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bstract

A novel, multidimensional on-line SPE-LC method with electrochemical detection is described for the fully automated and direct analysis of the
atecholamines norepinephrine, epinephrine and dopamine in urine. The integrated extractive clean-up of the raw biofluid is based on a SPE-column
acked with restricted access material (RAM) which is modified with the affinity ligand nitrophenylboronic acid. The method was fully validated
ccording to a recent approach based on an accuracy profile. The acceptance limits were set at ±15% of the nominal concentration values. The
ethod was found accurate over a concentration range from 15 to 500 �g/l for norepinephrine, from 5 to 500 �g/l for epinephrine and from 50 to

00 �g/l for dopamine. The relative risk for the use of the validated method in routine analysis was also assessed based on this validation strategy.

t was found that at most 3.5% of future sample measurements will fall outside the acceptance limits. This demonstrates the high reliability of
he analytical method described. Moreover, the measurements uncertainties were deduced from the validation experiments without any additional
ffort.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Epinephrine (E), norepinephrine (NE) and dopamine (DA,
f. Fig. 1) represent endogenous catecholamines which act
s hormones and/or neurotransmitters. These biogenic amines
erve as tumor markers in 24 h urine sample of individuals
creened and/or monitored for neuroblastoma or pheochromo-
ytoma in humans [1]. Consequently, there is a need to have a
eliable bioanalytical method available for the routine clinical-

hemical extraction, separation and quantitation of these diag-
ostic marker molecules. Many papers have been published,
escribing methods for LC separation and detection of cate-
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holamines in biological fluids, such as urine or plasma. Cat-
cholamines are electroactive compounds and therefore can be
uantitated using an electrochemical detector [2–11]. Various
ethods have been described for pretreatment of the com-

lex biological matrices to be analyzed as well as for the
xtraction of trace amounts of catecholamines. These include
iquid–liquid extraction [12,13], adsorption on aluminum oxide
13–15], off-line and on-line solid-phase extraction (SPE) using
ation-exchange packings [9,16,17] or diphenylborate as com-
lexation reagent [10,18–20] and phenylboronic acid as immo-
ilized affinity ligand for on-line SPE [21–25]. The main limita-
ions with liquid–liquid extraction, alumina adsorption or cation

xchange packings are that they are not selective enough and that
hey do not give high extraction yields. Furthermore, extraction
n alumina as well as off-line solid phase extraction requires
omplex washing procedures which introduce variability in

mailto:eric.rozet@ulg.ac.be
dx.doi.org/10.1016/j.jchromb.2006.07.060
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ig. 1. Chemical structures of: (a) epinephrine, E; (b) norepinephrine, NE; (c)
opamine, DA; (d) dihydroxybenzylamine (internal standard).

ecovery. All these sample purification methods are complex,
ime consuming or labour intensive. To increase the efficiency
f the sample preparation step, an alternative is to use highly
elective ligand such as boronic acid derivative which selectively
orbs the cis-diol group present in catecholamines transmitter.
n addition, the combination with restricted access material and
utomated on-line extraction methods increases the reliability
f the results. To our knowledge no such on-line SPE method
as been described which uses electrochemical detection for the
uantitation of urinary catecholamines.

To ensure that the analytical method can fulfill its objective,
hich is to quantify the three major catecholamines in urine, the
ethod has to be validated. For that purpose, an original strategy

roposed by a Commission of the Société Française des Sciences
t Techniques Pharmaceutiques (SFSTP) was applied which
s based on accuracy profiles as a decision tool [26,27]. This
pproach is also used to select the most appropriate response
unction, to estimate the limit(s) of quantitation and to evalu-
te the concentration range. Furthermore, this strategy allows to
stimate and control the risk associated with the future use of the
ethod [26–29]. However, to allow an adequate interpretation

nd comparison of the results to toxics or pathological levels
r to regulatory acceptance limits, validation is not enough; the
ncertainty related to the measurements should be estimated.
ithout any further experiments it was possible to estimate the

ncertainty of measurements using the original validation strat-
gy.

