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a b s t r a c t

A robust, sensitive and selective method to quantify budesonide epimers in human plasma using solid-
phase extraction and liquid chromatography–tandem mass spectrometry (LC–MS/MS) was developed and
fully validated. The drug was first isolated from the biological matrix by automated solid-phase extraction
(SPE) on disposable extraction cartridges (C-2). The methanolic eluate was then collected and evaporated
to dryness. The residue was dissolved in mobile phase and an aliquot was injected onto a Phenomenex
Luna octadecylsilica (C-18) column (50 mm × 4.6 mm i.d., 3 �m). The mobile phase is composed of water
containing 10 mM ammonium acetate adjusted to pH 3.2 with glacial acetic acid and acetonitrile (65:35,
v/v). The flow-rate was 1.00 ml/min. Hydrocortisone acetate was used as internal standard (IS). Detection
of the analytes was achieved using negative atmospheric pressure chemical ionization (APCI) tandem
mass spectrometry in selected reaction monitoring (SRM) mode. The MS/MS ion transitions monitored
were m/z 489.3 → 357.3 and 463.3 → 403.2 for budesonide epimers and hydrocortisone, respectively.

The method was validated using SFSTP (2003) proposal based on total measurement error and accuracy
profiles as a decision tool. The most appropriate regression model for the response function as well as
the limit of quantitation was first selected during the prevalidation step. These latter criteria were then
assessed during the formal validation step. The limit of quantitation (LOQ) was around 50 pg/ml for
budesonide epimers. The method was validated with respect to stability, recovery, linearity, precision,
trueness and accuracy. Risk and uncertainty were also evaluated. The validated method was finally applied

e the
successfully to investigat

. Introduction

Budesonide (an epimeric mixture of the �- and �-propyl
orms of 16�,17�-butylidenedioxy-11�, 21-dihydropregna-1,4-
iene-3,20-dione) (Fig. 1) is a non-halogenated glucocorticoid with
igh topical activity and reduced systemic side effects. Because
iven a pronounced first-pass metabolism in the liver resulting
n low oral bioavailaibility and high hepatic clearance [1], budes-
nide is very successfully used in the topical treatment of asthma
ia inhalation therapy [2].
Budesonide is rapidly and almost completely absorbed
ollowing oral administration. The major metabolites, 6-�-
ydroxybudesonide and 16-�-hydroxyprednisolone have less than
% of the glucocorticoid activity of unchanged budesonide. Budes-

� This paper is part of a special issue entitled “Method Validation, Comparison
nd Transfer”, guest edited by Serge Rudaz and Philippe Hubert.
∗ Corresponding author. Tel.: +32 84 32 04 52; fax: +32 84 32 04 53.

E-mail address: bstre@galephar.be (B. Streel).

570-0232/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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plasma concentration of budesonide epimers in a pharmacokinetic study.
© 2009 Elsevier B.V. All rights reserved.

onide is reported to have a terminal half time of about 4 h
[3].

The fraction of inhaled drug deposited in the lungs is generally to
be approximately 20% of the doses. This dose delivered in the lungs
is small and thus the amount of drug available for the systemic
absorption is very low resulting in low plasma concentrations and
a robust, sensitive and selective method was then required for the
plasma determination of systemic exposure of the drugs following
inhalation [4].

The analysis of budesonide in bulk drugs and pharmaceutical
products is well described in the literature [5–9] and it is mentioned
either in the European [10] or the United States Pharmacopoeias
[11]. The determination of budesonide in biological fluids for phar-
macokinetics studies has also been reported. The first sensitive and
selective method for the quantitation of budesonide epimers in

human plasma published was a method divided into three steps,
off-line solid-phase extraction, acetylation, and finally LC–APCI–MS
[12]. This first method was not robust enough and endogenous
substances appeared in the chromatograms. Then Yuan et al. [4]
developed a more selective method. Kronkvist et al. [13] reported

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:bstre@galephar.be
dx.doi.org/10.1016/j.jchromb.2009.02.004
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n automated sample preparation for the determination of budes-
nide in plasma sample by LC–MS/MS. More recently, Deventer et
l. [14] have reported the development and validation of analysis
or budesonide in human urine using LC–MS. But Kronkvist et al.
13] and Deventer et al. [14] methods lack the ability to determine
he epimers of budesonide individually.

