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ABSTRACT

Background: Determination of cyclosporine A (CsA) and tacrolimus (Tac) in dried blood spots (DBS) could enable
drug monitoring in transplanted patients without the necessity of having to take venous blood samples. Therefore, we
have developed a method for quantitative determination of calcineurin inhibitors (CNI) by liquid-chromatography-tan-
dem mass spectrometry (LCMS). Methods: In a study with 68 kidney transplant recipients (KTR, 34 CsA, 34 Tac), we
tested the clinical application of LCMS monitoring in DBS in comparison to LCMS in whole blood. Results. The
measuring range is proven for 27.33 to 1345 ng/ml for CsA and for 1.63 to 39.7 ng/ml for Tac. The requirements for
clinical chemical analyses for precision and accuracy are complied with. Stability is documented for a period of 14 days.
The study showed the following deviations from LCMS in whole blood for determination of CsA and Tac in DBS after
introducing a correction factor by the haematocrit (Hct) value (CsA trough level: mean = 4.7%, £1.96 standard devia-
tion (SD) —52.1% to 61.4%, N = 96; CsA peak level: mean = 7.3%, £1.96 SD —39.7% to 54.4%, N = 95; Tac trough
level: mean = —0.5%, £1.96 SD —76.4% to 75.3%, N = 88; Tac peak level: mean = 3.9%, +£1.96 SD —80.1% to 88.7%,
N =92). Conclusions: Our data show comparable results with the reference method by means of LCMS in whole blood.
Therefore, DBS of KTR for determination of CNI levels could be transported on filter cards by mail to the respective
laboratory resistant to breakage and the hazard of infection.
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1. Introduction enzymes play only a minor role [6]. The elimination half-
life for CsA is between 6 and 27 h and for Tac between 6
and 30 h. The bioavailability varies between 10% and
60% for CsA and from 4% to 89% for Tac [4,7]. In addi-
tion to the immunomodulating characteristics, the CNI
show numerous clinically relevant side effects. The CNI
have a small therapeutic range between toxicity and re-
jection of the transplant which requires continuous thera-
peutic drug monitoring [8].

The trough levels show only a slight correlation with
the area under the curve (AUC). A peak level determina-
tion 2 h after administration correlates better with the
AUC and is recommended [9,10]. In order to receive
sufficient correlation between the pharmacodynamic ef-

Kidney transplantation is the gold standard in treatment
of patients with terminal kidney failure [1]. To prevent
rejection of an allogenic donor organ, it is necessary to
suppress the patient’s immune system [2,3]. The cyclical
peptide cyclosporine A (CsA) has been used as an im-
munosuppressive drug since 1978 [4]. The macrolide
lactone tacrolimus (Tac) has been used in transplantation
medicine since 1989 (Figure 1) [5].

The pharmacocinetic of calcineurin inhibitors (CNI)
show high inter- and intraindividual variability. This can,
on the one hand, be explained by their affinity to the
monooxygenases CYP3A4 and CYP3AS5 and the trans-
port protein P-glycoprotein and, on the other hand, by

their hydrophobic characteristics. In addition to interact-
tions with other medications, polymorphisms of these
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fect and the measured concentration of the CNI, the de-
termination using EDTA whole blood is the usual prac-
tice [11].

The CNI can be analyzed with various immunochemi-
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Figure 1. Structural formulas of a) cyclosporine A and cyc-
losporine D (internal standard) b) tacrolimus (FK506) and
ascomycin (internal standard).

cal methods, such as chemiluminescence microparticle
immunoassay (CMIA) [12,13]. Due to the high specific-
ity, sensitivity and flexibility of this method, the liquid-
chromatography-tandem mass spectrometry (LCMS) is
also of great relevance for therapeutic drug monitoring
[11,14].

In the past number of years, methods for determining
immunosupressive drugs in alternative matrices were
published. The most relevant were capillary blood from
the finger pad or ear lobe [15-24], dried blood spots
(DBS) [18,25-31] and saliva [32]. Capillary blood from a
finger pad enables the patient to take blood samples
themselves. The blood from the principal puncture con-
sists of a mixture of arterial, venous and capillary blood
[19].

Within the scope of this paper, we will introduce a
study with kidney transplant recipients (KTR) in which
we examine the equivalence of the analysis of CsA and
Tac in DBS by means of LCMS with the analysis of ve-
nous whole blood by means of LCMS and CMIA.

