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Chapter 1

Transplantation

In 1954, the first successful kidney transplantation was performed. Since then, there
has been an exponential worldwide growth in numbers of solid organ transplantations,
which include kidneys, pancreas, lungs, livers, small intestines and hearts, of which
kidney transplantation is performed most frequently. In the UMCG for example, 166
kidney transplantations were performed in 2018 and the total number of solid organ
transplantations performed was 293. For patients suffering from end stage renal
disease, the risk of premature death for kidney transplant recipients is less than half
compared to dialysis patients.! Apart from reduced risk of premature death, quality
of life is drastically improved for kidney transplant patients. Post-transplantation,
patients can be free from symptoms like chronic fatigue, the need of multiple hour
dialysis sessions 3 times a week and social isolation due to a chronic condition.?

One of the major concerns for kidney transplant patients is rejection of the allograft.
Since the cells of the donated kidney differ genetically from the cells from the recipient,
the recipients’ immune system will perceive the donated organ as foreign and this can
trigger an immune response.® If this response is not controlled, it will usually lead to
the destruction of the transplanted organ.

Immunosuppressive drugs

With the introduction of immunosuppressive drugs, a tool to manage this immune
response became available, greatly improving clinical outcomes for transplant
patients. Treatment protocols including combinations of several immunosuppressants
have reduced the first-year incidence of biopsy-proven acute rejections in kidney
transplant recipients to 15% or less.* The most widely used immunosuppressant in
allograft rejection prevention today is tacrolimus. This drug prevents activation and
proliferation of T-cells and thereby reduces the immune response.® Usually, tacrolimus
combined with mycophenolic acid and sometimes prednisolone is the treatment
protocol of choice after transplantation.! Other immunosuppressants that are used,
either in combination with or instead of tacrolimus are cyclosporin A, sirolimus and
everolimus.® Because rejection of the transplanted organ is always a threat, treatment
with tacrolimus and most other immunosuppressants is lifelong or until reinstallation
of dialysis treatment.

Immunosuppressive drugs have three effects: (1) a therapeutic effect (suppressing
a potential rejection), (2) undesired consequences of immunosuppression (mostly
infections and cancer) and (3) non-immune-related toxicity such as nephrotoxicity.®
Some of these side-effects have detrimental consequences and greatly reduce the
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quality of life of transplanted patients. In the past decades, maximizing therapeutic
effects while minimizing unwanted side-effects and toxicity has been one of the main
focuses in transplant patient care.**

Therapeutic Drug Monitoring

In basic pharmacology, the effect of a drug is determined by the concentration
of the drug at the target site. Ideally, the concentration of the drug in the blood
is proportional to the dose of the drug and correlates with the concentration
at the target site.® If this were true, a fixed dose of a certain drug would result in
a predictable effect in every patient. However, this ‘one-dose-fits-all’ approach has
shown to fail in treating transplant patients with immunosuppressants.t” Clinical
effects of immunosuppressants are dependent on the pharmacokinetics (PK) and
pharmacodynamics (PD) of the drug.* PK parameters such as absorption, distribution,
metabolism and excretion of the drug can greatly differ between patients and have
shown to be of major influence on clinical results.}*® Many PD parameters for
tacrolimus have been described, such as the association of low trough concentrations
with increased graft rejection.® Currently, the exposure of an individual patient to
tacrolimus best predicts clinical outcomes for this patient.* This exposure can be
measured by obtaining and analyzing multiple blood samples over a period of 12 or
24 hours, depending on the drug formulation. From these mulitiple blood samples,
a PK curve can be derived.® The Area Under the Curve (AUC) is currently the best
method available to describe the exposure. PK studies demonstrated that the trough
concentration (C,, concentration measured at the lowest point of the PK curve)
correlates well with the AUC corresponding to that particular dose.! Therefore, in
clinical care, dosing of tacrolimus is based on trough concentrations measured in
whole blood obtained from a venipuncture.

