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ABSTRACT: A radioimmunoassay is described that measures budesonide in plasma after solid-phase extraction (SPE/RIA) of the
analyte. The performance of the assay was compared with that of a selective LC/MS method. The limit of quantitation of budesonide
determined for the LC/MS and SPE/RIA assay was 50 pg/mL and 120 pg/mL, respectively. Based on quality control samples, a higher
variability was observed for the SPE/RIA (CV between 4.5 and 23.0%) than for the LC/MS method (CV between 7.5 and 12.5%).
Plasma samples obtained from healthy volunteers after administration of budesonide rectal foam were assayed by both methods. In a
subset of samples, these results were compared with those measured by direct RIA to evaluate the selectivity of two assays. About two
times higher budesonide levels were measured with the direct RIA (lacking the extraction step), presumably because of cross-
reactivity with budesonide metabolites, indicating that the extraction step in SPE/RIA is necessary for selectivity. Both SPE/RIA and
LC/MS methods were found to be selective, sensitive and suitable for pharmacokinetic studies. Results obtained from the two
methods were compared with a number of statistical methods. Ratios of results obtained for the clinical samples were close to 1 (ratio
LC-MS/ SPE/RIA = 0.98 � 0.27). Linear regression indicated a slope of 1.17 � 0.0378. The concordance correlation (r = 0.91)
indicated that the agreement between both methods was fair while the Bland–Altman plot indicated that the agreement was less
pronounced at higher concentrations (1–3 ng/mL). In summary, the results confirm that the SPE/RIA is an alternative to HPLC/MS
and that among the statistical methods tested the concordance correlation analysis was judged to be the most informative test to assess
the comparability of two methods. Copyright � 2002 John Wiley & Sons, Ltd.

KEYWORDS: inhaled glucocorticoid; solid-phase extraction; radioimmunoassay; liquid chromatography/mass spectrometry;
correlation analysis
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Budesonide (Fig. 1), traditionally used as an inhaled
glucocorticoid for asthma control, is currently also being
evaluated for the local treatment of colitis, by either
giving it orally using pH-sensitive coatings or rectally in
the form of a foam. The drug is very efficiently
metabolized in the liver after oral administration,
resulting in very low plasma levels after topical or oral
administration. As an example, maximum plasma levels
after administration of clinically relevant doses of
budesonide do not exceed the lower ng/mL range. This
requires highly sensitive analytical methods for measur-
ing budesonide concentration in plasma.

Traditionally, analytical techniques such as HPLC with
UV detection and radioimmunoassays (RIA) have been

Figure 1. Structural formulas of budesonide and the internal
standard triamcinolone acetonide (TA).
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used for the determination of glucocorticoids in plasma
(Bain et al., 1993). However, they either lack the sensitivity
needed for detecting levels that are seen with budesonide or
the selectivity due to interfering endogenous steroids or
budesonide metabolites. Alternative methods like HPLC/
RIA have been used but they are very time-consuming
(Hochhaus et al., 1991, 1998). Recently, liquid chroma-
tography–mass spectrometric assays (LC/MS) have been
developed for the analysis of budesonide (Lindberg et al.,
1992; Kronkvist et al., 1993, 1998; Li et al., 1996). While
the LC/MS technique remains the method of choice in
terms of sensitivity and speed, it requires expensive
equipment and highly trained personnel for operation.
The HPLC/RIA method, on the other hand, has unaccep-
tably low sample throughput. The purpose of this study
was, therefore, to evaluate whether a faster and less
expensive RIA-based method might provide a similar
selectivity and sensitivity. This work resulted in a method
that uses RIA technology after purification of the serum
sample by simple solid-phase extraction (SPE/RIA). To test
whether the method is able to provide data comparable with
that of a mass spectrometrical assay, the following data
were generated: (1) a bare bone validation was provided for
both assays which evaluated sensitivity, reproducibility and
accuracy; (2) both assays were also used to measure actual
clinical plasma samples collected after rectal administra-
tion of budesonide in the form of a foam (Möllmann et al.,
1999). To evaluate the selectivity of both methods in
clinical settings, results obtained for a subset of the
volunteers by HPLC/MS and SPE/RIA were also compared
with results obtained by a direct RIA without any separation
steps. Such a direct RIA assay has shown cross-reactivity to
budesonide metabolites (Hochhaus et al., 1998). It was
expected that the developed SPE/RIA would provide data
more closely related to the HPLC/MS method, but not the
selectivity problem observed with the direct RIA. The goal
of this exercise was therefore to assess whether a less
complex SPE/RIA based assay was, in principle, able to
compete with the more sophisticated HPLC/MS method.
To achieve this goal, validation experiments were
performed for SPE/RIA and HPLC/MS assays with
budesonide spiked plasma samples. As a second and final
procedure, plasma samples obtained in a clinical study after
rectal administration were measured by direct RIA, SPE/
RIA and HPLC/MS. A variety of statistical approaches
were used to assess whether SPE/RIA and HPLC/MS
results were comparable for these clinical samples. It was
not the goal of this report to fully validate the SPE-based
RIA assay according to FDA guidelines.
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The budesonide, 6-hydroxy-budesonide and 16-hydroxy-predniso-