This study describes a new validated method combining
utomated SPE and liquid chromatography coupled to tandem
ass spectrometry to determine budesonide epimers in human

lasma. The SPE procedure has been optimized in order to obtain
ufficiently high recoveries for budesonide epimers, regarding
articularly the selection of the extraction sorbent. The MS/MS

onization (negative) and transitions were optimized in order
o avoid endogenous contamination of the chromatogram. The
C conditions were also investigated in order to achieve very
ow concentrations of the budesonide epimers. The method has
een fully validated according to the new strategy proposed by
he Commission of the Société Française des Sciences et Tech-
iques Pharmaceutiques (SFSTP) for the validation of quantitative
nalytical procedure [15]. The validation strategy consists in
wo steps. The first step, the so-called prevalidation step, has

ainly permitted the selection of the most appropriate regres-
ion model using the accuracy profile as decision tool [15–21].
he second step, representing the validation itself, consists in
esting the method selectivity towards endogenous components
nd the assessment of method precision, trueness and accu-
acy [15,22] at different concentration levels over the range
nvestigated as well as the confirmation of the limit of quan-
itation (LOQ) and the method linearity [15–20]. The limit of
uantitation of the method was found to be 41.2 pg/ml for budes-
nide epimer A and 37.6 for budesonide epimer B. Risk and
ncertainty were also assessed in order to evaluate method per-

ormance.
Finally the method reported was successfully used to perform

he quantitative determination of budesonide in real human plasma
amples and was found to be applicable for the quantification of
he compound in pharmacokinetics studies, which requires high
ensitivity, selectivity and robustness.

. Experimental

.1. Chemicals

Budesonide was obtained from Industriale Chimica (Saronno,
taly) and the internal standard (hydrocortisone acetate) was
upplied by European Pharmacopoeia (Strasbourg, France). Ammo-
ium acetate and glacial acetic acid were of analytical grade from
erck (Darmstadt, Germany). Acetonitrile and water were of HPLC

rade from Biosolve (Valkenswaard, Netherlands). Nitrogen was
roduced by an on-site nitrogen generator from Air Liquide (Mil-
ort, Belgium).

Isolute DECs (1 ml capacity) filled with 50 mg ethylsilica end-
apped (C2EC) were obtained from IST (International Sorbent
echnology, Mid-Glamorgan, UK). Other Isolute DECs filled with
0 mg of other sorbents such as ethyl (C2), octyl (C8), endcapped
ctyl (C8EC), octadecyl (C18), endcapped octadecyl (C18EC), mono-
unctional octadecyl (C18MF), phenyl (PHEC), endcapped phenyl
PHEC) from IST and dualzone octadecyl from Diazem (Midland, MI,
SA) were also tested.
The analytical column Luna C18(2) (50 mm × 4.6 mm i.d.)
as prepacked with octadecylsilica (particle size 3 �m) from

henomenex (Utrecht, Netherlands). The analytical column
as preceded by a LiChroCart guard column (4 mm × 4 mm

.d.) prepacked with Purospher RP-18e column (5 �m) from
erck.
877 (2009) 2290–2300 2291

2.2. Apparatus

The automated sample preparation with extraction cartridges
(ASPEC) system from Gilson (Villiers-le-Bel, France) consisted of an
automatic sampling injector module equipped with four needles,
four model 401 dilutor pipettors and a set of racks and accessories
for handling DECs, plasma samples and solvents.

The LC system consisted in a Model 1100 Series liquid chro-
matograph equipped with a binary pump, a vacuum degasser,
a thermostatted column compartment and a thermostatted
autosampler, all from Agilent Technologies (Palo-Alto, CA, USA).

Mass spectrometric detection was carried out using an Applied
Biosystems API 5000 Triple Quadrupole instrument (Thornhill,
Toronto, Canada) equipped with an APCI interface. A PC Dell Pre-
cision 390 (Round Rock, TX, USA) equipped with a Analyst 1.4.2
version software from Applied Biosystems was used to control the
LC–MS/MS system and to collect and treat the data. The e-Noval®

software (Arlenda, Belgium) was used to determine the accuracy
profiles as well as all the validation results. The program Kinetica®

version 4.4.1 (Innaphase) was applied for the calculations of phar-
macokinetics parameters.

2.3. Chromatographic technique

All chromatographic experiments were carried out in the iso-
cratic mode. The Luna C18 (2) analytical column (50 mm × 4.6 mm
i.d.) and the precolumn were thermostatted at 25 ◦C. The mobile
phase consisted of a mixture of acetonitrile and 10 mM ammo-
nium acetate adjusted to pH 3.2 (35:65, v/v). The flow-rate was
1.0 ml/min and the volume injected was 100 �l. The thermostatted
autosampler was set to 15 ◦C.