2. Resaults
2.1. Validation Data

The following parameters were varied to optimize the
extraction of the analytes from the DBS: Size of the DBS
punched out, composition and volumes of the extraction
medium, duration of extraction and extraction tempera-
ture. The extraction medium had the strongest influence
on recovery of analytes and matrix effects of the extract.
The spot should have the diameter at a maximum to en-
sure high representativeness of sampling from the filter
card.

Copyright © 2013 SciRes.

After testing the method for linearity according to
Mandel, linearity across the calibration range could be
proven for both analytes (CsA: up to 1345 ng/ml, Tac:
39.7 ng/ml) [33]. The limit of detection and quantifica-
tion was calculated with the calibration grade function
according to DIN 32645 [34]. The limit of detection was
8.21 ng/ml for CsA and 0.49 ng/ml for Tac. The limit of
quantification was determined to be 27.33 ng/ml for CsA
and 1.63 ng/ml for Tac. We calculated precision and ac-
curacy by means of 3 quality controls in repeated identi-
fication on 8 days [35]. Precision was between 8.4% and
12.4% for CsA. For Tac, we established values between
9.1% and 16.3%. Accuracy was 1.97% to 9.94% for CsA
and 0.61% to 7.72% for Tac. In addition to negative
samples, we analyzed patient samples with common co-
medication of KTR-like immunsuppressants, statins, an-
tihypertensives, anticoagulants, antiviral, antifungal and
antibiotic drugs, proton pump inhibitors, analgesics, diu-
retics, thyreostatic drugs and Z-drugs like zopiclone and
zolpidem to investigate selectivity. No interferences were
observed in the analysis.

A requirement for the sample transport is sufficient
stability of the analytes in the DBS at room temperature.
Therefore, we examined both samples from EDTA and
sodium fluoride whole blood and quality controls at
room temperature and 4°C. After 14 days, recovery for
CsA was 94% =+ 4.4% at room temperature and 89% =
1.8 at +4°C. For Tac, 95% + 12.8% could be recovered at
room temperature, and 103% + 2.8% could be recovered
in cooled samples (Figure 2).

2.2. Study Subjects

In total, 34 patients per CNI were included in the study.
The age of the study subjects with CsA medication was
between 26 and 74 years, with an average of 62 years. 10
participants were female (29%), 24 (71%) of the partici-
pants were male. In the Tac group, the age was between
20 and 75 years, with an average of 49 years. The num-
ber of female participants was 14 (41%). With 20 per-
sons, the percentage of male participants was 59%.

In the CsA group, 98 Hct levels were between 0.21
and 0.35 I/ (mean 0.28 + 0.04 1/1). All levels were below
the normal range of 0.42 to 0.5 I/ for men and 0.37 to
0.45 1/1 for women. 92 Hct levels were available for the
Tac group. The levels were in the range of 0.18 1/1 to 0.42
1/1 (mean 0.3 + 0.06 1/1). 4 measurements were within the
normal range.

The daily CsA dosage was between 1.26 to 9.10
mg/kg-day (mean 4.17 + 1.37 mg/kg-day). In total, 41
different co-medications were administered during the
study. The daily Tac dosage was between 0.014 to 0.313
mg/kg-day (mean 0.111 £ 0.063 mg/kg-day). In this
group, 51 co-medications were prescribed.
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Figure 2. Stability of cyclosporine A and tacrolimus at room temperature and 4°C. The figure displays the mean value
standard deviation of 2 independent examinations per examination time each (N = 2). a) Cyclosporine A from EDTA blood; b)
cyclosporine A from sodium fluoride (NaF)/potassium oxalate blood; c) tacrolimus from EDTA blood; d) tacrolimus from

sodium fluoride (NaF)/potassium oxalate blood.

2.3. Method Comparison

The measurements were checked for normal distribution
by means of the normal plot with the program MedCalc
Version 12.1.4 (Mariakerke, Belgium). The analysis
showed that normal distribution for joint examination of
peak and trough levels was not given. Therefore, the data
were analyzed separately depending on medication, time
of sampling and examination method. All groups showed
normal distribution.

The determination of the surface of DBS of EDTA
whole blood samples with a known Hct showed a linear
inversely proportional association (r = 0.9918). For the
determination from DBS, we additionally corrected the
calibrators and samples by means of the Hct. The Hct of

Copyright © 2013 SciRes.

the samples was determined by means of EDTA whole
blood. For the calibrators, we calibrated the Hct level
from the surface of the spot for a volume of 50 pl. This
showed a theoretical Hct level of 0.37 1/l for the recon-
stituted lyophilized calibration materials with a diameter
of 12 mm of the DBS. For the patient samples, a correc-
tive factor Fyy calculated from the quotient of the patient
samples Hct and that of the calibration materials was
used.