lone reference standards were obtained from Sicor, Milano, Italy.
3H-budesonide was synthesized by Amersham International
(Buckinghamshire, UK). Anti-budesonide was provided by Elias
USA, Inc. (Osceola, WY, USA).

Triamcinolone acetonide, triethylamine, acetic anhydride,
dextran and activated charcoal were obtained from Sigma, Aldrich
(St Louis, MO, USA). All solvents were of HPLC grade and
purchased from Fisher Scientific (Springfield, NJ, USA). Cytoscint
was obtained from ICN (Costa Mesa, CA, USA). Human blank
plasma was provided by Civitan regional blood system (Gaines-
ville, FL, USA). The solid-phase LC18 (6 mL) cartridges for
sample extraction were obtained from Supelco (Bellefonte, PA,
USA). Serum samples obtained after administration of budesonide
derived from a clinical study assessing the pharmacokinetics of
budesonide after rectal administration of a budesonide foam
preparation.
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The assay buffer consisted of sodium phosphate buffer (0.1 M, pH
7.4) containing 0.1% sodium azide and 0.001% triton.

For the budesonide antiserum stock solution, 10 mL water
(Optima grade) were added to freeze-dried anti-budesonide
(equivalent to 1 mL of neat serum). An anti-serum working
solution was prepared when needed by diluting 50 �L stock
solution with 7 mL assay buffer. The solution was mixed and
stored on ice.

3H-budesonide stock solution was prepared by diluting 10 �L of
the radiolabeled 3H-budesonide with 500 mL methanol. The
solution was stored at � 20°C for up to 5 months. Eighteen
microliters of 3H-budesonide stock solution were diluted on the
day of assay with 10 mL assay buffer (3H-budesonide working
solution).

For the dextran-coated charcoal suspension, dextranT70 (0.1 g)
was dissolved in 100 mL water. Activated charcoal (1 g) was
added. The suspension was sonicated for 15 min and stirred for
30 min at room temperature. This reagent was stored up to 2
months in the refrigerator.

����������� � 	�������	 /
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Two primary stock solutions of budesonide were prepared by
separately weighing out and dissolving budesonide in methanol to
give a nominal concentration of 1 mg/mL. One stock solution was
used to spike the plasma calibration standards and the other the
quality control plasma samples. The solutions were stored
at � 20°C. The calibration curves, prepared in human plasma,
ranged from 50 to 3000 pg/mL for the LC/MS assay and 60 pg/mL
to 8000 ng/mL for the SPE/RIA. The quality control samples’ final
concentrations were 50, 100, 200, 500 and 1000 pg/mL and 0.12,
0.4, 1.2 and 4.0 ng/mL for the LC/MS assay and the SPE/RIA,
respectively.