2.4. Mass spectrometric detection

Budesonide and hydrocortisone acetate were detected by
tandem mass spectrometric detection with APCI interface in
negative mode. Data were acquired using Sciex API5000 triple-
quadrupole mass spectrometer in multiple reaction monitoring
(MRM) mode. The MS conditions were as follows: budesonide: tran-
sition [M+CH3COO−] → product ion mass: 489.3 → 357.3, 250 ms
dwell time, declustering potential (DP): −75 eV, collision cell exit
potential (CXP): −25 eV, collision energy (CE): −20 eV. Hydrocor-
tisone acetate: 463.3 → 403.2, 250 ms dwell time, DP: −85 eV, CXP:
−13 eV, CE: −15 eV. Other parameters: curtain gas: 20 (arbitrary unit,
a.u.), desolvatation gas 1: 85 a.u., Needle current: −5 �A, desolvata-
tion temperature: 550 ◦C, collision gas: 6 a.u., nitrogen, entrance
potential: −10 eV.

2.5. Standard solutions

2.5.1. Stock solutions
A stock solution of budesonide was prepared by dissolving the

appropriate amount in methanol in order to obtain a final concen-
tration of 1.0 mg/ml. This solution was then diluted with methanol
in order to achieve a final concentration of 2400 ng/ml.

2.5.2. Diluted solutions used for method validation and routine
analysis

Seven solutions of budesonide were prepared by diluting the
stock solution with the mobile phase to reach concentrations rang-
ing from 1.8 to 120.0 ng/ml. These solutions were then used to

spike plasma samples either for calibration curves ranging from
0.09 to 6.00 ng/ml (m = 7) or for quality control during the phar-
macokinetic study. In chromatographic conditions, both epimers of
budesonide were separated. In the standard used, the mass propor-
tion of each epimer is about 1:1, so each epimer of budesonide was
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Fig. 1. Structures of budesonide epimers A and B, and hydrocortisone acetate.

f budesonide illustrating the ion m/z 357.
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Table 1A
Selection of the sorbent of the disposable extraction cartridge.

Type of sorbent Analyte recovery (mean ± S.D., %, n = 3)

Budesonide epimer B Budesonide epimer A

Isolute C2 75.7 ± 31.1 73.9 ± 31.3
Isolute C2EC 97.9 ± 13.2 118.8 ± 12.9
Isolute C8 105.5 ± 4.6 127.1 ± 6.2
Isolute C8EC 93.2 ± 10.7 121.0 ± 10.6
Isolute C18 93.9 ± 7.5 99.3 ± 9.4
Isolute C18EC 99.1 ± 5.7 103.1 ± 7.9
Isolute C18MF 103.4 ± 9.3 108.5 ± 9.9
Isolute Phenyl 79.6 ± 8.3 82.2 ± 10.8
Fig. 2. Product ion mass spectrum o

anging from about 45 to 3000 pg/ml. A stock solution of hydro-
ortisone acetate (IS) was prepared in methanol. This solution was
hen diluted with the mobile phase to obtain a final concentration of
.25 ng/ml.

During the prevalidation and validation phases, three calibration
urves (k = 3) were performed, each one by using new diluted solu-
ions. Each calibration standard was injected in duplicate (n = 2). The
ndependent validation standards were prepared at final concen-
rations of 45, 90, 750, and 3000 pg/ml (n = 4). The same calibration
cheme was used in routine analyses.

During the analytical run in the pharmacokinetic study phase,
hree concentration levels of quality control samples were used: 90,
50 and 3000 pg/ml, repeated three times.
.6. Sample preparation

After thawing and centrifugation at 3000 × g for 10 min, 1.0-ml
f plasma samples was transferred manually to a sample vial, a 0.4-

Isolute PhenylEC 75.5 ± 2.2 76.4 ± 1.0
Dualzone C8 72.4 ± 8.9 76.4 ± 11.7

DECs: isolute (50 mg); conditioning: methanol and water (1.0 ml of each); washing:
1.0 ml of water twice; eluting: 1.0 ml of acetonitrile; evaporation; recuperation in
250 �l mobile phase; sample: spiked plasma solution of budesonide and IS.
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Table 1B
Selection of eluant of the extraction cycle.

Elution: methanol + 1% formic acid Elution: acetonitrile + 1% formic acid

C2EC C18EC C2EC C18EC

Analytical recovery (mean ± S.D., %, n = 3)
Budesonide epimer B 90.0 ± 1.4 116.5 ± 10.8 99.9 ± 21.6 76.9 ± 13.6
Budesonide epimer A 107.7 ± 6.1 103.3 ± 7.1 88.1 ± 19.7 66.2 ± 14.7
Hydrocortisone acetate 78.6 ± 5.5 36.6 ± 18.3 32.4 ± 16.4 21.6 ± 13.8

DECs: isolute (50 mg); conditioning: methanol and water (1.0 ml of each); washing: 1.0 ml of water/methanol (95:5, v/v) twice; evaporation; recuperation in 250 �l mobile
phase; sample: spiked plasma solution of budesonide and IS.

