for

kCO2 to 106% for CO2f,(t = 10): much wider than the

docetaxel PK mentioned earlier. There was a very good

linear correlation between AUCCO2,f(0–?) and CO2f,(t = 20)

(R2 = 0.84) and CO2f,(t = 10) (R2 = 0.89), similarly

between AUCCO2,f(0–60) and CO2f,(t = 20) or CO2f,(t = 10)

(R2 = 1.0 and R2 = 0.81, respectively).

With regard to the ACT, as per Table 3, the inter-patient

variability for the CLAnt and CLAntW was 37.5 and 34.7%,

respectively. There was a good linear correlation between

the 2 parameters (R2 = 0.72).

The relationship between docetaxel PK

and patient demographics

For the entire cohort, there was a significant correlation

between docetaxel AUCDoc:0–? and each of bilirubin, AST

and protein (P \ 0.031) and also a significant linear rela-

tionship between log(AST) and AUCDoc:0–? (P \ 0.001,

Table 1 Patient demographics

Parameter Mean (range) % (N = 20)

Male:Female 12:8 60:40

Age (years) 62 (41–77)

Body surface area (m2) 1.77 (1.44–2.07)

ECOG PS distribution

0 0 0

1 9 45%

2 11 55%

Malignancy

Advanced non-small cell lung

cancer

19 95

Advanced breast cancer 1 5

Bilirubin (lmol/ml) 6.35 (3–15)

ALP (U/L) 98.9 (10–237)

ALT (U/L) 25.7 (6–95)

AST (U/L) 23 (9–167)

Protein (g/l) 68.7 (51–76)

Albumin (g/l) 34.5 (25–41)

Hepatic synthetic markers

Serum transferrin (2–3.6 g/l)

(n = 18)

2.3 (1.6–3.0)

INR (0.8–1.2) (n = 14) 1.0 (0.8–2.3)

Prothombin time (11.8–14.6 s)

(n = 6)

17.4 (11.1–30.3)

C-reactive protein (0–10 mg/l)

(n = 11)

59.5 (1–303)

ALP alkaline phosphatase, ALT alanine aminotransferase, ALT
aspartate aminotransferase

Table 2 Docetaxel treatment delivery, treatment-related toxicity and

response to therapy

Parameter Mean (Range) % (N = 20)

Docetaxel treatment delivery 13: 7 65:35

3 weekly: weekly

3-weekly regimen (75 mg/m2)

Dose (mean) (mg) 130.4

No. Courses 2.8 (1–7)

Weekly regimen (35 mg/m2)

Dose (mean) (mg) 64.4

No. courses 1.3 (1–3)

Overall radiological responsea

Partial response 1 5

Stable disease 6 30

Progressive disease 13 65

Reason off treatment

Progressive disease 15 75

Toxicity 3 15

Completed therapy 2 10

Myelosuppressionb (n = 12) Mean (Range) CVc

Baseline ANCc 5.9 (1.2–10.3) 45.5

Nadir ANC 1.6 (0.04–9.1)e 150.6

% Decrease at nadir relative to baselined 76.3 (4.9–9.3) 32.2

a As per WHO criteria
b N = 12 patients who received docetaxel every 3 weeks, as there

was a clearly defined nadir post-exposure relative to the patients

treated with the weekly regimen
c ANC absolute neutrophil counts, SD standard deviation, CV coef-

ficient of variation = 100 9 (standard deviation/mean)
d % Decrease at nadir relative to baseline = 100 9 (ANCbaseline –

ANCNadir)/ANCbaseline, where ANCbaseline = ANC at baseline or day

1 of therapy where available and ANCNadir = ANC at nadir
e Nadir on day 9 (mean) (range days 7–15)
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R2 = 69.7%). For CLDoc, there was a significant inverse

relationship with AST (P = 0.036), which was also linear

(P = 0.009, R2 = 44.46%). For the 3-weekly regimen

cohort, there were similar relationships. AUCDoc:0–?

and both AST and Albumin (P \ 0.041) and both were

linear (P \ 0.041). Similarly, there was a significant

inverse relationship between CLDoc and AST (P = 0.006).

For patients receiving the weekly regimen, there was an

inverse correlation between CLDoc and Age (P = 0.047).

The relationship between antipyrine clearance

and patient demographics, docetaxel PK and toxicity

(1) Patient Demographics: (Table 4)

For the cohort overall, serum ALP was significantly

correlated with CLAnt (P = 0.008) and CLAntW (P =

0.049). For the patients receiving the 3-weekly regimen,

CLAnt was significantly correlated with ALP (P = 0.021)

and BSA (P = 0.041), with the relationships being linear

for both (P = 0.021, R2 = 42.81% and P = 0.041, R2 =

32.84%, respectively).

Similarly, as for CLDoc, for the patients receiving the

weekly regimen, there was a significant inverse correlation

between age and both CLAnt (P = 0.006) and CLAntW

(P = 0.044).