. Experimental

.1. Chemicals

Norepinephrine bitartrate salt, epinephrine and dopamine
ydrochloride were obtained from Sigma (Steinheim, Ger-
any), 3,4-dihydroxybenzylamine hydrobromide was obtained

rom Fluka (Steinheim, Germany). Octane-1-sulfonic acid
odium salt, potassium di-hydrogen phosphate and di-
mmonium hydrogen phosphate were all of analytical grade
nd were purchased from Merck (Darmstadt, Germany). EDTA

isodium salt dehydrate, also of analytical grade, was pur-
hased from Fluka (Steinheim, Germany). Sodium hydroxide,
ydrochloric acid (Titrisol 1 N) and phosphoric acid (85%) were
btained from Merck (Darmstadt, Germany). Water, acetoni-

d
(
w
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rile and methanol were of HPLC grade and purchased from J.T.
aker (Deventer, The Netherlands).

.2. Apparatus

A Summit ×2 dual gradient HPLC system (Dionex, Idstein,
ermany) equipped with: a solvent rack model SOR-100, two

ow-pressure gradient pumps with integrated on-line degasser
680, an automated sampler injector ASI-100 and a ther-
ostated column oven TCC-100 was used. The Chromeleon®

6.60 manager software (Dionex) was loaded for the control of
he analytical system and data collection. The electrochemical
etector (EC3000), the detector cell (EC4000) and the ther-
ostat (HT3000) were from Recipe Chemicals & Instruments
mbH, Munich, Germany.
A three way low pressure switching valve (Recipe) was

laced between the outlet of the analytical column and the elec-
rochemical cell and controlled automatically by the LC-system.

The SPE-column (CAT-PBA, 30 mm × 4 mm ID, Recipe
hemicals & Instruments GmbH, Munich, Germany) contains
restricted access material (RAM) modified with the affinity

igand nitrophenylboronic acid. The size exclusion limit of the
AM SPE-column amounts to approximately 10 kDa. The ana-

ytical column (150 mm × 4.6 mm ID; particle size: 5 �m) was
acked with a reversed phase material and obtained from Recipe
hemicals & Instruments GmbH (Munich, Germany). The SPE-
olumn and the analytical column were coupled via the ten-port
witching valve integrated in the column oven of the Summit
2 dual gradient HPLC system, whereby two adjacent ports
ere sealed. The e.noval® software V2.0 (Arlenda, Liège, Bel-
ium) was used to compute the accuracy profiles and validation
esults.

.3. Standard solutions

Stock solutions of the catecholamines investigated were pre-
ared by dissolving an accurately weighed amount of the ana-
ytes in 0.1 M HCl. These solutions were stored at 4 ◦C and
ewly prepared each day except for the internal standard which
as used for one week. The stock solutions of catecholamines
ere diluted with HCl (0.1 M) and used to spike aliquots of
4 h human urine up to 5 concentration levels (m = 5) covering
range from 5 to 500 �g/l. Two types of spiked urine samples
ere prepared daily, namely calibration standards and validation

tandards, both having the same concentrations. Each sample
as also spiked with internal standard in order to obtain a con-

entration of 100 �g/l. Each calibration standard was analyzed
wice (n = 2) whereas each validation standard was analyzed
hree times (n = 3). Calibration and validation standards were
repared for five different days (k = 5).

.4. Urine collection
Twenty-four hours human urine was collected under stan-
ardized conditions using a newly developed kit, Uriset24®

Sarstedt AG & Co., Nümbrecht, Germany) [30]. Aliquots
ere stored at −20 ◦C. Urine samples were thawed at room
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Table 1
Valve positions, timing and flow rates

Analysis step Time (min) Position high pressure SV Position heart-cut 3 port SV Mobile phase A (ml/min) Mobile phase B (ml/min)

1 0–2 A A 2.0 1.2
2, 3, 4 2–3 B B 2.0 1.8
3
3
3

t
a

2

×
(

1

F
B
v
(
l

2

3

, 4 3–5.3 A B
, 4 5.3–5.5 A B
, 4 5.5–20 A A

emperature and centrifuged at 12,000 × g for 15 min prior to
nalysis.