Fig. 3. Determination of method selectivity. (A) Chromatogram of blank plasma with budesonide quantitation parameters. (B) Chromatogram of plasma spiked with
budesonide at 375 pg/ml. (C) Chromatogram of blank plasma with IS quantitation parameters. (D) Chromatogram of plasma spiked with internal standard at 5000 pg/ml.
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Fig. 3.

l volume of internal standard solution (6.25 ng/ml) was added and
ixed. The vial is transferred on the appropriate rack of the ASPEC

ystem. The conditioning of the sorbent was achieved by passing
rst 1.0-ml of methanol and then 1.0-ml of ammonium acetate
0 mM through the DEC. The mixed sample (1.3-ml) was then aspi-
ated by the autosampler needle from the corresponding vial and
pplied onto the DEC. The washing step was then performed by

ispensing twice 1-ml of water/methanol (95:5, v/v). A 1-ml vol-
me of methanol/formic acid (99:1, v/v) was then dispensed on
he DEC and the eluate was collected in the tube positioned under
he DEC. The collected eluate was evaporated under reduced pres-
ure at 60 ◦C for 180 min, 250-�l of mobile phase was added to
nued ).

the residue, agitated and transferred into a chromatographic vial.
Vials were transferred manually to the LC autosampler rack for
analysis.

2.7. Pharmacokinetic study

The developed LC–MS/MS procedure was used to investigate the

plasma profiles of budesonide after a multiple inhaled administra-
tion to 24 healthy volunteers. Each volunteer received a dose of
300 �g of budesonide twice a day. The study lasted 8 days. Seventy
blood samples were withdrawn at different times from day 5 to day
8 after the administration of the medication.
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. Results and discussion

.1. Optimization of MS conditions

The LC–MS/MS method for the determination of budesonide
as first investigated. For the optimization of MS conditions, each

ompound was directly introduced in the MS detector using APCI
onization and parameters such as corona discharge, orifice voltage,
ing voltage, flow of nebulizer and auxiliary gas (N2) and temper-
ture of auxiliary gas (N2) were investigated in order to obtain the
eprotonated pseudomolecular ions of budesonide and hydrocor-
isone acetate (IS) (Fig. 1).

The pseudomolecular ions [M−CH3COO−] observed on the full
can mass spectra of budesonide were m/z 489.3. The collision
nergy in Q2 produced five significant fragment ions with m/z
anging from 59 to 357 (Fig. 2). MS–MS fragments gave higher abun-
ance were m/z 59 and m/z 357. m/z 59 fragment comes from the
eacetylation of the budesonide acetate adduct and thus will not
e stable and robust. Thus the MS/MS transition m/z 489/357 was
elected.
.2. LC optimization

Even if the MS detection coupled to the LC separation can be
onsidered as a very selective method and allows to quantify with a

ig. 4. Accuracy profile, at 17.5%, of budesonide epimer A in human plasma using (A) a line
fter logarithmic transformation and (D) a weighted 1/X linear regression model. Relative
ack-calculated concentrations (�).
877 (2009) 2290–2300 2295

high level of precision some coeluted peaks, it is generally admitted
that it is a better way to dispose of a complete chromatographic sep-
aration of the compounds. The complete separation of budesonide
epimers and hydrocortisone acetate was obtained on an octadecyl
silica stationary phase using a mobile phase consisting of a pH 3.2
ammonium acetate buffer–acetonitrile (65:35, v/v) mixture.

3.3. Selection of SPE sorbent

Different kinds of DECs containing bonded silicas with vari-
ous polarities were tested. Spiked plasma solutions were used
as samples and the corresponding recoveries of budesonide were
determined (Table 1A). The recoveries were calculated by compar-
ing the peak areas obtained from freshly prepared samples extracts
with those found by direct injection of aqueous solutions at the
same concentration into the LC–MS/MS system, using the same
autosampler. As can be seen in Table 1A, best results were obtained
with C2EC, C8, C8EC, C18, C18EC and C18MF. Two types of sorbent
were selected to perform the optimization of the extraction cycle,
C2EC and C18EC.
Parameters such as washing solvent and elution solvent were
then optimized. Table 1B shows the comparison between C2EC and
C18EC with elution solvent methanol/formic acid (99:1, v/v) and
acetonitrile:formic acid (99:1, v/v). Best results were obtained with
C2EC with methanol:formic acid (99:1, v/v).

ar regression model, (B) a quadratic regression model, (C) a linear regression model
bias (—), acceptance limits (- - -), �-expectation tolerance limits (– – –) and relative
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ig. 5. Accuracy profile, at 10.0%, of budesonide epimer B in human plasma using (A
fter logarithmic transformation and (D) a weighted 1/X linear regression model. Re
ack-calculated concentrations (�).