(2) Docetaxel PK (Table 5)

(a) All patients and patients in 3-weekly docetaxel

cohort: for the entire cohort (Fig. 1a) and the

3-weekly cohort, there was no correlations between

the ACT and docetaxel PK parameters.

(b) Patients in the weekly docetaxel cohort: There was a

significant inverse correlation between AUCDoc:0–?

and CLAnt (P = 0.017), which was also linear in

nature (P = 0.017, R2 = 71%),. similarly between

AUCDoc:0–? and CLAntW (P = 0.028), (P = 0.028,

R2 = 65.4%). One point had high leverage on both fitted

lines (AUCDoc:0–? = 0.55, CLAnt = 50.3, CLAntW =

0.88): if this point was omitted, then the relationships

were no longer significant (P = 0.197, R2 = 37.4%, and

P = 0.361, R2 = 20.9%, respectively).

There was also a significant correlation between CLDoc

and CLAnt (P = 0.007), which was also linear (P = 0.007,

R2 = 79.47%, Fig. 1b). One point, corresponding to the

same patient earlier, had a high leverage and if omitted the

relationship was no longer significant (P = 0.223,

R2 = 34.1%).). Similarly, the relationship between CLDoc

and CLAntW was also significant (P = 0.039) and also

linear in nature (P = 0.028, R2 = 65.41%).

(3) Docetaxel Toxicity:

There was no correlation between CLAnt and CLAntW

and the ANC nadir counts or %decrease in ANC at the

nadir relative to baseline for the patients who received the

3-weekly regimen.

The relationship between EBT and patient

demographics, docetaxel PK and toxicity

(1) Patient Demographics (Table 4)

For the entire cohort and for those who received the

3-weekly or weekly regimen, there was a significant cor-

relation between ALP and each of AUCCO2,f(0–60), AUC-

CO2,f(0–?), CO2f,(t = 10) and CO2f,(t = 20). For the weekly

cohort: a significant correlation between ALT and CO2

f,(t = 10) (P = 0.05) was also observed.

(2) Docetaxel Pharmacokinetics and Toxicity

For the entire cohort, regardless of regimen, there

were no correlations between the EBT and docetaxel PK

Table 3 Docetaxel pharmacokinetic, C14-erythromycin breath test

(n = 19) and antipyrine clearance test (n = 20)-derived parameters

Parameter Mean Range CVa

Docetaxel PKa

3 weekly (75 mg/m2) (N = 12)

TDoc� (h) 13.69 8.45–19.1 25.1

AUCDoc:0–? (lg h/ml) 2.82 1.22–4.33 28.3

CLDoc (L/h) 50.32 30–90.1 37.6

VDDoc (L) 974.3 502–1836.4 38.6

Weekly (36 mg/m2) (N = 7)

T Doc� (h) 11.1 4.24–20.0 46.9

AUCDoc:0–? (lg h/ml) 0.99 0.55–1.31 26.3

CLDoc (L/h) 68.94 47.7–105.7 28.3

VDDoc(L) 1,041.0 391.8–1373.7 35.8

C14-erythromycin breath test

CO2f,(t = 10) (%/min) 0.051 0.006–0.262 106.0

CO2f,(t = 20) (%/min) 0.052 0.007–0.21 82.04

kCO2 (min-1) 0.007 0.004–0.011 22.1

AUCCO2,f(0–60) 2.64 0.39–10.4 79.1

AUCCO2,f(0–?) 7.90 1.09–24.9 70.85

Antipyrine clearance test

CLAnt (ml/min) 35.81 20.7–70.8 37.5

CLAnt,W (ml/(min kg) 0.53 0.26–0.88 34.7

a %CO2,(t = 10)),%CO2,(t = 10) = 14CO2 excretion or flux (i.e. % dose

expired per minute) at t = 10 and 20 min, respectively; kCO2 =

terminal rate constant of decline of the 14CO2 excretion (i.e. % dose

expired per minute) versus time curve; AUCCO2,(0–?) and

AUCCO2,(0–60) = Area under the 14CO2 excretion (i.e. % dose expired

per minute) versus time curve, from time = 0 to ? and 0 to 60 min,

respectively; CV coefficient of variation, CLAnt (ml/min) antipyrine

clearance, as per Farrell [10], CLAnt,W antipyrine CL corrected for

body weight

130 Cancer Chemother Pharmacol (2012) 69:125–135

123



parameters (Table 5). Similarly, there were no correla-

tions observed between the EBT parameters and the

ANC nadir counts or %decrease in ANC at the nadir

relative to baseline for the patients receiving the

3-weekly regimen.