Triamcinolone acetonide (TA; Fig. 1) was used as the internal
standard in the LC/MS assay. The TA stock solution was prepared
by dissolving triamcinolone acetonide in methanol to give a
nominal concentration of 1 mg/mL. A 100 ng/mL working solution
was prepared from the TA stock solution and was used to spike the
standards used for the calibration curve, quality controls and
plasma samples in the LC/MS assay.

Copyright  2002 John Wiley & Sons, Ltd. Biomed. Chromatogr. 17: 14–20 (2003)
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Only a partial validation was performed for both assays, as freeze–
thaw stability, stability during storage, bench stability have already
been investigated for budesonide (Kronkvist et al., 1998).
Validation experiments were performed with blank plasma
obtained from the local blood bank. Budesonide calibration curves
were constructed on a given day. Quality controls at the
concentrations shown above were determined in six replicates.
Results were then analyzed with respect to accuracy and
reproducibility. Selectivity was also tested by analyzing blank
plasma samples. Recovery of the extraction procedure was
determined as described below.

������ �1���'����� The extraction of budesonide in the SPE/
RIA and LC/MS assay was done according to the procedure
developed by Lindberg et al. (1992). Plasma samples were
deproteinated by adding 1 mL of 30% ethanol and centrifuged to
remove the protein precipitate. The supernatant was then applied to
a 6 mL endcapped C18 cartridge and washed consecutively with
3 mL 25% ethanol in water, 3 mL water and 2 mL 2% ethyl acetate
in heptane. Budesonide (and TA in LC/MS assay) were eluted with
3 mL of 30% ethyl acetate in heptane. The residue was evaporated
under vacuum and treated with derivatizing reagent as described
below within the description of the LC/MS assay. In the case of
SPE/RIA the evaporated residue was reconstituted in 200 �L assay
buffer and 50 �L of this solution were used to perform the RIA
procedure described below. During the development of the assay,
in order to test whether the extraction procedure was able to
separate budesonide from potential metabolites, budesonide, 6-
hydroxyl-budesonide and 16-hydroxy-prednisolone mixtures pre-
pared in ethanol–water mixtures were applied to the SPE column.
The wash-through solvent and the eluting solvent (e.g. 25%
ethanol, 2% ethyl acetate in heptane, or 30% ethyl acetate in
heptane) were collected and evaporated under vacuum and
reconstituted in mobile phase (80% methanol in water). Budeso-
nide and metabolites were simultaneously determined by HPLC/
MS in the electrospray mode (method on file).

Recovery during the extraction procedure was determined by
HPLC/MS using the method described below. Therefore, blank
plasma samples or quality control samples containing 200 pg/mL
budesonide were extracted. While the dried residues of the quality
control samples were derivatized as described in the LC/MS assay
section, blank plasma was evaporated and the residue was
reconstituted in 75 �L acetonitrile containing 200 pg budesonide.
After addition of 12.5 �L of acetic anhydride and 12.5 �L
triethylamine, the samples were further processed as described
under LC/MS assay and compared with the signal obtained from
the quality control sample.

��� ���'������ All determinations were performed in duplicates.
A 250 �L aliquot of assay buffer was added to 100 �L antiserum
working solution in 1.5 mL centrifuge tubes. Fifty microliters of
the reconstituted budesonide sample or standard were added to
each tube, followed by 100 �L of tracer solution (3H-budesonide in
phosphate buffer, 2500 counts per minute, cpm). After incubation
at approximately 4°C for 20–28 h, bound and unbound tracer were
separated by the charcoal method. Ice-cold dextran-coated
charcoal (100 �L) was added to the incubation mixture, the
suspension was incubated for 5 min at 0–4°C and centrifuged at
4000g for 15 min. Aliquots of the supernatant (500 �L) were mixed

with 5 mL scintillation fluid and the bound tracer (CPM) was
measured by liquid scintillation counting (Beckman Instruments,
Fullerton, CA, USA). Non-specific binding was determined in the
absence of antiserum.