.4. Validation step

.4.1. Selection of the calibration model
An important step in the validation phase of an analytical

ethod consists in the assessment of the relationship between
he response and concentration in order to avoid serious difficul-
ies in the estimation of other validation criteria. In order to select
he most appropriate response function, the SFSTP approach based
n � expectation tolerance interval (or accuracy profile) for total
easurement error – including both bias and precision – of calibra-

ion samples has been used [15–19]. This approach reflects more
irectly the performance of individual assays and will result in

ewer rejected in-study runs than the current procedure that com-
ares point estimates of observed bias and precision with the target
cceptance criteria, i.e. 15% according to the Washington confer-
nce [23] or FDA document [24]. Once the calibration experiments
ave been performed, the response function can be determined
y applying different regression models and, from both analytical
esponses and regression line obtained, selecting the most suit-
ble accuracy profile for the intended use of the analytical method
15,17–19]. Regarding the obtained accuracy profiles for both budes-
nide epimers (Fig. 4 for epimer A and Fig. 5 for epimer B),

egression analysis could be performed in the present study using
ither the linear regression after log transformation or the weighted
/X linear regression (Figs. 4(C) and (D) and 5(C) and (D)). Never-
heless, the accuracy profiles obtained with the linear regression
fter log transformation reach the acceptance limits at one concen-
ar regression model, (B) a quadratic regression model, (C) a linear regression model
bias (—), acceptance limits (- - -), �-expectation tolerance limits (– – –) and relative

tration for budesonide epimer B determination. The weighted 1/X
linear regression model was finally selected.

The obtained equations are presented in Tables 3 and 4.
Accuracy profiles were build using a 82.5% (Risk ˛ = 17.5%) tol-

erance interval for budesoinde epimer A and a 90.0% (˛ = 10.0%)
tolerance interval for budesonide epimer B. The tolerance inter-
vals for both epimers were selected according to the maximum risk
(˛) to have future measurements during routine analysis outside
the acceptance limits of the ±15% �-expectation tolerance interval
(see Section 3.4.10). The determination coefficients (r2) obtained for
both regression lines demonstrate the good relationship between
peak area ratio and epimer concentration.

Furthermore, by use of the weighted linear regression model,
the procedure was able to quantify over the whole range under
investigation. This was of particular interest in the present study
since very low concentrations of budesonide should be measured.

3.4.2. Stability
The stability of the whole procedure was studied by considering

the different steps of the method.
For the evaluation of stability, the concentration levels of 90 and

3000 pg/ml were used and the number of replicate was 3. The sta-

bility of stock solutions (9 days at 5 ◦C), autosampler eluate (48 h at
20 ◦C), plasma sample (48 h at 20 ◦C), plasma storage (7 months at
−80 ◦C) and after three freeze and thaw cycles was investigated. The
determination of budesonide and IS were performed at the begin-
ning and at the end of each storage period. The results obtained
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Table 2
Matrix effect.

Budesonide epimer A Budesonide epimer B

90 pg/ml 3000 pg/ml 90 pg/ml 3000 pg/ml

A
9

w
s
o

3

e
a
a
i
c
l
i
T
c
b
m
5

T
V

V

R

C

S
I
r

T

P

A
(

L

R
S
I
r
L
L

k
l

of absolute bias (in pg/ml) or relative bias (%). It was assessed by
nalytical recovery (mean ± S.D., %, n = 3)
6.3 ± 8.5 95.6 ± 1.9 93.7 ± 2.8 91.2 ± 3.3

ere all included between 85% and 115% of the initial value. No
ignificant degradation of budesonide and internal standard was
bserved.