Discussion

Given the well-known weaknesses of BSA-based dosing of

cytotoxics, alternative dosing methods are required to

reduce the inter-patient variability in drug exposure and

Table 4 Correlation between antipyrine clearance and erythromycin breath test parameters with serum hepatic biochemistries and patient

demographics for all patients

Parameter Pearson correlation (P value)a

All patients

Antipyrine clearance Erythromycin breath test

CLAnt CLAntW AUCCO2,f(0–60) AUCCO2,f(0–?) CO2f,(t = 10)

(%/min)

CO2f,(t = 20)

(%/min)

kCO2

(min-1)

Bilirubin (lmol/l) -0.043 (0.857) -0.042 (0.861) -0.195 (0.423) -0.247 (0.308) -0.136 (0.580) -0.185 (0.447) 0.072 (0.771)

ALP (U/L) 0.589 (0.008) 0.457 (0.049) 0.771 (0.0) 0.629 (0.005) 0.781 (0.0) 0.768 (0.0) 0.249 (0.319)

ALT (U/L) 0.029 (0.905) -0.013 (0.955) 0.101 (0.682) 0.079 (0.748) 0.105 (0.669) 0.116 (0.636) 0.005 (0.983)

AST (U/L) -0.044 (0.881) 0.027 (0.927) -0.356 (0.212) -0.403 (0.153) -0.308 (0.284) -0.345 (0.227) 0.023 (0.937)

Protein (g/L) 0.289 (0.216) 0.193 (0.416) 0.324 (0.175) 0.360 (0.130) 0.288 (0.233) 0.335 (0.161) -0.204 (0.403)

Albumin (lmol/l) -0.023 (0.924) -0.205 (0.386) 0.365 0.124) 0.414 (0.078) 0.292 (0.224) 0.366 (0.123) -0.306 (0.203)

BSA (m2) 0.276 (0.239) -0.237 (0.314) 0.418 (0.075) 0.415 (0.077) 0.335 (0.161) 0.436 (0.062) -0.272 (0.259)

Age (years) -0.302 (0.195) -0.254 (0.28) -0.004 (0.987) -0.110 (0.655) -0.045 (0.856) -0.006 (0.980) 0.250 (0.302)

Significant Pearson coefficient and two-sided P values \ 0.05 are bolded
a Sig. (2-tailed)

Table 5 Correlation between antipyrine clearance and erythromycin breath test and with docetaxel pharmacokinetics for all patients and for

those treated with the 3-weekly and weekly regimens

Parameter All patients 3 weekly (75 mg/m2) Weekly (35 mg/m2)

Pearson correlation

(P value)a (N = 19)

Pearson correlation

(P value)a (N = 12)

Pearson correlation

(P value)a (N = 7)

AUCDoc:0–?

(lg h/ml)

CLDoc

(L/h)

AUCDoc:0–?

(lg h/ml)

CLDoc

(L/h)

AUCDoc:0–?

(lg h/ml)

CLDoc

(L/h)

Erythromycin breath test

AUCCO2,f(0–60)
b 0.111 (0.652) -0.048 (0.846) 0.067 (0.836) -0.059 (0.856) -0.058 (0.902) 0.238 (0.608)

AUCCO2,f(0–?) -0.044 (0.857) 0.124 (0.612) 0.093 (0.774) -0.104 (0.747) -0.344 (0.45) 0.536 (0.215)

CO2f,(t = 10) (%/min) 0.225 (0.353) -0.114 (0.642) 0.062 (0.848) -0.035 (0.915) -0.126 (0.788) 0.149 (0.749)

CO2f,(t = 20) (%/min) 0.128 (0.603) -0.053 (0.829) 0.064 (0.844) -0.05 (0.876) -0.046 (0.921) 0.238 (0.607)

kCO2 (min-1) 0.07 (0.775) -0.093 (0.705) -0.368 (0.239) 0.453 (0.14) 0.477 (0.279) -0.694 (0.084)

Antipyrine clearance

CLAnt (ml/min) 0.184 (0.451) 0.228 (0.349) -0.046 (0.886) 0.224 (0.483) 20.843 (0.017) 0.891 (0.007)

CLAntW (ml/min/kg) 0.132 (0.59) 0.256 (0.29) -0.209 (0.14) 0.26 (0.415) 20.809 (0.028) 0.778 (0.039)

Significant Pearson coefficient and two-sided P values \ 0.05 are bolded
a Sig. (2-tailed)
b %CO2,(t = 10)),%CO2,(t = 10) = 14CO2 excretion or flux (i.e. % dose expired per minute) at t = 10 and 20 min, respectively; kCO2 = terminal

rate constant of decline of the 14CO2 excretion (i.e. % dose expired per minute) versus time curve; AUCCO2,(0–?) and AUCCO2,(0–60) = Area

under the 14CO2 excretion (i.e. % dose expired per minute) versus time curve, from time = 0 to ? and 0 to 60 min, respectively; CV coefficient

of variation, CLAnt (ml/min) antipyrine clearance, as per Farrell [10], CLAnt,W antipyrine CL corrected for body weight
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toxicity and hence optimise the therapeutic index. Pheno-

typing of relevant metabolic/excretory enzymes for

cytotoxics is one such method that is dependant on well-

characterised pathways and probe quality. However, dif-

ferent probes of the same pathway do not provide the same

correlates with drug PK. Inclusion of relevant gene poly-

morphisms may potentially also improve these models.