The reference and comparison methods were checked
for equivalence by means of a t test pursuant to DIN
53804 [36]. We used the analysis from venous blood by
means of LCMS as a reference method. A comparison of
the determination from DBS by means of LCMS and the
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determination from venous blood by means of CMIA
with the reference method showed no equivalence of the
methods both for CsA and for Tac. After correcting the
measurements by the Hct, equivalence of determination
from DBS with the reference method by means of LCMS
from venous blood could be established pursuant to DIN
53804.

We prepared an illustration pursuant to Bland-Altman
to enable graphic assessment of the method comparisons
(Figure 3). The assessment of the trough levels of the
analysis from the DBS with the reference method re-
sulted in a mean of —23.3% (£1.96 SD: —74.2% to 27.7%,
N = 98) for CsA. For the peak levels, the mean was
—21.5% (£1.96 SD: —63.7% to 20.8%, N = 96). The
comparison of the immunochemical method in the
Bland-Altman plot also showed a negative mean with a
similar spread (trough level: mean = —8%, +1.96 SD:
—54.9% to 38.7%, N = 97; peak level: mean = —20.6%,
+1.96 SD: —7.5% to 36.3%). The SD for the through and
peak level was 26% and 21.5% using the DBS assay in
comparison to the reference method LCMS using venous
whole blood. The CMIA method showed a little higher
SD with 23.9% and 29% in comparison to the reference
method. After correcting the measurements from DBS by
Fuer, @ smaller deviation with a slightly higher spread was
determined (trough level: mean = 4.7%, +1.96 SD:
—52.1% to 61.4%, N = 96; peak level: mean = 7.3%,
+1.96 SD: —39.7% to 54.4%, N=95).

For Tac, the mean were also negative in the assessment
of the analysis from DBS with the reference method
(trough level: mean = —22.3%, £1.96 SD: —86.4% to
41.8%, N=101; peak level: mean = —16.6%, +1.96 SD:
—94.3% to 61.1%, N=106). The analysis of the immuno-
chemical method to the reference method showed a mean
of —=11.1% (£1.96 SD: —64.2% to 41.9%, N = 101) for
the trough level as well as —11.7% (+1.96 SD: —71.5% to
48.1%, N = 106) for the peak level. The calculation
showed SD for the DBS analysis with 32.7% and 39.6%
at through and peak level in comparison to the reference
method LCMS using venous whole blood. CMIA SD
were a little lower with 27.1% and 30.5% in comparison
to the reference method. Correcting them by the Het (Fye)
could compensate for the deviation of the determination
from DBS for Tac as well (trough level: mean = —0.5%,
+1.96 SD —76.4% to 75.3%, N = 88; peak level: mean =
3.9%, £1.96 SD: —80.1% to 88.7%, N = 92).

The values were subjected to a Passing-Bablok regres-
sion. Tables 1 and 2 show the linear equation and the
95% confidence interval. The data confirms the results of
the Bland-Altman plot.

3. Discussion
3.1. Method Validation

A simple and robust extraction was proposed for the

Copyright © 2013 SciRes.

Table 1. Intercept (a) and slope (b) and the 95% confidence
interval (Cl) for the Passing-Bablok regression for the
analysis of cyclosporine A.

Intercept Slope
Group N a(#95%CI) b (£95% CI)

-3.36 1.270

CsA-DBS-trough % (—43.3-19.8)  (1.058 - 1.554)
-173 1.481

CsA-DBS-peak % (204--565) (1.318-1.657)
-3.74 1.091

CsA-CMIA-trough 97 )8 142)  (0.940 - 1.276)
-122 1.447

CsA-CMIA-peak B (222--453)  (1333-1.591)
CsA-DBS-trough 9% —-18.5 1.068

Hct corrected (—45.2-172) (0.870 - 1.273)
CsA-DBS-peak 05 ~124 1.124

Hct corrected (—221--38.7) (0.978 - 1.287)

Table 2. Intercept (a) and slope (b) and the 95% confidence
interval (Cl) for the Passing-Bablok regression for the ana-
lysis of tacrolimus.