.5. On-line SPE and analytical separation

A fully automated SPE-LC analysis cycle using the Summit
2 dual gradient HPLC system consists in four distinct steps

Fig. 2):

. Matrix depletion and analyte extraction
The sample (standard solution or 20 �l of raw human

urine) is loaded with mobile phase A (0.2 M diammonium-
hydrogenphosphate, 3.72 g/l EDTA and methanol, 95:5, v/v,
adjusted to pH 8.7) at a flow rate of 2.0 ml/min via the
autosampler onto the SPE-column. While the sample matrix
is flushed to waste within 2 min, urinary catecholamines are

retained and extracted by chemospecific formation of a cyclic
boronic ester [18]. Due to the formation of a reversible cova-
lent bond with the affinity ligand, recovery of the target
analytes and depletion of the sample matrix is quantitative.

ig. 2. Instrumental set-up of the SPE-LC-ECD system: (1) pump A; (2) pump
; (3) autosampler; (4) high-pressure-valve; (5) SPE-column; (6) low pressure
alve; (7) mobile phase A; (8) waste; (9) thermostat; (10) analytical column;
11) heart-cut low pressure valve; (12) waste; (13) electrochemical cell; (14)
ow pressure valve; (15) waste; (16) mobile phase B.
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. Analyte transfer from SPE-column to analytical column
By switching the automatic valve (cf. Table 1, 10-port SV),

the SPE-column and the analytical HPLC column are series-
connected. The mobile phase B (50 mM potassium dihydro-
gen phosphate, 2.5 mM sodium octylsulfonate, 0.1 g/l EDTA
and acetonitrile, 96.5:3.5, v/v, adjusted with phosphoric acid
to pH 3.5) which is delivered to the SPE-column in a back-
flush mode hydrolyses the cyclic ester and transfers the
released analytes on top of the analytical column within 1 min
at a flow-rate of 1.8 ml/min.

. Analyte separation
After switching back into the original valve position (cf.

Table 1, 10-port SV), the catecholamines are separated under
isocratic conditions by ion-pair reversed phase HPLC within
20 min at a flow rate of 1.2 ml/min and 30 ◦C. The cat-
echolamines were monitored electrochemically applying a
working potential of 600 mV. In order to prevent any distur-
bance of the electrochemical cell due to the change of the
composition of the mobile phase, the resulting plug com-
posed of a buffer mixture was directed to waste (heart-cut;
cf. Table 1, 3-port SV).

. Reconditioning of the SPE-column
During the analytical separation of the catecholamines the

SPE-column is flushed with mobile phase A in order to regen-
erate it and to be ready for the next injection.

. Results and discussion

.1. Sample clean-up, analyte separation and detection

The described on-line SPE-LC-ECD method allows the injec-
ion of raw human urine, integrated extractive sample clean-up,
on-pair reversed phase separation and electrochemical detec-
ion of the catecholamines norepinephrine, epinephrine and
opamine.

The SPE step is chemoselective with regards to the analytes
nvestigated. The immobilized affinity ligand nitrophenyl-
oronic acid forms a reversible covalent bond with the
atecholamines via their cis-diol substructure [18]. Three
hromatographic modes are applied for the extraction and sep-
ration of the target analytes, namely affinity-, size-exclusion-
nd ion-pair-reversed phase chromatography. All this modes
re orthogonal to each other. Thus, this on-line SPE-LC method

s multidimensional and for this reason very selective. This
an be seen in the chromatograms shown in Figs. 3 and 4.
nly the peaks of the target analytes and of the internal

tandard are detectable. Furthermore on Fig. 4, no interfer-
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ig. 3. Representative chromatogram obtained after on-line SPE-LC-ECD anal-
sis of 20 �l of spiked (50 �g/l each of NE, E, DA and 100 �g/l IS) 24 h human
rine.

nce peak is observed at the retention time of the internal
tandard.

Due to the highly efficient and selective clean-up the life-
ime of the SPE-column exceeds more than 2000 injections of
aw urine samples each of 20 �l. In order to reduce the con-
umption of the mobile phase used for the extraction step an
dditional three-port valve was placed between the outlet of the

PE-column and the waste container. Indeed this valve allows

he recycling of the extraction mobile phase during the recondi-
ioning step of the SPE-column.

ig. 4. Representative chromatogram obtained after on-line SPE-LC-ECD anal-
sis of 20 �l of 24 h human urine of a healthy volunteer. NE: 20.9 �g/l; E:
.7 �g/l; DA: 217.7 �g/l.
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An essential prerequisite for a valid bioanalytical method
s that the concentration and chemical entity of a given target
nalyte in a biofluid remain unchanged from the time being sam-
led until the final analysis. For many analytes the preanalytical
hase, i.e. the time between the sample collection and quanti-
ation determines the quality of the overall analytical process
31]. This holds especially for instable analytes such as cat-
cholamines which are easily oxidized. Many of the published
rotocols fail and lead to false negative results and thus to wrong
iagnosis in a clinical setting. Up to now no standardized proce-
ure has been developed in order to completely stabilize these
iogenic amines during the overall process.