InadditiontovaryingPKand PD parametersoftacrolimus,targettroughconcentrations
are different depending on time since transplantation. Early after transplantation,
higher trough concentrations are targeted. Several months after transplantation,
target trough concentrations are tapered. For all these targeted trough concentrations,
the therapeutic window is narrow, which means that the difference between the
lower and upper level of the window associated with optimal treatment is small. As
a consequence, frequent measurement of trough concentrations of tacrolimus and
other immunosuppressive drugs have been a cornerstone of transplant patient care
for decades, to make sure that the dose results in a concentration in the therapeutic
window. This process of repeated measurement of blood-drug concentrations and
adjusting the dose accordingly is known as Therapeutic Drug Monitoring (TDM).14

11
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Dried Blood Spot sampling

To perform TDM, patients frequently travel to the hospital for venous blood
sampling. In general, TDM is performed weekly in the first month post-discharge
after kidney transplantation. Over a period of approximately one year, the
frequency is tapered to a 3-monthly visit which will last a lifetime in most cases.
Given the time delay between blood sampling and availability of analytical results,
the blood trough concentrations of immunosuppressants are usually not yet
available when the physician sees the patient. This requires the patient to sample
a few days earlier, or requires the physician to schedule another appointment
(usually by telephone) to discuss the TDM results. For both patient and physician,
this workflow is suboptimal.

Recently, a Dried Blood Spot (DBS) sampling method was developed that
allows patients to sample at home.2® In DBS sampling, 2 droplets of blood from
a fingerprick are applied to a sampling card. After drying, the sample can be
sent to the laboratory under ambient conditions using regular mail. From these
blood spots, immunosuppressant blood drug concentrations can be measured.t®
Implementation of Dried Blood Spot home sampling can potentially lead to an
improved workflow for physician and patient since immunosuppressant blood
drug concentrations could be available when the patient is at the outpatient clinic.
This could lead to improved patient quality of life as well as cost reduction.!* In
addition, the sampling method is minimally invasive and can be performed by
patients at home.

The Dried Blood Spot analysis method was first introduced in 1963 by Guthrie to
measure phenylalanine in neonates as part of phenylketonuria screening.*? With
the introduction of new, highly sensitive bioanalytical methods, mainly Liquid
Chromatography combined with tandem Mass Spectrometry (LC-MS/MS), very
small amounts (10-50 pL) of blood are needed to measure immunosuppressant
blood drug concentrations.®1%® Therefore, the use of DBS sampling and —analysis
has increased in the field of TDM in the past 15 years.® Despite this increase,
several challenges remain to be solved in the field of DBS sampling and —analysis.

Current challenges in Dried Blood Spot sampling

Analytical validation

Current DBS analytical methods are developed and analytically validated based on
guidelines issued by the EMA and the FDA on bioanalytical method validation.*41®
However, these guidelines are written for traditional matrices such as liquid
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blood, plasma or serum and are not always easily translated to analyses of DBS.
In addition, DBS specific parameters such as the effect of the hematocrit on spot
formation are not discussed. Therefore, there is currently no optimal development
and validation strategy for DBS analytical assays.

Clinical validation

Although many analytical DBS assays are described in literature, very few of them
are tested in a clinical study.'® For immunosuppressants, traditional venous whole
blood sampling and analysis has been part of routine care for decades.*” All PK/
PD research, including establishment of relevant target trough concentrations is
based on venous whole blood data. Therefore, results from a new analysis method
(DBS) should be interchangeable with the reference method (venous whole
blood).*® Novel DBS methods should be tested in a clinical study comparing paired
fingerprick DBS samples with conventional venous whole blood samples.t618
Although for some immunosuppressants, such as tacrolimus and cyclosporine
A, these studies exist, they often have a small sample size and sometimes do not
use fingerprick blood to produce DBS, but rather blood from a venously collected
whole blood sample.’*-2t In addition, specific guidelines on sample size, appropriate
statistical tests and study design are lacking.*® Therefore, there is currently no
optimal clinical validation strategy for TDM using DBS assays.

Implementation in clinical care

Because very few TDM DBS assays are used in clinical care, there are very limited
data about the implementation of TDM DBS assays. Some studies have focused on
the feasibility of DBS sampling regarding sample quality of DBS samples produced
by patients.?22¢ Only one study focuses on feasibility and implementation of
DBS home sampling for tacrolimus TDM, but this study lacked a control group.??
Although DBS home sampling is perceived as a cost-saving tool, this has never
been shown in a clinical study.®!* Therefore, there are currently no data on cost
saving and implementation of TDM DBS assays.

Aim of this thesis

The aim of this thesis is to evaluate the implementation of Dried Blood Spot home
sampling for immunosuppressant TDM in transplant patients. The evaluation
consists of the analytical and clinical performance of the immunosuppressant
DBS assay. Furthermore, costs, logistics, patient satisfaction and patient sampling
performance are evaluated.