Intercept Slope
Group N a@95%C) b 95% CI)

~1.28 1.402

Tac-DBS-trough 101 (-2.49--030)  (1.246 - 1.640)
-0.77 1.230

Tac-DBS-peak 106 343-061)  (1.106 - 1.390)
-0.42 1.178

Tac-CMIA-trough 101 ;457 635 (1,063 - 1.304)
0.40 1.104

Tac-CMIA-peak 106 (000-1.75)  (1.021-1.194)
Tac-DBS-trough 38 -2.69 1.482

Het corrected (—443--120)  (1.236- 1.778)
Tac-DBS-peak 9 —-1.40 1.079

Hct corrected (-3.92-0.71) (0.907 - 1.293)

method developed in this study. The LCMS analysis
shows a linear range which covers the measuring range
also for peak levels as far as possible. 16 CsA levels and
3 Tac levels show values above the calibration range
(max. 1964 ng/ml and 52.8 ng/ml). The measuring range
of the method can be expanded experimentally by using
in-house calibrators with higher concentrations [17]. No
values below the determination limit were found for any
of the Tac or CsA patients. Therefore, sufficient sensibil-
ity and linearity was established for the method.

With values below 15%, the precision and accuracy of
the analysis method meets the requirements for clinical-
chemical analyses. Only the low control for Tac with a
concentration of 3.30 ng/ml close to the limit of detection
had a laboratory precision of 16.17% (<20%). These data
were up to standard.

Specificity could be assessed and proven by means of
the test for interference of common co-medication. Fur-
thermore, we performed a research in spectra libraries for
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Figure 3. Bland-Altman Plot for the analysis of cyclosporine A and tacrolimus with mean (continuous line) and 1.96-fold
standard deviation (dotted line). Trough levels on the left and peak levels on the right. a) Cyclosporine A for the methods
LCMSfrom DBS versus LCM S from venous blood (trough level N = 98, peak levels N = 96); b) cyclosporine A for the meth-
ods CMIA versus LCM S from venous blood (trough level N = 97, peak levels N = 95); ¢) tacrolimus for the methods LCMS
from DBS versus LCM S from venous blood (trough level N = 101, peak levels N = 106); d) tacrolimus for the methods CMIA

versus LCM S from venous blood (trough level N = 101, peak levels N = 106).
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isobaric mass transition which did not lead to any identi-
fication of potential interferences.

A significant advantage of the introduced method is
sending filter cards instead of blood samples to the ex-
amining laboratory. Contrary to blood samples in test
tubes, filter cards are break-proof and not contagious.
However, there are certain requirements for stability of
the analytes on the filter card. The proven stability meets
the requirement for shipping by mail. The stability tests
in this study showed an advantage of storage at room
temperature compared to cooled storage.

3.2. Method Equivalents

When checking for equivalence of the methods by means
of a t test according to DIN 53804, sufficient correspon-
dence with the reference method by means of LCMS
from venous blood could not be established for any of
the two analytes. This was the case for both the immu-
nochemical method and the identification from DBS.
Representation in the Bland-Altman plot showed that the
analysis from DBS lead to 16.6% to 23.3% higher values
than those in the venous blood.

This leads to the question about the mechanism of this
effect. It suggests itself that the cause is the influence of
different viscosity of the samples or calibrators and con-
trols. Lyophilized calibrators and controls show a differ-
ent flow behavior on the filter cards than whole blood
samples. In addition, we gathered evidence of a low Hct
in the patients. This influences the samples’ viscosity as
well.

To compensate this systematic influence, a corrective
factor was used which takes into consideration the vis-
cosity of the calibrators and controls and the Hct of the
patient samples. The corrective factor by Het resulted in
equivalence of the method for both analytes and sam-
pling times with the reference method. In this study the
Hct was measured from venous blood and not from DBS.
Hct measurement from DBS would be expedient in fu-
ture studies. Capiau €t al. developed a method to predict
the Hct by a simple potassium measurement from the
DBS [37]. In a method comparison, Hinchliffe et al.
showed good compliance of the analysis from DBS and
venous blood using spiked whole blood calibrators [31].
Problems of spiked whole blood calibrators are a low
stability and reproducibility. Therefore, the corrective
factor could be a helpful tool establishing standardized
methods.

Training of the patients on taking samples and feed-
back on errors can further reduce the error rate of 6%
proven by Yonan et al. [24]. In the present study, capil-
lary and venous blood sampling was performed by
medical staff under in-patient conditions. The use for
outpatients who take the samples themselves and send
them to a medical laboratory by mail must be examined

Copyright © 2013 SciRes.

further. Analysis from DBS can improve the quality of
life of the patients by reducing cost and time intensive
visits to the doctor. The simplified blood taking facili-
tates a more continuous therapeutic drug monitoring as
well as analysis of peak levels and might help to recog-
nize complications in the therapy at an early stage.