These tests also need to be widely applicable, provide real-

time results and be cost-effective. The aims of this

exploratory trial were thus to determine the correlation

between 2 distinct validated in vivo probes of hepatic

metabolic function, the EBT and the ACT, and docetaxel

PK and toxicity. In addition, we attempted to explore their

relative utility between patients receiving the commonly

used docetaxel regimens.

It is noted form the outset that this study must be con-

sidered in light of several caveats. First is the sample size

(n = 20), a pragmatic figure derived from a single centre:

overall 7 were treated with weekly docetaxel. Second, the

docetaxel PK sampling schedule in this study stopped at

24 h post-infusion end, and in other studies, extended

sampling beyond 24-h has confirmed a prolongation of the

terminal half-life and reduced CLDoc [18].

Third, the ACT itself is an oral test hence it theoretically

may be impacted on by first-pass metabolism within the

gastrointestinal tract relative to intravenous docetaxel.

However, studies in healthy volunteers have shown that

antipyrine given as an oral aqueous solution has complete

bioavailability, and there were no significant PK differ-

ences between oral and IV administration, implying neg-

ligible first pass effect [7]. Also, despite antipyrine being a

substrate for several CYP-P450 s, it is predominantly me-

tabolised by CYP3A4 [8].

In the cohort examined here, as expected, the CLDoc was

similar between the 3-weekly and weekly regimen

(Table 3), with the range confirmed by others [2, 5, 20, 35,

38, 45]. The primary aim of this study was to correlate the

metabolic probes EBT and ACT with docetaxel PK and

PD, and thus, each will be considered in turn. With regard

to the EBT, the parameters assessed varied approximately

30–40 9 within the cohort (Table 3), as reported in those

with normal hepatic biochemical function [20]. There was

a significant correlations between ALP and several EBT

flux parameters and for the weekly cohort between ALT

and CO2f,(t = 10) (Table 4).

In this study, we failed to identify a correlation between

docetaxel PK and the EBT parameters, regardless of regi-

men. The EBT has been inconsistently correlated with

docetaxel clearance (CLDoc) [1, 3, 20, 21, 38] and, simi-

larly, did not correlate with CLDoc in another study with the

weekly regimen [35]. A population model has also evalu-

ated the relationship between CYP3A4 activity (using the

EBT) and CLDoc in 77 patients with varying degrees of

liver function [21]. Unbound CLDoc was lower and more

variable in patients with liver function abnormalities.

Population PK modelling in patients with liver dysfunction

demonstrated that the covariates evaluated accounted for

83% of variability in CLDoc: with CYP3A4 activity

accounting for 47% of this variation [21]. Though in

patients with normal liver function, the same covariates

accounted for only 23% of CLDoc variability [21].

Hence, based on these population approaches, it appears

the utility of the EBT may actually lie in identifying safe

docetaxel doses for patients with liver function abnormal-

ities rather than those with normal function as seen in the

cohort examined here [21]. The trial reported here required

patients to have normal serum hepatic biochemistries. It is

unclear though that inclusion of patients with biochemical

hepatic impairment, in order to expand the range of

observed docetaxel CLs, would enable significant correla-

tions to be observed. Other causes, however, may include

the small patient cohort and the limited PK sampling.

It must be noted that the measurement of the exhaled
14CO2 provides an indirect quantification of hepatic

CYP3A4 activity [24, 42], and it may in fact reflect hepatic

ABC-B1 function [23, 36, 37]. Polymorphisms in the

CYP3A4/5 and transporters genes also have an impact on

CLDoc. In 93 Caucasians, the simultaneous presence of the
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Fig. 1 The relationship between docetaxel PK parameters and the

antipyrine CL test. a Docetaxel CL (CLDoc) and antipyrine CL

(CLAnt)for all patients (N = 19). b Docetaxel CL (CLDoc) and

antipyrine CL (CLAnt) for all patients receiving the weekly regimen

(N = 7) (CLDoc = 16.96 ? 1.77 9 CLAnt, ANOVA, P = 0.007,

R2 = 79.47%)
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CYP3A4*1B and CYP3A5*1A alleles was associated with

a 64% increase in CLDoc (P = 0.0015), independent of the

CYP3A activity (as determined by the EBT) [1]. The EBT
14CO2 flux was found to be decreased by the rifampicin-

induced inhibition of OATP and increased by the lansop-

razole-induced inhibition of ABC-B1 [12]. Thus, the

interpretation of the EBT as a measure of CYP3A4

metabolism, and drug CL, requires the careful consider-

ation of relevant transporter interactions and haplotypes

[12]. The EBT methodology also presents logistical issues

in terms of its applicability in the general clinical setting

[9].