Using the nonlinear curve fitting procedure Scientist (Micro-
math, Salt Lake City, UT, USA, SOP 01MA06), displacement
curves (B vs competitor concentration C) were fitted to the logistic
function:

B � T � T�CN��CN � IC50
N � � NS �1�

Estimates of NS (non-specific binding, in CPM), the total specific
binding T (cpm in the absence of competitor minus nonspecific
binding NS), N (Hill slope factor) and IC50 (concentration to
decrease specific tracer binding by 50%, expressed in ng/assay
tube) were used to transform cpm of the unknowns into the
corresponding concentrations. The antiserum did not show cross-
reactivity to endogenous cortisol, but showed cross-reactivity to 6-
hydroxy-budesonide and 16-hydroxy-prednisolone.

For some samples, a direct RIA was performed without the
extraction step to show that the extraction step in SPE/RIA is
necessary for selectivity. In this case, 50 �L of plasma (sample,
calibration curve or quality control samples) were used within the
RIA.


���� �		�$� The dried residue obtained after extraction was
treated with 100 �L of derivatizing reagent consisting of 12.5%
acetic anhydride and 12.5% triethylamine in acetonitrile for 15 min
at room temperature. After evaporating the derivatizing reagent to
dryness without heating, the samples were reconstituted with
100 �L of 50:50 methanol:water (v/v) mixture, out of which 80 �L
were injected onto the HPLC/MS system.

The analysis of budesonide was performed using a Micromass
Quattro-LC-Z (Beverly, MA, USA) triple quadrupole mass
spectrometer equipped with an atmospheric pressure chemical
ionization (APCI) ion source. The source temperature was set to
120°C and the APCI probe temperature to 500°C. Corona and cone
voltages were set to 2.8 kV and 25 V, respectively. The mass
resolution was unit mass. A dwell time of 0.5 s was used for
scanning budesonide and 0.1 s for the I.S. (TA). The MS signal was
optimized by infusing a 1 �g/mL solution of budesonide in
methanol at a flow-rate of 100 �L/min using a Kd-Scientific�

infusion pump. The mass spectrometer was linked to a Perkin
Elmer ISS 200 autosampler via contact closure and the operation
was controlled by computer software, Masslynx 3.1. The mobile
phase was a mixture of methanol–water (80:20, v/v) delivered at a
flow-rate of 0.8 mL/min by a LDC/Milton Roy CM4000 multiple
solvent delivery system. Chromatographic separations were
achieved using a Waters 3.5 �m Symmetry (4.6 � 50 mm i.d.)
column (Milford, MA, USA) preceded by a Whatman 5 �g ODS
C18 guard column cartridge (Clifton, NJ, USA). Data analysis was
performed using Masslynx software. The calibration curves were
plotted as the peak area ratios of budesonide to internal standard
against budesonide concentration using a weighted (1/x) linear
regression model with 12 concentration points (including blank
plasma) ranging from 50 to 3000 pg/mL.

���# ����$	�	� The two assays were applied to the measurement
of budesonide in plasma samples obtained from a clinical study
assessing the pharmacokinetics of budesonide after rectal admin-
istration of budesonide in healthy volunteers after single dose (day

Copyright  2002 John Wiley & Sons, Ltd. Biomed. Chromatogr. 17: 14–20 (2003)
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1) and at steady state (day 5 of treatment). The protocol was
approved by the Ethics Committee of Ruhr University, Bochum
and all subjects gave written informed consent. Plasma samples
were assayed first by HPLC/MS which was followed by the
analysis by SPE/RIA. The two assays were performed within a
time period of 6 month. During this time, budesonide has been
shown to be stable at � 60°C and freeze–thaw stability had been
demonstrated. A total of nine patients with 40 plasma samples per
patient were assayed.