4. M aterialsand Methods
4.1. Study Protocol

Tac and CsA were determined on several days within 2
weeks during stable drug therapy. The trough levels were
taken immediately prior to the patient taking the medica-
tion. Blood samples for the peak levels were taken 2 h
after the patient had taken the medication. The vital signs
were documented under random names. 2 to 4 samples
were taken for each patient. The values are determined in
venous ethylenediaminetetraacetate (EDTA) blood by
means of CMIA and LCMS and in DBS by means of
LCMS. In addition, the haematocrit (Hct) was deter-
mined within the scope of routine diagnostics in EDTA
blood. The study was approved by the ethics committee
of the University of Liibeck. All patients gave their writ-
ten consent after information about the study.

The methods were compared by means of a t test ac-
cording to DIN 53804, a Bland-Altman plot and a Pass-
ing-Bablok regression. The comparison of methods pur-
suant to Bland-Altman and Passing-Bablok was per-
formed with the statistic analysis software MedCalc ver-
sion 12.1.4 (Mariakerke, Belgium). The t test according
to DIN 53804 was calculated in the spreadsheet program
Microsoft Office Excel 2003.

4.2. Chemicalsand Materials

Acetonitrile HPLC ultragradient and methanol LCMS
grade were procured from Baker (Griesheim, Germany).
Formic acid, ammonium acetate and zinc sulfate hepta-
hydrate were products attained from Merck (Darmstadt,
Germany). The Milli-Q water was of ultra-pure quality
(>18 MQ/cm) and was produced in-house. We used cali-
brators, the quality checks L1, L3 and the internal stan-
dards ascomycin and cyclosporine D by Recipe (Munich,
Germany). As an additional quality check, we used an
UTAK L3 by Invicon (Munich, Germany). A Nova Pack
C18 2.1 x 10 mm by Waters (Eschborn, Germany) was
used as an analytic column. LCMS analysis was per-
formed on a Waters Quattro Micro with a Waters Alli-
ance 2795 HPLC (Eschborn, Germany). Evaluation was
made with the MassLynx 4.1 software by Waters (Esch-
born, Germany). The monovettes EDTA and reaction
tubes each 2 ml were produced by Sarstedt (Niirnbrecht,
Germany). We used 96 well microtiter plates by Waters
(Eschborn, Germany). The hole punch we used had a
diameter of 10 mm. The 1.5 mm safty lancets were pro-
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duced by HTL-Strefa (Ozorkow, Poland). Proteinsaver
903 Cards were produced by Whatman (Maidstone, U.
K.). Immunochemical analysis was carried out on an
Architect 12000 SR with the Architect reagent kit CsA
and Tac by Abbott (Wiesbaden, Germany).

As a precipitation reagent, a 0.2 M zinc sulphate solu-
tion in methanol 34% (v/v) with 500 ng/ml cyclosporine
D and 80 ng/ml ascomycin was produced.

4.3. Sample Preparation for DBS

We applied 50 pl calibrators or controls to the filter pa-
per. The filter paper was dried at room temperature for at
least 2 h. For sample preparation, we punched out a 10
mm spot of the patient samples, calibrators and controls
from the filter card and mixed it with 250 pl precipitation
reagent in a 2 ml reaction vessel. Then, the samples were
vortexed and incubated in the heating thermomixer for
20 min at 40°C. We centrifuged the samples for 3 min at
13,000 rpm before transferring 100 pl of the extract to a
96 well microtiter plate for LCMS analysis.

4.4, LCMSAnalysis

We injected 30 ul of the processed DBS sample into the
LCMS. We used a gradient of the mobile phase from 2
mM ammonium acetate/0.1% formic acid in Milli-Q wa-
ter and 2 mM ammonium acetate/0.1% formic acid in
methanol. The gradient started at 50% and was increased
to 100% of the methanolic component with a flow rate of
0.5 ml within 0.3 min. The separation was performed at
50°C. The absolute analysis time was 2.5 min.

We performed the mass spectrometric detection in the
multi reaction mode (MRM). MRM transitons and device
settings were made after automatic optimization with the
MassLynx software (CsA m/z 1220/1203, Tac m/z
821/768, cyclosporine D mVz 1234/1217, ascomycin m/z
810/756). We used lyophilized calibrators with concen-
trations of 48.4, 92.4, 187, 472 and 1345 ng/ml for CsA
and 2.46, 5.03, 10.2, 20.5 and 39.7 ng/ml for Tac for
calibration. As internal standard, we used cyclosporine D
for CsA and ascomycin for Tac.

4.5. Whole Blood M easur ement

Analysis by means of CMIA was performed according to
the test producer’s instructions on an Architect System
i2000 SR [12,13]. We performed the LCMS analysis
with a validated method within the scope of routine ana-
lytical chemistry.
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