Given these limitations of the EBT, midazolam being a

pure CYP3A4 substrate, and whose drug handling is unaf-

fected by hepato-biliary transporter activity, may represent

a practical alternative probe. The midazolam clearance test,

has been well validated as a CYP3A4/5 probe and been

evaluated for possible correlations with docetaxel CL [14].

In this study, midazolam was administered intravenously to

these patients at least 2 days before docetaxel treatment.

Midazolam clearance (P = 0.001) was the strongest pre-

dictor of docetaxel CL on multiple linear regression anal-

ysis, Karnofsky performance status (KPS) (P = 0.034)

being the only other significant predictor (R2 = 0.68,

P \ 0.001). The model for docetaxel clearance was as

follows: docetaxel CL = -6171.0 ? 22.3 9 (midazolam

clearance) ? 236.2 9 KPS [14].

With regard to the antipyrine clearance test (ACT), the

range of CLAnt values observed in this study was similar to

that in two prior studies of cancer patients receiving taxanes

[27, 28] (Table 3). With regard to the study reported here,

for the overall cohort, CLAnt was significantly correlated

with ALP (P \ 0.05), similarly for those receiving the

3-weekly regimen (Table 4). The correlation of antipyrine

metabolism with liver function and its impact by malig-

nancy have been investigated by others. In a large study, the

antipyrine CL was evaluated in 518 subjects: the cohort

comprised of healthy volunteers and patients with liver

metastases or chronic active hepatitis/cirrhosis. The CLAntW

in patients with liver metastases (0.426 ± 0.174 ml/min/

kg) was similar to that of the healthy group [16]. However,

antipyrine CL values in cancer patients [31], and those

specifically with hepatic metastases [15], are inconsistent

relative to those in the healthy volunteers. In term of

other cytotoxics, the antipyrine elimination rate has been

correlated with the paclitaxel elimination rate constant in

21 patients (P \ 0.05) [28]. The PK of adriamycin, its

metabolites, and that of antipyrine were studied in 36

patients including 17 with moderate hepatic tumour

involvement [32]. The adriamycin CL and half-life corre-

lated significantly (P \ 0.01, respectively) with the corre-

sponding antipyrine PK parameters, but not with the usual

liver function parameters [32].

One of the primary aims of this study was to identify

correlations between the ACT and docetaxel PK. Only

for the patients receiving weekly docetaxel, there was a

significant correlation and linearity between CLDoc and

CLAnt and CLAntW (P = 0.007 and P = 0.039, respec-

tively).(Table 4; Fig. 1b) The relationships were influenced

by one point that had high leverage on both lines. The

patient corresponding to this point was a 41-year-old

woman, ECOG PS 2, with advanced lung cancer (without

hepatic metastases) who received weekly docetaxel. Her

baseline serum hepatic biochemistries were within normal

limits, but of INR of 2.3 and albumin of 35 g/l. She was not

taking relevant medications. Her CLDoc = l05.69 l/h and

corresponding low AUC, though are within the expected

range in cancer patients: hence, she represented a true data

point [11]. If this point was omitted, then the relationship

was no longer significant (P = 0.223); however, at least

30% of the CLDoc variability was still accounted for by

CLAnt. Nevertheless, the result thus must be interpreted

with caution given the caveats above: in particular, the

small sample size for the weekly cohort and the linear PK

of docetaxel, where a correlation should also be expected

for the 3-weekly regimen.

There has been extensive literature correlating docetaxel

PK with myelosuppression [5, 6, 33]. Significant PD

covariates have included serum a1-acid glycoprotein, prior

therapy [33], age C 65 years [40], and the germline

GSTP1*A/*B and ABCB1 3435TT genotypes [41]. In this

study, there was no correlation of docetaxel toxicity, in

particular neutropenia, with EBT or ACT parameters. It

must be noted that the ANC nadir post-single-drug expo-

sure was only clearly defined for the 3-weekly regimen

cohort (n = 13). The ACT has been correlated with the risk

of neutropenia in 25 patients with advanced lung cancer

treated with docetaxel and cisplatin [27]. On multiple

regression analysis, the antipyrine disappearance rate

(ADR) and a1-acid glycoprotein independently correlated

with the neutropenia nadir. In addition, grades 3–4 neu-

tropenia was observed in 7 of 9 ‘low ADR’ patients (77%),

versus in 5 of 16 ‘high ADR’ patients (31%) [27].