�����	��'�� ����������

A linear regression analysis was performed with S-Plus 2000,
(Mathsoft Inc.) for plasma samples above the limit of quantifica-
tion. Results were also visualized by the Brand–Altman plot (Lin
and Torbeck, 1998). The ratio of results obtained by SPE/RIA and
HPLC/MS obtained for individual samples was also used for
comparison.

The results for one patient (patient 8) were not included in the
analysis, as Bland–Altman plot (Lin and Torbeck, 1998) showed
the majority of these samples represented distinct outliers (see
below).

Interestingly volunteer 8 showed the highest concentrations
among the volunteers with both assays and thus also represented a
pharmacokinetic outlier. Thus a total of 196 samples were included
in the final analysis. The concordance correlation coefficient (�c)
was used to compare the agreement of SPE/RIA and HPLC/MS
assays. �c was calculated as the product of Pearson correlation
coefficient (�) and the bias correction factor (Cb):

�c � �Cb�

where

� � S12

S1S2

Cb � 2

S1�S2 � S2�S1 � �Y 1 � Y 2�2��S1S2�

� �

Yi is the mean of the assay i, Si is the standard deviation of assay i
for i = 1, 2 and S12 is the covariance between assays 1 and 2.
Pearson correlation coefficient ranges from � 1 to 1, measuring the
degree to which points scatter from the regression line (precision).
The bias correction factor ranges from 0 to 1, measuring the degree
to which the regression line deviates from the 45° line through
origin (accuracy). A perfect agreement between two assays

happens if and only if �c equals 1. These statistics were calculated
using Excel (Microsoft Inc.).
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The LC/MS assay employed a previously published
method (Lindberg et al., 1992; Li et al., 1996) with slight
modifications. The analysis of budesonide (Fig. 1) was
performed in the SIR (selected ion recording) mode with
budesonide monitored at m/z 472 after derivatization with
acetic anhydride. Triamcinolone acetonide, a glucocorti-
coid with similar structure to budesonide (Fig. 1), was
chosen as the internal standard. TA also formed an
acetate adduct after derivatization with acetic anhydride
(m/z 476). The analysis time was 5 min with budesonide
eluting on the reverse-phase HPLC system with an
average retention time of 2.5 min (range 2.35–2.65) and
the internal standard (TA) eluted at 1.5 min (range 1.35–
1.65). The assay was validated in the 50–3000 pg/mL
concentration range. Calibration curves were linear in
this range with coefficient of determination (r2) � 0.990
with slopes of 0.1253 � 0.0192 (n = 21).

The intra- and inter-batch variability for quality control
samples (0.050, 0.100, 0.200, 0.500 and 1.0 ng/mL) was
between 4.8 and 10.1% (n = 6, Table 1) and between 7.5
and 12.5% (n = 18), respectively. Intra-batch accuracy
(Table 1) was between 84.2 and 111.5% and inter-batch
accuracy was between 82.9 and 108.0%. The limit of
quantitation (LOQ) for budesonide was defined as 50 pg/
mL. Specificity was investigated by assaying blank
plasma obtained from six human subjects. No inter-
ference peaks were observed at relevant retention times.

The recovery for budesonide was 85.2% � 2.5 for the
200 pg/mL quality control (n = 6). This estimate is also
relevant for the SPE-RIA as the extraction procedure was
identical. For the bench top stability, extracted and
reconstituted QCs were injected after 0, 2.5, 4.5, 6.5 and
10 h onto the HPLC/MS system. Samples were found
stable over 10 h. Although this recovery was assessed by
HPLC/MS, the extraction procedures were identical for

Table 1. Intra-batch variability of quality control samples in LC/MS assay (n = 6)a

Measured concentration (ng/mL)
and related variability

Theoretical concentration (ng/mL)

0.050 0.100 0.200 0.500 1.000

Budesonide
Mean � SD 0.056 � 0.005 0.104 � 0.010 0.169 � 0.008 0.425 � 0.038 0.920 � 0.093
Bias (%) 11.50 3.65 �15.72 �15.02 �8.04
CV (%) 8.67 9.27 4.83 9.00 10.15

a Blank plasma was spiked with budesonide at concentrations indicated (theoretical concentration) and measured by HPLC/MS (six replicates per
concentration). Mean � SD, percentage bias and relative coefficients of variation are shown for a given concentration.