13
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Outline of the thesis

In chapter 2, we plan to develop and analytically validate a multi-analyte DBS assay.
This assay consist of the 5 small-molecule immunosuppressants that are currently
most widely used in transplantation: tacrolimus, everolimus, sirolimus, cyclosporine A
and mycophenolic acid.

In chapters 3 and 4, we will perform clinical validation studies, comparing paired
fingerprick DBS samples and venous whole blood samples obtained from transplant
patients for the drugs tacrolimus, cyclosporine A, everolimus and sirolimus. In addition,
creatinine levels measured from DBS samples will be assessed.

In chapters 5 and 6, quality of DBS samples will be evaluated and discussed. In chapter
5 DBS quality criteria will be presented and applied to a large DBS sample set from four
different countries. In chapter 6, a web-based application (app) capable of measuring
DBS sample quality by means of taking a picture of the sampling card will be developed.
The performance of this app will be tested on the DBS sample dataset from chapters 3
and 5.

In chapter 7 the effects, costs and implementation of DBS home sampling for tacrolimus
TDM will be evaluated in a randomized controlled trial involving adult kidney transplant
patients who will perform DBS sampling during the first 6 months post-transplantation.
Patient satisfaction concerning DBS home sampling will be evaluated and discussed.

In chapter 8 a guideline is presented on the development, analytical and clinical
validation and quality control of DBS methods for TDM. This guideline will discuss the
DBS-specific parameters that are not discussed in general validation guidelines by the
EMA and FDA 415

In chapters 9 and 10, a different micro-sampling device will be evaluated and discussed.
The Mitra®© tip is a Volumetric Absorptive Micro Sampling (VAMS) device designed to
wick up an exact volume of blood (10 or 20 pL).?” This approach could in theory mitigate
hematocrit-related effects to volume as well as improve sample quality and result in
an easier sampling procedure compared to DBS. The analytical validation of the VAMS
assay will be presented in chapter 9. We will evaluate paired VAMS fingerprick samples,
DBS fingerprick samples and conventional venous whole blood samples in a clinical
validation study in chapter 10.

In chapter 11, a general discussion and the future perspectives of this thesis will be
presented.
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Abstract

Aim: Hematocrit (Ht) effects remain a challenge in dried blood spot (DBS) sampling.
The aim was to develop an immunosuppressant DBS assay on two LC-MS/MS systems
covering a clinically relevant Ht range without Ht correction. Results: The method
was partially validated for tacrolimus, sirolimus, everolimus, cyclosporin A and fully
validated for mycophenolic acid on an Agilent and Thermo LC-MS/MS system. Bias
caused by Ht effects were within 15% for all immunosuppressants between Ht levels of
0.23 and 0.48 I/1. Clinical validation of DBS versus whole blood samples for tacrolimus
and cyclosporin A showed no differences between the two matrices. Conclusion: A
multiple immunosuppressant DBS method without Ht correction, has been validated,
including a clinical validation for tacrolimus and cyclosporin A, making this procedure
suitable for home sampling.
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Introduction

In the last years, dried blood spot (DBS) sampling has been applied as a therapeutic
drug monitoring (TDM) tool that enables patients to sample at home.! Various
analytical methods have been described and some are clinically validated for the
guantitation of immunosuppressants, anticancer drugs and tuberculostatics.'®
For immunosuppressants, several DBS methods have been published, including
multianalyte assays (e.g., for tacrolimus [TaC], sirolimus [SiR], everolimus [EVE],
cyclosporin A [CsA] and mycophenolic acid [MPA]).6¢ Although these methods were
found suitable for determination of these immunosuppressants, several problems
were observed, with the hematocrit (Ht) effect as the most important one. The Ht
effect influenced the analytical results of some immunosuppressants and caused
irreproducible recoveries for SiR and EVE if Ht values and substance concentrations
varied. Extensive research showed that the varying recoveries for SiR and EVE could
be attributed to interaction of the analytic substances with the filter paper matrix.2%4t
A higher number of hydrogen bond acceptors of the substance was related to lower
recoveries at lower Ht and higher concentrations of analytic substances. This effect
was consistent with different types of DBS cards.!* Correction for Ht by measuring
Ht of the blood in a DBS is very complicated for SiR and EVE, because of the mixed
Ht effects due to interactions with the DBS card caused by the formation of the
DBS and the lower extraction recoveries at low Ht and high concentration. Three
methods have been described for the determination of the Ht of a DBS. The first is by
measuring the potassium in the DBS by an auto-analyzer and uses an extra DBS for
the Ht analysis.*2!® The second is by measuring the Ht based on noncontact diffuse
reflectance spectroscopy?* and the third is by using near-infrared spectroscopy.'®
Although the three methods have good potential in future use, they have not yet been
applied in routine analysis. Although immunosuppressant DBS assays were reported
successful in small-scale studies, they lacked robustness for the routine processing of
large series of samples.5°161° Therefore, our aim was to develop a multianalyte assay
covering a sufficiently wide Ht range without the need for Ht correction, which could
easily run on different LC-MS/MS systems. The validated methods will be used for
outpatient monitoring of transplant patients.