The correlation of the EBT parameters with cytotoxic-

induced toxicity is contradictory. In the study by Hirth

et al. [20], 21 heavily pretreated patients received docetaxel

(100 mg/m2) and underwent the EBT. Multivariate analy-

sis showed that the ln(%14C exhaled in 1 h) and albumin

accounted for 72% of the CLDoc variation. In that study,

two patients requiring hospitalisation with the severest

toxicities (mucositis/sepsis/neutropenia) were those with

the lowest EBT value and CLDoc results [20]. The utility of

the EBT to predict toxicity has not been confirmed for

other CYP3A4 cytotoxic substrates. In a study of 20 elderly

patients treated with weekly docetaxel, there was an

association between the EBT results and drug PK
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variables; however, there was no association between the

EBT or drug PK parameters with frequency of grade 3 or

greater toxicity [22].

In conclusion, this exploratory study has evaluated the

comparative utility of antipyrine clearance test and the

erythromycin breath test to predict docetaxel PK and PD.

With the caveat of the small sample size, antipyrine

clearance may correlate with docetaxel CL in patients,

where the agent is given weekly. Further evaluation of the

antipyrine clearance test together with the incorporation of

other covariates of drug handling/toxicity (including

inflammatory markers, a1-acid glycoprotein and pharmac-

ogenomics) is warranted in this setting.

Conflict of interest The listed authors have no conflict of interests.

Partial funding by Cancer Trials Australia

References

1. Baker SD, Verweij J, Cusatis GA, van Schaik RH, Marsh S,

Orwick SJ, Franke RM, Hu S, Schuetz EG, Lamba V, Messer-

smith WA, Wolff AC, Carducci MA, Sparreboom A (2009)

Pharmacogenetic pathway analysis of docetaxel elimination. Clin

Pharmacol Ther 85:155–163

2. Baker SD, Zhao M, Lee CK, Verweij J, Zabelina Y, Brahmer JR,

Wolff AC, Sparreboom A, Carducci MA (2004) Comparative

pharmacokinetics of weekly and every-three-weeks docetaxel.

Clin Cancer Res 10:1976–1983

3. Baker SD, Ten Tije AJ, Carducci MA, Gelderblom H, Dawkins

FW, McGuire WP, Verweij J (2004) Evaluation of CYP3A

activity as a predictive covariate for docetaxel clearance. J Clin

Oncol. ASCO Annual Meeting Proceedings (Post-Meeting Edi-

tion). 22: Abstr 2006

4. Breen KJ, Bury RW, Calder IV, Desmond PV, Peters M,

Mashford ML (1984) A [14C]phenacetin breath test to measure

hepatic function in man. Hepatology 4:47–52

5. Bruno R, Hille D, Riva A, Vivier N, ten Bokkel Huinnink WW,

van Oosterom AT, Kaye SB, Verweij J, Fossella FV, Valero V,

Rigas JR, Seidman AD, Chevallier B, Fumoleau P, Burris HA,

Ravdin PM, Sheiner LB (1998) Population pharmacokinetics/

pharmacodynamics of docetaxel in phase II studies in patients

with cancer. J Clin Oncol 16:187–196

6. Charles KA, Rivory LP, Stockler MR, Beale P, Beith J, Boyer M,

Clarke SJ (2006) Predicting the toxicity of weekly docetaxel in

advanced cancer. Clin Pharmacokinet 45:611–622

7. Danhof M, van Zuilen A, Boeijinga JK, Breimer DD (1982)

Studies of the different metabolic pathways of antipyrine in man.