Copyright  2002 John Wiley & Sons, Ltd. Biomed. Chromatogr. 17: 14–20 (2003)
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MS and SPE/RIA, thus this recovery also reflects the
recovery for the SPE/RIA.

������� �		�$

Previous work (Hochhaus et al., 1998) had demonstrated
that the utilized antiserum showed cross-reactivity to
potential metabolites. It was therefore necessary for a
more selective SPE/RIA-based assay to identify a simple
extraction procedure able to separate intact drug from
metabolites. Preliminary tests evaluated standard extrac-
tion conditions. Using the SPE columns in the reverse-
phase elution mode (elution with methanol or acetonitrile
water mixtures) resulted in the co-elution of potential
metabolites (6-hydroxy-budesonide and 16-hydroxy-
prednisolone) with intact budesonide, as determined by
HPLC/MS of budesonide and metabolites in the eluate
(paper in preparation). Using ethyl acetate–heptane for
elution switched the elution pattern to a normal phase
behavior and resulted in the elution of the more lipophilic
budesonide while the more hydrophilic metabolites
remained on the column. Even though approximately
50% of 6-hydroxy-budesonide, a minor metabolite, was
still co-eluted with budesonide, almost 100% of the major
metabolite, 16-hydroxy-prednisolone, remained on the
column under the ethyl acetate/heptane elution condition.
The recovery of budesonide was better than 80% (see
results for LC/MS assay).

Assay performance of the HPLC/MS was consistent
with previously published derivatization methods (Lind-
berg et al., 1992; Li et al., 1996), although the sensitivity
of the method using our MS equipment was slightly
higher than described in the original publication. The
recovery of budesonide using the SPE procedure (used
for both MS and RIA methods) was high (above 80%).
Although only one concentration (200 pg/mL) was used
for the recovery assessment, the linearity of the HPLC/
MS calibration curve suggests that the recovery has to be
similar within the concentration range covered. The
validation shown in the result section reconfirms that the
selected HPLC/MS method represents a valid method for
measuring budesonide in the low pg/mL range, although

the method was somewhat less sensitiive than other
methods (Kronkvist et al., 1993).

The SPE/RIA assay was validated in the range of
120 pg/mL to 4 ng/mL. A typical calibration curve is
shown in Fig. 2. Blank plasma samples from eight
volunteers showed budesonide levels below the limit of
quantification. The intra-batch variability for the quality
control samples was 23.0, 7.8, 9.7 and 4.5% for 0.12,
0.40, 1.20 and 4.0 ng/mL respectively (n = 5, Table 2).
Accuracy was between 95.8 and 117.5% (Table 2). The
inter-batch variability for quality control samples was
between 1.2 and 10.8% (n = 10). Accuracy was between
88.3 and 118.0%. For the RIA, a deviation in CV and bias
up to 25% was tolerated, hence the limit of quantitation
of the SPE/RIA was defined as 0.12 ng/mL.

It was not a goal of this study to fully validate the
assays. On the one hand, standard validation procedures
such as the assessment of freeze–thaw stability and
freezer stability, have already been reported for budeso-
nide. On the other hand, the goal of this study was to

Figure 2. SPE/RIA based calibration curve for budesonide.
Blank plasma was spiked with budesonide, extracted by SPE
and assayed as described in the Methods section. Budesonide-
tracer binding (in cpm) is plotted against the budesonide plasma
concentration.