Recently, we developed a novel collection-set for diagnos-
ic marker molecules in 24 h urine. UriSet 24 (Sarstedt AG &
o., Nümbrecht, Germany) [30] standardizes and guarantees the

tabilization of the catecholamines at ambient temperature with
0% hydrochloric acid during the 24 h collection as well as their
ransport to and storage in the laboratory until analysis.

.2. Method validation

Recently, Nikolajsen and Hansen [32] published a review on
nalytical methods for determining urinary catecholamines in
ealthy subjects. They pointed out that many of the reviewed
apers lack valuable information and recommended that in
uture papers the method described should be fully validated.
herefore, an original approach using accuracy profiles based
n tolerance intervals for the total measurement error, includ-
ng both bias and standard deviation for intermediate precision,
as applied to demonstrate the method capability [26,27]. The

olerance interval used is a “�-expectation tolerance interval”
efining an interval in which it is expected that at least a define
roportion of future results (�) will lay inside [29,33,34]. It is,
herefore, a predictive tool. This tolerance interval is computed
or each validation standard concentration level, using their esti-
ated intermediate precision standard deviation and bias. By

oining the upper tolerance limits on one hand and the lower tol-
rance limits on the other hand, it defines an accuracy profile. As
ong as this profile stays inside the acceptance limits the method
an be considered as valid. Indeed, it guarantees that at least a
roportion � (e.g. 0.95 or 95%) of future results will be included
n the a priori set acceptance limits.

Such an approach reflects more directly the performance of
ndividual assays and will result in fewer rejected in-study runs
han the current procedure that compares point estimates of
bserved bias and precision with the target acceptance criteria
ccording to the FDA document [35] or Washington conference
36,37]. The concept of accuracy profile was also used to select
he most appropriate regression model for calibration, to deter-

ine the lower limit of quantitation (LLOQ) and the range over
hich the method can be considered as valid. The acceptance

imits were settled at ±15% according to the regulatory require-
ents [35–37].
.2.1. Extraction efficiency
The absolute recoveries of the analytes were determined

t three different concentrations ranging from 5 to 500 �g/l



E. Rozet et al. / J. Chromatogr

Table 2
Extraction efficiency for norepinephrine, epinephrine and dopamine

Analyte Concentration (�g/l) Analyte recovery (%) (n = 3)

Norepinephrine
15 96.3 ± 1.6
275 95.4 ± 2.1
500 97.1 ± 1.9

Mean 96.3 ± 1.9

Epinephrine
5 95.3 ± 1.8
275 95.1 ± 1.6
500 96.6 ± 1.3

Mean 95.7 ± 1.6

Dopamine
50 95.6 ± 1.9
275 96.7 ± 1.7
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500 97.1 ± 2.2

Mean 96.5 ± 1.8

35–38]. The mean recoveries are shown in Table 2 for each
nalyte. Those absolute recoveries were calculated by compar-
ng peak areas for each catecholamine obtained from freshly
repared urine samples treated according to the described proce-
ure with those found after the direct injection on the analytical
olumn of HCl 0.1 M standard solutions at the same concen-
rations. All the recoveries were high and relatively constant
ll over the ranges studied, demonstrating the high extraction
fficiency of the method.

.2.2. Analysis of the response functions
In order to validate the analytical procedure, the standard

ddition method was used. Indeed the analytes studied are natu-
ally present in the matrix. Therefore, one calibration curve for
ach catecholamine was made by spiking 24 h human urine in
rder to reach 5 concentration levels ranging form 5 to 500 �g/l
f added catecholamines. For each calibration curve two calibra-
ion standards were analyzed at each concentration level for five
ays. Independent validation standards at similar concentration
evels were also treated in triplicate during the same period. For
ach time dependent series, the standard addition method was
sed to obtain the response (signal) of the naturally occurring
atecholamines in the urine matrix (i.e. the y-axis intercept) as
ell as the standard error of these values. Those responses were

anging from 8.1 to 9.3 area units (A.U.) for norepinephrine,
rom 0.7 to 1.9 A.U. for epinephrine and from 56.2 to 77.9 A.U.
or dopamine. The maximum standard errors of these responses
ere of 2.8, 1.0 and 13.0 A.U. for norepinephrine, epinephrine

nd dopamine, respectively. The values of the y-axis intercepts
dded to their standard errors were subtracted to each analytical
esponse of each analyzed sample in its corresponding series.
his step was done for each new series of experiments. The
ffective calibration curves obtained were made by 4 concentra-
ion levels ranging from 15 to 500 �g/l for norepinephrine, by 5
oncentration levels ranging from 5 to 500 �g/l for epinephrine

nd by 3 concentration levels ranging from 50 to 500 �g/l for
opamine.