.4.3. Selectivity and matrix effect
Potential interfering substances in a biological matrix include

ndogenous matrix components, related substances, metabolites
nd concomitant medication drugs such as OTC drugs (aspirin,
cetaminophen, caffeine and ibuprofen). The selectivity was stud-
ed by injecting 6 different sources of plasma spiked with these
ompounds in the chromatographic system after DECs and by ana-
yzing 18 different sources of plasma. No endogenous source of
nterference was observed at the retention times of the analytes.
ypical chromatograms obtained with a blank plasma and a plasma

ontaining 120.2 pg/ml of budesonide epimer A and 90.5 pg/ml
udesonide epimer B are presented in Fig. 3(A) and (B). Chro-
atograms obtained with a blank plasma and a plasma containing

000 pg/ml of internal standard are presented in Fig. 3(C) and (D).

able 3
alidation of the method of determination of budesonide epimer A in human plasma.

alidation criterion for budesonide epimer A

esponse function Series 1 Series 2 Series 3

alibration model Weigthed 1/X linear regression; calibration
range (m = 7); 41.2–2745 pg/ml

lope 4.37 × 10−4 3.32 × 10−4 3.04 × 10−4

ntercept 1.73 × 10−3 −7.63 × 10−4 −4.00 × 10−6

2 0.9974 0.9980 0.9977

rueness (k = 3; n = 6) (pg/ml) Absolute bias (pg/ml) Relative bias (%)

41.2 1.3 3.0
82.4 0.4 0.5

686 −7.9 −1.2
2745 −84.0 −3.0

recision (k = 3; n = 6) (pg/ml) Repeatability
(R.S.D., %)

Intermediate precision
(R.S.D., %)

41.2 4.1 5.8
82.4 5.1 6.6

686 8.6 8.9
2745 2.8 3.8

ccuracy (k = 3; n = 6)
pg/ml)

�-Expectation
tolerance limit (pg/ml)

Relative �-expectation
tolerance limit (%)

41.2 [38.4; 46.5] [−6,8; 12,9]
82.4 [73.8; 91.7] [−10.4; 11.4]

686 [588; 769] [−14.4; 12.1]
2745 [2486; 2836] [−9.5; 3.3]

inearity (k = 3; n = 6)

ange (pg/ml) 41.2–2745
lope 0.9679
ntercept 5.942
2 0.9972
OD (pg/ml) 4.7
OQ (pg/ml) 41.2

, number of series; n, number of replicates per series; m, number of concentration
evels for calibration standards.
877 (2009) 2290–2300 2297

The matrix effect was evaluated by injected six samples of dif-
ferent plasma spiked with budesonide solution after DECs and
compared with pure solution of the same concentration.

Results presented in Table 2 show that matrix effect is neglige-
able.

3.4.4. Response function
The response function of an analytical procedure is, within the

range selected, the existing relationship between the response (sig-
nal) and the concentration (quantity) of the analyte in the sample
system [15–19,21,22]. The validation results of the response func-
tion are presented in Table 3 (epimer A) and Table 4 (epimer B).
The response function was evaluated on the validation solutions
to confirm that the selected weighted 1/X linear regression model
obtained with the calibration standards is valid and may be applied
on real routine samples.

3.4.5. Trueness
Trueness refers to the closeness of agreement between the mean

value obtained from a series of measurements and an accepted ref-
erence value [15,22]. As can be seen from the results in Table 3
(epimer A) and Table 4 (epimer B), trueness was expressed in terms
means of validation standards in the matrix at four concentration
levels ranging from 41.2 to 2745 pg/ml (k = 3, n = 6) for budesonide
epimer A and ranging from 37.6 to 2506 pg/ml (k = 3, n = 6) for
budesonide epimer B. Compared to the regulatory requirements for

Table 4
Validation of the method of determination of budesonide epimer B in human plasma.

Validation criterion for budesonide epimer B

Response function Series 1 Series 2 Series 3

Calibration model Weigthed 1/X linear
regression; calibration range
(m = 7); 37.6–2506 pg/ml

Slope 7.58 × 10−4 5.79 × 10−4 1.71 × 10−3

Intercept 2.72 × 10−3 −1.89 × 10−4 4.98 × 10−3

r2 0.9991 0.9981 0.9978

Trueness (k = 3; n = 6) (pg/ml) Absolute bias (pg/ml) Relative bias (%)

37.6 0.5 1.4
75.2 −0.7 −0.9

626 −13.9 −2.2
2506 −20.1 −0.8

Precision (k = 3; n = 6) (pg/ml) Repeatability
(R.S.D., %)

Intermediate
precision (R.S.D., %)

37.6 4.3 5.6
75.2 5.0 6.0

626 6.3 6.8
2506 3.3 3.5

Accuracy (k = 3; n = 6) (pg/ml) �-Expectation
tolerance limit (pg/ml)

Relative �-expectation
tolerance limit (%)

37.6 [33.8, 42.5] [−10.1, 12.9]
75.2 [65.7, 83.3] [−12.6, 10.8]

626 [534.3, 690.9] [−14.7, 10.3]
2506 [2324.0, 2648.0] [−6.6, 5.7]

Linearity (k = 3; n = 6)

Range (pg/ml) 37.6–2506.0
Slope 0.9922
Intercept −2.241
r2 0.9978
LOD (pg/ml) 3.2
LOQ (pg/ml) 37.6

k, number of series; n, number of replicates per series; m, number of concentration
levels for calibration standards.
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ioanalytical method validation [23,24], the trueness of the pro-
osed method was demonstrated since the relative bias did not
xceed the values of 15%, including the lower limit of quantitation.