Oral versus i.v. administration and the influence of urinary col-

lection time. Eur J Clin Pharmacol 21:433–441

8. Engel G, Hofmann U, Heidemann H, Cosme J, Eichelbaum M

(1996) Antipyrine as a probe for human oxidative drug metabo-

lism: identification of the cytochrome P450 enzymes catalyzing

4-hydroxyantipyrine, 3-hydroxymethylantipyrine, and noranti-

pyrine formation. Clin Pharmacol Ther 59:613–623

9. Engels FK, Loos WJ, van der Bol JM, de Bruijn P, Mathijssen

RH, Verweij J, Mathot RA (2011) Therapeutic drug monitoring

for the individualization of docetaxel dosing: a randomized

pharmacokinetic study. Clin Cancer Res 17:353–362

10. Farrell GC, Zaluzny L (1984) Accuracy and clinical utility of

simplified tests of antipyrine metabolism. Br J Clin Pharmacol

18:559–565

11. Felici A, Verweij J, Sparreboom A (2002) Dosing strategies for

anticancer drugs: the good, the bad and body-surface area. Eur J

Cancer 38:1677–1684

12. Frassetto LA, Poon S, Tsourounis C, Valera C, Benet LZ (2007)

Effects of uptake and efflux transporter inhibition on erythro-

mycin breath test results. Clin Pharmacol Ther 81:828–832

13. Gartzke J, Jager H (1991) The determination of antipyrine

elimination in saliva by liquid chromatography. J Pharm Biomed

Anal 9:977–979

14. Goh BC, Lee SC, Wang LZ, Fan L, Guo JY, Lamba J, Schuetz E,

Lim R, Lim HL, Ong AB, Lee HS (2002) Explaining interindi-

vidual variability of docetaxel pharmacokinetics and pharmaco-

dynamics in Asians through phenotyping and genotyping

strategies. J Clin Oncol 20:3683–3690

15. Grieco A, Barone C, Coletta P, Castellano R, Ragazzoni E,

Cassano A, Astone A, Gambassi G (1992) Antipyrine metabolism

in patients with liver metastases from colorectal cancer. Cancer

70:1477–1482

16. Grieco A, Castellano R, Matera A, Marcoccia S, Di Rocco P,

Ragazzoni E, Vecchio FM, Gasbarrini G (1998) Antipyrine

clearance in chronic and neoplastic liver diseases: a study of 518

patients. J Gastroenterol Hepatol 13:460–466

17. Gurney H (1996) Dose calculation of anticancer drugs: a review

of the current practice and introduction of an alternative. J Clin

Oncol 14:2590–2611

18. Gustafson DL, Long ME, Zirrolli JA, Duncan MW, Holden SN,

Pierson AS, Eckhardt SG (2003) Analysis of docetaxel pharma-

cokinetics in humans with the inclusion of later sampling time-

points afforded by the use of a sensitive tandem LCMS assay.

Cancer Chemother Pharmacol 52:159–166

19. Hilli J, Sailas L, Jyrkkio S, Pyrhonen S, Laine K (2010)

NCT01110291: induction of CYP3A activity and lowered expo-

sure to docetaxel in patients with primary breast cancer. Cancer

Chemother Pharmacol (Epub ahead of print)

20. Hirth J, Watkins PB, Strawderman M, Schott A, Bruno R,

Baker LH (2000) The effect of an individual’s cytochrome

CYP3A4 activity on docetaxel clearance. Clin Cancer Res

6:1255–1258

21. Hooker AC, Ten Tije AJ, Carducci MA, Weber J, Garrett-Mayer

E, Gelderblom H, McGuire WP, Verweij J, Karlsson MO, Baker

SD (2008) Population pharmacokinetic model for docetaxel in

patients with varying degrees of liver function: incorporating

cytochrome P4503A activity measurements. Clin Pharmacol Ther

84:111–118

22. Hurria A, Fleming MT, Baker SD, Kelly WK, Cutchall K,

Panageas K, Caravelli J, Yeung H, Kris MG, Gomez J, Miller

VA, D’Andrea G, Scher HI, Norton L, Hudis C (2006) Pharma-

cokinetics and toxicity of weekly docetaxel in older patients. Clin

Cancer Res 12:6100–6105

23. Kurnik D, Wood AJ, Wilkinson GR (2006) The erythromycin

breath test reflects P-glycoprotein function independently of

cytochrome P450 3A activity. Clin Pharmacol Ther 80:228–234

24. Lown K, Kolars J, Turgeon K, Merion R, Wrighton SA, Watkins

PB (1992) The erythromycin breath test selectively measures

P450IIIA in patients with severe liver disease. Clin Pharmacol

Ther 51:229–238

25. Mahmoud M, Abdel-Kader R, Hassanein M, Saleh S, Botros S

(2007) Antipyrine clearance in comparison to conventional liver

function tests in hepatitis C virus patients. Eur J Pharmacol

569:222–227

26. Marre F, Sanderink GJ, de Sousa G, Gaillard C, Martinet M,

Rahmani R (1996) Hepatic biotransformation of docetaxel

(Taxotere) in vitro: involvement of the CYP3A subfamily in

humans. Cancer Res 56:1296–1302

27. Nishio M, Matsuda M, Ohyanagi F, Sato Y, Okumura S, Tabata

D, Morikawa A, Nakagawa K, Horai T (2005) Antipyrine test

134 Cancer Chemother Pharmacol (2012) 69:125–135

123



predicts pharmacodynamics in docetaxel and cisplatin combina-

tion chemotherapy. Lung Cancer 49:245–251

28. Nishio MM, M. Karato, A. Sato, Y. Okumura, S. Nakagawa, K.

Tabata, D. Morikawa, A, Horai, T (2001) Positive correlation

between elimination rate of antipyrine mediated by CYPs and

pharmacokinetic parameters of paclitaxel in combination che-

motherapy with carboplatin in non-small cell lung cancer

patients. Proc Am Soc Clin Oncol 20:445 (Abstr)