Then, from these data several response functions were fit-
ed. From every response function obtained for each cate-
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holamine, the concentrations of the validation standards were
ack-calculated in order to determine, by concentration level, the
ean relative bias as well as the upper and lower �-expectation

olerance limits at 95% level by introducing the estimation of
he standard deviation for intermediate precision.

From these data, different accuracy profiles were plotted to
elect the most suitable regression model for the intended use
f the analytical method [26–28,38]. As shown in Fig. 5, two
esponse functions, namely the simple linear regression model
nd the linear regression model after square root transforma-
ion, were tested for each catecholamine. The acceptance limits
ere set at ±15% according to the regulatory requirements

35–37]. Only the linear regression after square root transfor-
ation allowed demonstrating the capability of the method to

uantify NE and E over the concentration range considered,
ince the tolerance intervals were totally included inside the
cceptance limits. For DA the tolerance intervals for both models
ere included inside the acceptance limits. Therefore, the simple

inear regression was selected since it is an easier model to use.
he responses functions obtained by applying these regression
odels are presented in Table 3.

.2.3. Trueness
Trueness [26,39] expressed in terms of relative bias (%) was

ssessed from the validation standards for NE, E and DA at
, 5 and 3 concentration levels, respectively as can be seen in
able 3. According to the regulatory requirements [35], trueness
as acceptable for the three analyzed catecholamines, since the
ias did not exceed the value of ±15%, irrespective of the con-
entration level.

.2.4. Precision
The precision of the bioanalytical method was then deter-

ined by computing the relative standard deviations (RSD) for
epeatability and time-different intermediate precision at each
oncentration level of the validation standards for the different
atecholamines [26,31,32,35,36]. The RSD values presented in
able 3 were relatively low, about 2.4% and 1.9% for NE and E
t the lowest concentration levels. However, the maximal RSD
alue for DA (4.3%) was a little bit higher, but remained still
cceptable. These results illustrate the good precision of the
eveloped method.

.2.5. Accuracy, LOQ and LOD
Accuracy takes into account the total error, i.e. the sum

f systematic and random errors, related to the test result
26–28,35–39]. As shown in Table 3, the upper and lower �-
xpectation tolerance limits of the mean bias (%) did not exceed
he acceptance limits settled at 15% for each concentration
evel. Consequently, the method can be considered as accurate
ver the concentration range investigated [27,35–37]. For NE,
and DA, the lower limits of quantitation (LLOQ) were 15, 5

nd 50 �g/l, respectively. As for the limit of detection (LOD),

t was estimated using the mean intercept of the calibration

odel and the residual variance of the regression. The LOD
ere evaluated at 0.52, 0.26 and 23.98 �g/l, for NE, E and DA,

espectively.
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e

ig. 5. Accuracy profiles for NE (a), E (b) and DA (c) using a linear regression
elative bias (–·–·–), acceptance limits (· · ·), �-expectation tolerance limits (– –

.2.6. Linearity of the results

In order to demonstrate method linearity [26], a regression

ine was fitted on the calculated concentrations of the valida-
ion standards as a function of the introduced concentrations by
pplying a linear regression model. The equations obtained for

p

b
a

el after square root transformation (i) or a simple linear regression model (ii).
lative back-calculated concentrations (·).

ach catecholamine with their coefficient of determination are

resented in Table 3.