.4.6. Precision
The precision of the bioanalytical method was evaluated at two

evels: repeatability and intermediate precision, at the same con-
entration levels as those mentioned above for each budesonide
pimer. The variance of repeatability and time dependent inter-
ediate precision as well as the corresponding relative standard

eviation (R.S.D.) were calculated from the estimated concentra-
ions [16,17] and are presented in Tables 3 and 4. R.S.D. values for
epeatability and intermediate precision were between 2.8% and
.9% for budesonide epimer A and between 3.3% and 6.8% for budes-
nide epimer B, illustrating the good precision of the proposed
ethod.

.4.7. Accuracy
The accuracy takes into account the total error, i.e. systematic

nd random errors, related to the test result [16,22]. The upper
nd lower �-expectation tolerance limits expressed in absolute
oncentration (pg/ml) and in relative value (%) are presented in
ables 3 and 4 as a function of the introduced concentrations. As can
e seen from the results, the method was considered as accurate,
ince the tolerance intervals are included in the ±15% acceptance
imits [23,24] for all the concentration levels tested including the
owest one (41.2 pg/ml for epimer A and 37.6 pg/ml for epimer B).

.4.8. Linearity
The linearity of an analytical method is its ability within a

efinite range to obtain results directly proportional to the concen-
rations (quantities) of the analyte in the sample [15–17]. Therefore,
or all the series, a regression line was fitted on the estimated
oncentrations as a function of the introduced concentrations by
pplying the linear regression model based on the least squares
ethod. The regression equation is presented for each budesonide

pimer in Tables 3 and 4. Moreover, in order to demonstrate method
inearity, the approach based on the absolute �-expectation toler-
nce limits as illustrated in Fig. 6 (epimer A and epimer B) can be
pplied [21]. The linearity of the present method was demonstrated
or both epimers since the absolute �-expectation tolerance limits

ere within the absolute acceptance limits.

.4.9. Detection and quantitation limits
The limit of detection (LOD) was estimated using the mean

ntercept of the calibration model and the residual variance of the
egression [25]. By applying this computation method, the LOD of
he developed method was 4.7 pg/ml for budesonide epimer A and

.2 pg/ml for budesonide epimer B. The lower limit of quantitation
f an analytical procedure is the smallest amount of the targeted
ubstance in the sample that can be assayed under the experi-
ental conditions prescribed with a well defined accuracy [16],

.e. taking into account the systematic and random errors [23,24].

able 5
ncertainty of measurements for each concentration level of the budesoinde epimers A a

nalyte Concentration (pg/ml) Uncertainty of the
bias (pg/ml)

udesonide epimer A

41.2 1.1
82.4 2.3

686 17
2745 45

udesonide epimer B

37.6 0.9
75.2 1.7

626 12
2506 26
Fig. 6. Linear profile of budesonide. The dashed limits on this graph correspond to
the accuracy profile, i.e. the �-expectation confidence limits expressed in absolute
values. The dotted curves represent the acceptance limit at 15% expressed in the
concentration units.

The lowest concentration levels studied for each epimer were con-
sidered to be the LOQ since the accuracy profiles are within the
acceptance limits. Precision and trueness were also demonstrated
at these concentration levels (see Tables 3 and 4).

3.4.10. Risk and uncertainty assessments
The maximum risk (˛; 1 − ˇ) to have future measurements dur-

ing routine analysis outside the acceptance limits of the ±15%

�-expectation tolerance interval was set at 17.5% for budesonide
epimer A and 10.0% for budesonide epimer B [26]. Accuracy profiles
with the selected regression model allow to estimate the probabil-
ity to obtain such results. Fig. 7 shows the risk profiles associated
at each level studied for both epimers. The maximum risk obtained

nd B validation standards.

Uncertainty (pg/ml) Expended
uncertainty (pg/ml)

Relative expanded
uncertainty (%)

2.6 5.2 13
5.9 12 14

64 127 19
115 229 8.3

2. 3 4.6 12
4.8 9.6 12

44 89 14
92 184 7.3
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the QC samples without replicates at the same concentration levels
were outside the ±15% of the nominal value [23,24]. Moreover, the
QC bias (%) and the QC R.S.D. values which are presented in Table 6
illustrates the very good reliability of the described method.