29. O’Reilly S, Rowinsky E, Slichenmyer W, Donehower RC, For-

astiere A, Ettinger D, Chen TL, Sartorius S, Bowling K, Smith J,

Brubaker A, Lubejko B, Ignacio V, Grochow LB (1996) Phase I

and pharmacologic studies of topotecan in patients with impaired

hepatic function. J Natl Cancer Inst 88:817–824

30. Olver I, Davy M, Luftner D, Park SH, Egorin M, Ellis A, Webster

L (2001) A phase I study of paclitaxel and altretamine as second-

line therapy to cisplatin regimens for ovarian cancer. Cancer

Chemother Pharmacol 48:109–114

31. Orzechowska-Juzwenko K, Wiela A, Cieslinska A, Roszkowska

E (1987) Metabolic efficiency of the liver in patients with breast

cancer as determined by pharmacokinetics of phenazone. Cancer

59:1607–1610

32. Preiss R, Matthias M, Sohr R, Brockmann B, Huller H (1987)

Pharmacokinetics of adriamycin, adriamycinol, and antipyrine in

patients with moderate tumor involvement of the liver. J Cancer

Res Clin Oncol 113:593–598

33. Puisset F, Alexandre J, Treluyer JM, Raoul V, Roche H, Gold-

wasser F, Chatelut E (2007) Clinical pharmacodynamic factors in

docetaxel toxicity. Br J Cancer 97:290–296

34. Rivory LP, Slaviero KA, Hoskins JM, Clarke SJ (2001) The

erythromycin breath test for the prediction of drug clearance. Clin

Pharmacokinet 40:151–158

35. Rizzo JD, Villalona-Calero M, Garrison M, Schwartz G, Molpus

K, Monroe P, Tolcher A, Hammond L, Rowinsky EK A phar-

macologic and metabolic study of docetaxel (D) administered on

a continuous weekly schedule in patients with advanced solid

tumors. Proc Am Soc Clin Oncol 22:651 (Abstr)

36. Schott AF, Rae JM, Griffith KA, Hayes DF, Sterns V, Baker LH

(2006) Combination vinorelbine and capecitabine for metastatic

breast cancer using a non-body surface area dosing scheme.

Cancer Chemother Pharmacol 58:129–135

37. Schuetz EG, Yasuda K, Arimori K, Schuetz JD (1998) Human

MDR1 and mouse mdr1a P-glycoprotein alter the cellular

retention and disposition of erythromycin, but not of retinoic acid

or benzo(a)pyrene. Arch Biochem Biophys 350:340–347

38. Slaviero KA, Clarke SJ, McLachlan AJ, Blair EY, Rivory LP

(2004) Population pharmacokinetics of weekly docetaxel in

patients with advanced cancer. Br J Clin Pharmacol 57:44–53

39. Tanaka E, Breimer DD (1997) In vivo function tests of hepatic

drug-oxidizing capacity in patients with liver disease. J Clin

Pharm Ther 22:237–249

40. ten Tije AJ, Verweij J, Carducci MA, Graveland W, Rogers T,

Pronk T, Verbruggen MP, Dawkins F, Baker SD (2005) Pro-

spective evaluation of the pharmacokinetics and toxicity profile

of docetaxel in the elderly. J Clin Oncol 23:1070–1077

41. Tran A, Jullien V, Alexandre J, Rey E, Rabillon F, Girre V,

Dieras V, Pons G, Goldwasser F, Treluyer JM (2006) Pharma-

cokinetics and toxicity of docetaxel: role of CYP3A, MDR1, and

GST polymorphisms. Clin Pharmacol Ther 79:570–580

42. Watkins PB, Murray SA, Winkelman LG, Heuman DM,

Wrighton SA, Guzelian PS (1989) Erythromycin breath test as an

assay of glucocorticoid-inducible liver cytochromes P-450.

Studies in rats and patients. J Clin Invest 83:688–697

43. Webster LK, Ellis AG, Bishop JF (1993) Effect of toremifene on

antipyrine elimination in the isolated perfused rat liver. Cancer

Chemother Pharmacol 31:319–323

44. Winchell HS, Stahelin H, Kusubov N, Slanger B, Fish M, Pol-

lycove M, Lawrence JH (1970) Kinetics of CO2-HCO3 minus in

normal adult males. J Nucl Med 11:711–715

45. Yamamoto N, Tamura T, Kamiya Y, Sekine I, Kunitoh H, Saijo

N (2000) Correlation between docetaxel clearance and estimated

cytochrome P450 activity by urinary metabolite of exogenous

cortisol. J Clin Oncol 18:2301–2308

Cancer Chemother Pharmacol (2012) 69:125–135 135

123


	Docetaxel pharmacokinetics and its correlation with two in vivo probes for cytochrome P450 enzymes: the C14-erythromycin breath test and the antipyrine clearance test
	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Patients and methods
	Patients
	Baseline evaluation
	In vivo probes
	The erythromycin breath test (EMBT):
	The antipyrine clearance test (ACT)

	Treatment programme
	Statistical analysis

	Results
	Patients
	Treatment delivery

	Docetaxel pharmacodynamic endpoints: toxicity and response
	Docetaxel PK
	In vivo probes
	The relationship between docetaxel PK and patient demographics
	The relationship between antipyrine clearance and patient demographics, docetaxel PK and toxicity
	The relationship between EBT and patient demographics, docetaxel PK and toxicity

	Discussion
	Conflict of interest
	References