The slopes values obtained for the three catecholamines were
etween 0.85 and 1.15, the method can therefore be considered
s linear [40]. The linearity of the method was also demonstrated



E. Rozet et al. / J. Chromatogr. B 844 (2006) 251–260 257

Table 3
Method validation

Validation criterion Norepinephrine Epinephrine Dopamine
Response function (k = 5; n = 2) Linear regression after square

root transformation
Linear regression after square
root transformation

Simple Linear regression

Calibration range (m = 4):
15–500 �g/l

Calibration range (m = 5):
5–500 �g/l

Calibration range (m = 3): 50–500 �g/l

Trueness (k = 5; n = 3)
Relative bias (%)

5 �g/l – 4.9 –
15 �g/l 4.3 −1.5 –
50 �g/l 0.7 −1.4 0.6
250 �g/l 1.4 0.5 −0.9
500 �g/l 0.9 1.2 −1.3

Precision (k = 5; n = 3)
Repeatability/intermediate precision (RSD%)

5 �g/l – 1.1/1.9 –
15 �g/l 2.3/2.4 4.4/4.8 –
50 �g/l 2.2/4.0 1.5/2.3 2.1/4.3
250 �g/l 0.9/2.2 0.9/1.9 1.4/4.1
500 �g/l 0.5/1.5 0.9/2.8 0.9/3.4

Accuracy (k = 5; n = 3)
�-Expectation lower and upper tolerance limits of the relative error (%)

5 �g/l – [−0.1, 10.0] –
15 �g/l [−1.0, 9.5] [−12.3, 9.2] –
50 �g/l [−9.8, 11.2] [−7.3, 4.4] [−11.1, 12.3]
250 �g/l [−4.8, 7.5] [−4.8, 5.8] [−12.5, 10.7]
500 �g/l [−3.3, 5.0] [−6.8, 9.2] [−11.2, 8.6]

Linearity (k = 5; n = 3)
Range (�g/l) [15, 500] [5, 500] [50, 500]
Slope 1.009 1.012 0.9846
Intercrept 0.4496 −0.6579 1.311
r2 0.9995 0.999 0.9965

LOD (�g/l) 0.5 0.26 24
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sing the �-expectation tolerance interval approach. Indeed, as
llustrated in Fig. 6a–c, the upper and lower �-expectation toler-
nce limits were included inside the absolute acceptance limits
rrespective to the concentration levels for the three analytes
tudied.

.3. Risk assessment

By using the �-expectation tolerance intervals obtained with
he previously selected regression models, risk of having future

easurement falling outside the specified acceptance limits was
ssessed. This risk is computed as the sum of the proportion
f results effectively lying outside the upper acceptance limit
n one hand and under the lower acceptance limit on the other
and [41]. The maximum risk tolerated was set at 5%. In other
ords, this means that it is expected that, in routine analysis,

t most 5 sample measurements out of 100 will fall outside the
15% acceptance limits. Fig. 7 shows the risk profiles for each
tudied catecholamine constructed by concentration level from
he validation standards. In all cases the risk did not exceed 5%.
ndeed, the highest risk levels were 1.9% for NE, 2.4% for E and
.5% for DA. Using these risk profiles the analyst can see how

s
f
t
e

50

ar the analytical method is reliable for its intended use, therefore
iving him a new tool to evaluate the reliability of its method.
he consumer risk linked to the use of the analytical procedure

s known and managed as required in the Process Analytical
echnology initiative of the FDA [42].

.4. Uncertainty assessment

In order to interpret correctly results of an analytical proce-
ure, their reliability must be demonstrated. Validation is a first
tep to achieve this, but is not enough if one aims at interpreting
nd comparing results correctly. Uncertainty of measurements
ust therefore be evaluated to ensure this. One major advantage

f the applied validation methodology is that it can, without
ny additional experiments, give estimation of uncertainty of
easurements. Indeed Feinberg et al. [43] demonstrated the
athematical link between the variance used to compute the
-expectation tolerance interval and the uncertainty of the mea-

urements. Therefore, as long as the experimental design used
or the validation is representative of the sources of variability
hat will be encountered during routine analysis, this uncertainty
stimate is relevant for the results obtained in the laboratory
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ig. 6. Linearity profiles for (a) norepinephrine; (b) epinephrine; and (c) dopa
nd lower acceptance limits in absolute values and the dashed lines are the upp
aving validated the analytical procedure. On this basis, several
stimations of uncertainty were computed and are presented in
able 4. The expanded uncertainty was computed using a cov-
rage factor of k = 2 [44–46], representing an interval around

ig. 7. Risk profiles for NE (continuous line), E (dotted line) and DA (dashed
ine) obtained by concentration level. The maximum tolerated risk is set at 5%.
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The continuous line is the identity line (Y = X), the dotted lines are the upper
lower �-expectation tolerance limits.

he results where the unknown true value can be observed with
confidence level of 95%. As shown in Table 4, the relative

xpanded uncertainty of each catecholamine irrespective of the
oncentration levels did not exceed 10%. In other words and
s long as it was demonstrated in validation that the method is
nbiased, this means that with a confidence level of 95% the
nknown true value is situated at maximum ±10% around the
easured result.