Table 2. Intra-batch variability of quality control samples in SPE/RIA (n = 5)a

Measured concentration (ng/mL)
and related variability

Theoretical concentration (ng/mL)

0.12 0.4 1.2 4.0

Budesonide
Mean � SD 0.115 � 0.026 0.470 � 0.036 1.280 � 0.125 4.497 � 0.203
Bias (%) �4.17 �17.50 �6.67 �12.44
CV (%) 23.00 7.77 9.74 4.51

a Blank plasma was spiked with budesonide at concentrations indicated (theoretical concentration) and measured by SPE/RIA (six replicates per
concentration). Mean � SD, percentage bias and relative coefficients of variation are shown for a given concentration.

Copyright  2002 John Wiley & Sons, Ltd. Biomed. Chromatogr. 17: 14–20 (2003)
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evaluate whether, in general, a basic RIA is able to
compete with the more expensive HPLC/MS technology
and to apply appropriate statistical methods to assess the
agreement of both methods.

SPE/RIA and HPLC/MS were subsequently applied to
the measurement of budesonide in plasma samples from
the same nine volunteers. For each subject at each time
point a ratio of budesonide concentrations measured with
the LC/MS assay vs budesonide concentrations measured
with the SPE/RIA was calculated. A good agreement
between results obtained with the LC/MS assay and the
SPE/RIA was observed from these ratios (ratio LC-MS/
SPE/RIA = 0.98 � 0.27). A direct RIA for budesonide
was also used without extraction in samples from three of
the nine volunteers from the same clinical study (data not
shown). This was done to evaluate whether similar results
were obtained without the SPE-extraction step or whether
this step improves the selectivity of the assay. The
comparison between the results obtained with the LC/MS
and the direct RIA for the same samples revealed about
two-fold higher budesonide concentrations when using
the RIA (ratio LC-MS/ RIA = 0.64). A similar ratio was
obtained when comparing SPE/RIA vs RIA results (0.63)
(Hochhaus et al., 1998). Thus, budesonide extraction
from plasma before the RIA using C18 SPE seemed to
improve the selectivity of the RIA (Hochhaus et al.,
1998). The very similar ratios between LC/MS vs RIA
(0.6) and SPE/RIA vs direct RIA (0.6) (Hochhaus et al.,
1998) also suggest that HPLC/RIA and SPE/RIA show
similar selectivities. The following sections present the
statistical approaches used in the investigation.

Figure 3 shows a direct comparison of all individual
samples obtained by SPE/RIA and HPLC/MS from the
eight patients included in the final regression analysis.
Linear regression analysis of these data resulted in an r2

of 0.832, with a slope of 1.17 � 0.0378 (95% confidence
interval: 1.1–1.25, significantly different from 1) and an
intercept of � 0.0352 � 0.0210, which was not signifi-
cantly different from zero.

Various statistical strategies have been considered for
method comparison. The use of ratios of the two methods
is helpful in assessing the general selectivity of the
methods; however, it has limitations in a more quanti-
tative statistical assessment. It has been stated that linear
regression analysis might be sub-optimal in evaluating
the agreement between two methods (Bland et al., 1986;
Bartko, 1994; Lin and Torbeck, 1998). This is because
linear regression might fail to detect departure from the
intercept being equal to zero and slope being equal to 1 if
the data are very scattered or reject a highly reproducible
assay due to very small residual errors (Lin and Torbeck,
1998). Indeed this hypothesis of Lin was mirrored in our
results, as the correlation between the high number of
RIA and MS results showed small residual errors in the
estimation of slope and intercept, but resulted in having
to reject the hypothesis that the two assays are equivalent.
In addition, ordinary linear regression should not be used
for data sets that do not show common variances across
the concentration range. We therefore followed Lin’s
suggestion and applied the concordance correlation
coefficient method to the data, as this method is superior
over alternative statistical methods such as Pearson
correlation coefficient, the paired t-test, the coefficient
of variation, or the intraclass correlation coefficient (Lin
and Torbeck, 1998). By measuring the variation from the
45° line through the origin (the concordance line), the
concordance correlation coefficient evaluates the agree-
ment between two readings from the same sample. A
common variance was assumed for each reading method
across the sample range. The validation results for both of
our analytical methods (see Tables 1 and 2), however,
indicated higher variance at higher concentrations, which
was also shown in the Bland–Altman plot (Fig. 4).
Therefore, the data were logarithmically transformed.
This resulted in a significant improvement of the Bland–
Altman plot [Fig. 4(b)]. From this plot it was also found
that all the outlier values (mean � 4 SD) were from a
specific volunteer. Interestingly this volunteer also
represented a pharmacokinetic outlier with plasma
concentrations being significantly higher than those in
the rest of the population. Therefore, data from this
volunteer were removed from the individual analysis.
Besides the higher variance, an obvious bias was also
indicated in the Bland–Altman plot as higher concentra-
tion samples gave consistently higher read-outs for the
SPE/RIA method than for the HPLC/MS method (see
also below discussion of the concordance analysis). This
analysis indicated that the use of Bland–Altman plots is a
powerful tool in identifying outliers and trends.