Table 6
QC interday precision and trueness during routine analysis.

Epimer A

Trueness (k = 24; n = 3) (pg/ml) Absolute bias: pg/ml
(relative bias: %)

84.4 −3.3 (−3.9)
703 −19.3 (−2.7)

2810 −121.7 (−4.3)

Precision (k = 24; n = 3) (pg/ml) Repeatibility
(R.S.D., %)

Intermediate
precision (R.S.D., %)

84.4 8.3 9.6
703 5.6 7.2

2810 5.8 8.4

Epimer B

Trueness (k = 24; n = 3) Absolute bias: pg/ml
(relative bias: %)

95.6 −4.6 (−4.8)
797 −29.2 (−3.7)

2190 −99.0 (−3.1)

Precision (k = 24; n = 3) (pg/ml) Repeatibility Intermediate
ig. 7. Risk profile in % of having future measurements falling outside the ±15%
cceptance limits in routine analysis for the quantitation of budesonide epimer A and
in human plasma, obtained by considering the weighted (1/X) linear regression.

s less than 15% for the quantitation of budesonide epimer A and
ess than 10% for the quantitation of budesonide epimer B. It can be
oticed that a risk of 33% is accepted in routine analysis according
o the 4-6-20 rule of the FDA guidance [23,24].

Measurements uncertainty was also evaluated during the vali-
ation phase. The uncertainty characterizes the dispersion of the
alues that could reasonably be attributed to the measurand. The
xpanded uncertainty was computed using a coverage factor of
= 2 [27–29], representing an interval around the results were the
nknown true value can be found with a confidence level of 95%. The
elative expanded uncertainty of budesonide epimer A in human
lasma is less than 20% (Table 5) and less than 15% for epimer B. This
eans that, with a confidence level of 95%, the unknown true value

s situated at maximum ±20% for epimer A and ±15% for epimer B
round the measured result.

.5. Routine analysis

.5.1. Method follow-up during routine analysis
In order to assess the method performances during routine anal-

sis, quality control samples at different concentration levels have

o be analysed. The procedure most widely used for the continuous
valuation of assay performance involves the construction of QC
harts. In the present study, the acceptance limits have been fixed
t ±15% of the observed bias according to the Washington confer-
nce [23] and the FDA document [24]. Three concentration levels
Fig. 8. Chart of quality control during routine analysis (N = 207).

for each method were monitored. The QC charts presented in Fig. 8
demonstrate that the analytical procedures were undercontrol dur-
ing routine analysis. Indeed, at least 67% of the QC samples were
within 15% of their nominal values and definitely less than 33% of
(R.S.D., %) precision (R.S.D., %)

95.6 9.6 10.1
797 6.7 7.8

2190 6.3 8.4
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ig. 9. Plasma concentration–time profile of budesonide (epimer A + epimer B) after
multiple inhaled administration to 24 healthy volunteers.

The proportion of the QC samples outside the limits of ±15% (i.e.
he acceptance limit) was 6.8% for budesonide epimers A and B.
s these values are less than the risk associated to the predictive
odel, we can assess the good accuracy of the validated model.

.5.2. Pharmacokinetics
The LC–MS/MS procedure developed was used to investigate

he pharmacokinetics profile and the bioavailability of budes-
nide after the administration of multiple inhaled doses to 24
ealthy volunteers. Plot of the plasma concentration of budes-
nide (pg/ml) versus post-dose sampling time (h) is presented in
ig. 9. Pharmacokinetics parameters calculated from these data are
s follows: budesonide epimer A: AUC0–12: 1746.3 ± 922.3 pg/ml h,
max: 879.5 ± 436.2 pg/ml and Tmax: 0.5 ± 0.6 h. Budesonide epimer
: AUC0–12: 1429.5 ± 2151.3 pg/ml h, Cmax: 776.3 ± 428.1 pg/ml and
max: 0.36 ± 0.45 h.

. Conclusions

A sensitive and accurate procedure based on the solid-phase
xtraction coupled at-line to a LC–MS/MS determination has been
eveloped for the assay of budesonide. The extraction procedure
nd the MS/MS conditions were optimized in order to have a
ensitive method. The procedure was fully validated to meet the
equirements of the pharmacokinetic investigation of this com-
ound. The procedure developed was successfully applied to the
etermination of budesonide plasma levels for investigating a phar-
acokinetic study.
cknowledgments
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