.5. Application to real samples and selectivity

To verify the reliability of the on-line SPE-LC-ECD method,
amples of 24 h human urine from 21 voluntary donors were
nalyzed in duplicates. The same samples were also analyzed
ith the off-line LC-ECD method used in routine analysis at the
niversity hospital of Grosshadern (Munich, Germany). Indeed,
s this analytical method is the one currently used to determine
he catecholamines concentration of patients of the hospital, it

as considered as a gold standard. The sample preparation is
andled off-line with a solid phase extraction column using a
eak cation exchanger (Chromsystems Instruments, Munich,
ermany). Furthermore, due to the complexity of the matrix and
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Table 4
Estimates of the measurement uncertainties related to norepinephrine, epinephrine and dopamine, at each concentration level investigated in validation using the
selected regression models

Analyte Concentration
(�g/l)

Uncertainty of
the bias (�g/l)

Uncertainty
(�g/l)

Expanded
uncertainty (�g/l)

Relative expanded
uncertainty (%)

Norepinephrine

15 0.10 0.37 0.73 4.9
50 0.81 2.16 4.33 8.7

275 2.57 6.59 13.18 4.8
500 3.14 8.02 16.05 3.2

Epinephrine

5 0.04 0.10 0.21 4.2
15 0.21 0.75 1.49 10.0
50 0.44 1.24 2.48 5.0

275 2.22 5.77 11.53 4.2
500 6.01 15.16 30.33 6.1

Dopamine
50 0.89 2.35 4.70 9.4

275 4.82 12.20 24.41 8.9
500 7.42 18.61 37.22 7.4

F LC-E
c tolera

a
u
t
s
w
e
o
D
d
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m

s
o
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4

ig. 8. Differences plots of the mean differences between off-line and on-line
ontinuous lines are the ±15% acceptance limits, the dashed lines are the 95%

s no blank matrix is available, this method comparison was also
sed to assess the selectivity of the on-line method by comparing
he results obtained [47] and providing 21 different independent
ources of the studied matrix. Therefore, difference plots [48]
ere constructed as shown in Fig. 8a–c, for norepinephrine,

pinephrine and dopamine, respectively. A negative bias was
bserved for NE and E, whereas a positive bias was observed for

A. However, the two methods can be considered as equivalent,
emonstrating the selectivity of the on-line method. Indeed from
ig. 8a–c, it can be seen that the differences of the observed
eans and the 95% tolerance limits (mean difference ± 1.96

i
h
p
t

CD methods for (a) norepinephrine; (b) epinephrine; and (c) dopamine. The
nce limits (mean difference ± 1.96 standard deviation).

tandard deviation) [49] are included inside the acceptance limits
f 15% settled according to the Washington conferences [36,37]
nd the FDA document [35].

. Conclusions

The described fully automated on-line SPE-LC-ECD method

s multidimensional and allows the repetitive injection of raw
uman urine, chemoselective SPE-based sample clean-up, ion-
air reversed phase separation and electrochemical detection of
he catecholamines norepinephrine, epinephrine and dopamine.
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The fully validated method covers a broad concentration
ange from physiological to pathological levels. An original val-
dation approach using accuracy profiles based on �-expectation
olerance intervals for the total measurement error permit to indi-
ate the capability of the method. The concept of accuracy profile
as also used to select the most appropriate regression model for

alibration, to determine the lower limit of quantitation (LLOQ)
nd the range over which the method can be considered as valid.