Finally, the log-transformed data were used to
calculate the concordance correlation coefficient. The
results indicated that the two methods agree fairly well
with high accuracy (Cb = 0.996) but relatively low
precision (� = 0.913), which resulted in a concordance
correlation coefficient of 0.905 with 95% confidence

Figure 3. Linear regression between results obtained by the
HPLC/MS and SPE/RIA assay. Plasma samples obtained in a
clinical study after rectal administration of budesonide foam to
healthy volunteers were assayed by HPLC/MS and SPE/RIA.
Individual results for 196 plasma samples obtained by both
assays are plotted against each other.
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interval (0.876, 0.927). It is not surprising to observe the
low precision due to the higher variation of both methods
at higher concentrations. The consistent bias at higher
concentration is in agreement with the validation results
(Table 1 and 2), as these showed a consistent positive bias
for the SPE/RIA method and a consistent negative bias
for the MS method, even though both are within the limits
of method validation.

In summary, statistical analysis indicated that results
of both methods agree fairly well, if limitations at higher
concentrations are taken into account. The SPE/RIA
procedure is considerably less laborious than the HPLC/
RIA, hence better suited for analysis of large number of
clinical samples. The selectivity provided by SPE assures
that the accuracy of the SPE/RIA was comparable to that
of the LC/MS method (Tables 1 and 2). Therefore, SPE/
RIA can be used for fast and accurate assessment of a
large number of budesonide plasma samples in clinical
studies.

�,*�
-��,*

Two techniques—SPE/RIA and LC/MS—for measuring
picogram levels of budesonide in plasma were assessed.
In the SPE/RIA budesonide was extracted from plasma

using C18 solid-phase extraction cartridges before
performing the RIA. In the LC/MS assay budesonide
was monitored at m/z 472 after SPE and derivatization
with acetic anhydride. Both SPE/RIA and LC/MS assays
were found to be selective and reproducible. The SPE/
RIA had an LOQ of 120 pg/mL, which, although higher
than the LOQ of the LC/MS assay (LOQ of 50 pg/mL),
provides acceptable sensitivity for most clinical studies
involving budesonide. The SPE/RIA has much higher
sample throughput than HPLC-RIA published before
(Hochhaus et al., 1998), comparable sensitivity to LC/
MS assay, and is a good alternative for laboratories with
no access to the expensive LC/MS equipment. The
established assays were applied to measure budesonide in
clinical samples. The use of Bland–Altman plots and
Lin’s concordance correlation was very useful in
comparing both methods.
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Figure 4. Difference between drug concentration measured by
SPE/RIA and HPLC/MS (concentration obtained with SPE/
RIA minus concentration obtained with HPLC/MS for
measurements shown in Fig. 3) plotted against the mean of
individual plasma concentration (mean of SPE/RIA and HPLC/
MS): (a) non-transformed data; (b) log transformed data.

Copyright  2002 John Wiley & Sons, Ltd. Biomed. Chromatogr. 17: 14–20 (2003)

20 ORIGINAL RESEARCH H. Dimova et al.