Furthermore, the risk with respect to the future use of the
alidated method was estimated and it was demonstrated that it
as less than 5%. The described method is therefore reliable for

ts intended use, the quantitation of three major catecholamines
n human urine being accurate. In addition the measurements
ncertainties were estimated without any additional experiments
hanks to the validation methodology, allowing correct interpre-
ation and comparison of the results in a cost effective procedure.

cknowledgement

Thanks are due to the Walloon Region and the European
ocial Fund for a research grant to E.R. (First Europe Objec-

ive 3 project no. 215269.) The authors gratefully acknowledge
ionex Softron GmbH (Germering, Germany) for financial sup-
ort and for providing part of the instrumentation and Recipe
hemicals + Instruments GmbH (Munich, Germany) for provid-

ng SPE and analytical columns.

eferences

[1] J.-B. Corcuff, M. Monsaingeon, B. Gatta, G. Simonnet, IBS 17 (2002) 293.
[2] D.H. Fischer, L.M. Fischer, M. Broudy, J. Liq. Chromatogr. 18 (1995) 3311.
[3] M. Candito, F. Bree, A.M. Krstulovic, Biomed. Chromatogr. 10 (1996) 40.
[4] Y. Wang, D.S. Fice, P.K.F. Yeung, J. Pharm. Biomed. Anal. 21 (1999) 519.
[5] G. Grossi, A.M. Bargossi, G. Sprovieri, Chromatographia 36 (1993) 110.
[6] H. Yamasaki, A. Miyanaga, M. Umino, Chromatographia 20 (1999) 202.
[7] M.A. Raggi, C. Sabbioni, G. Casamenti, G. Gerra, N. Calonghi, L. Masotti,

J. Chromatogr. B 730 (1999) 201.
[8] M.A. Raggi, C. Sabbioni, G. Nicoletta, R. Mandrioli, G. Gerra, J. Sep. Sci.

26 (2003) 1141.
[9] E.C.Y. Chan, P.Y. Wee, P.C. Ho, J. Pharm. Biomed. Anal. 22 (2000) 515.
10] A. Pastoris, L. Cerutti, R. Sacco, L. De Vecchi, A. Sbaffi, J. Chromatogr.

B: Biomed. Appl. 664 (1995) 287.
11] C. Sabbioni, M.A. Saracino, R. Mandrioli, S. Pinzauti, S. Furlanetto, G.

Gerra, M.A. Raggi, J. Chromatogr. A 1032 (2004) 65.
12] H. Tsuchiya, T. Hayashi, J. Pharmacol. Methods 23 (1990) 21.
13] E. Hollenbach, C. Shulz, H. Lehnert, Life Sci. 63 (1998) 737.
14] E. Brandsteterova, P. Kubalec, I. Skacani, I. Balazovjech, Neoplasma 41

(1994) 205.
15] J.M.S. Mallols, J.R.T. Lapasio, R.M.V. Camanas, G.R. Ramos, Chro-

matographia 39 (1994) 591.
16] T. Seki, Y. Yanagihara, K. Noguchi, J. Chromatogr. 515 (1990) 435.
17] F. Mashige, Y. Matsushima, C. Miyata, R. Yamada, H. Kanazawa, I.

Sakuma, N. Takai, N. Shinozuka, A. Ohkubo, K. Nakahara, Biomed. Chro-
matogr. 9 (1995) 221.

18] G. Grossi, A.M. Bargossi, C. Lucarelli, R. Paradisi, C. Sprovieri, G.

Provieri, J. Chromatogr. 541 (1991) 273.

19] G. Grossi, A.M. Bargossi, A. Lippi, R. Battistoni, Chromatographia 24
(1987) 842.

20] E. Brandsteterova, P. Kubalec, K. Krajnak, I. Skacani, Neoplasma 43 (1996)
107.

[

[

. B 844 (2006) 251–260

21] K.S. Boos, B. Wilmers, E. Schlimme, R. Sauerbrey, J. Chromatogr. 456
(1988) 93.

22] T. Soga, Y. Inoue, J. Chromatogr. 620 (1993) 175.
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49] P.H. Petersen, D. Stöckel, O. Blaabjerg, B. Pedersen, E. Birkemose, L.

Thienpont, J.F. Lassen, J. Kjeldsen, J. Clin. Chem. 43 (1997) 2039.


	Performances of a multidimensional on-line SPE-LC-ECD method for the determination of three major catecholamines in native human urine: Validation, risk and uncertainty assessments
	Introduction
	Experimental
	Chemicals
	Apparatus
	Standard solutions
	Urine collection
	On-line SPE and analytical separation

	Results and discussion
	Sample clean-up, analyte separation and detection
	Method validation
	Extraction efficiency
	Analysis of the response functions
	Trueness
	Precision
	Accuracy, LOQ and LOD
	Linearity of the results

	Risk assessment
	Uncertainty assessment
	Application to real samples and selectivity

	Conclusions
	Acknowledgement
	References