Experimental section

Chemicals & Materials

TaC was purchased from USP (MD, USA). EVE and MPA were purchased from Sigma-
Aldrich, Inc. (MO, USA). SiR was purchased from Dr Ehrenstorfer GmbH (Augsburg,
Germany) and CsA was purchased from EDQM (Strasbourg, France). The following
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isotopically labeled internal standards (1Ss) were purchased from Alsachim (llIkirch
Graffenstaden, France): TaC [**C,°H,], EVE [*C,?H,], CsA [°H,,] and MPA [*C*H,].
During previous method development it became clear that SiR [**C,°H,] was 2.9%
contaminated with SiR. For this reason it was decided to validate without SiR [**C,*H,]
and to use EVE [**CH,] as the IS for SiR instead.® Analytical grade methanol was
purchased from Merck (Darmstadt, Germany). Purified water was prepared by a
Milli-Q Integral system (MA, USA). Ammonium formate was purchased from Acros
(Geel, Belgium). Citrate whole blood was purchased from Sanquin (Amsterdam, The
Netherlands). The whole blood was stored at 4°C and was used within two weeks
after donation. The blood was checked for hemolysis prior to use. The Whatman FTA
DMPK-C (Kent, UK) cards were used for validation. A Hettich centrifuge (Tuttlingen,
Germany) model 460R was used to centrifuge the whole blood for Ht preparation
and a XN9000 hematology analyzer from Sysmex (Hyogo, Japan) was used for all Ht
analyses. The experiments were performed on two LC-MS/MS systems. An Agilent
6460A (CA, USA) triple quadrupole LC-MS/MS system, with an Agilent 1200 series
combined LC system. The second LC-MS/MS system was a Thermo Fisher Quantiva
(MA, USA) triple quadrupole LC-MS/MS with a Dionex Ultimate 3000 series UPLC
system. All mass selective detectors operated in electrospray positive ionization mode
and performed multiple reaction monitoring (MRM) with unit mass resolution. All
precursor ions, product ions and collision energy values were tuned and optimized
and are shown in Table 1. For Tac, SiR, EVE and CsA [NH4]+ adducts are selected in the
first quadrupole.

Agilent L C-MS/MS settings
The Agilent optimum source parameters were a capillary voltage of 4500 V, gas

temperature of 200°C, gas flow of 13 I/min, nebulizer gas pressure of 18 psi, sheath
gas temperature of 200°C, sheath gas flow of 12 I/min and nozzle voltage of 0 V. The
autosampler temperature was set at 10°C and the column oven temperature was set
at 60°C. The Agilent mobile phase consisted of methanol and a 20 mM ammonium
for- mate buffer pH 3.5, with a flow of 0.5 ml/min and a run time of 3.5 min. Analyses
were performed with a 3 pm 50 x 2.1 mm Thermo HyPURITY C18 analytical column
(MA, USA). The Agilent binary pump LC gradient was optimized for separation of the
MPA glucuronide and only involved the first part of the gradient. The gradient started
at 30% methanol and 70% 20 mM ammonium formate buffer pH 3.5 and changed to
73% methanol between 0.35 and 0.76 min, followed by an increase to 77% methanol
in 1.52 min. From 2.28 to 2.48 min, the methanol concentration increased to 95%
and was maintained at this level until 3.10 min. From 3.11 to 3.50 min, the gradient
was maintained at 30% methanol to stabilize the column for the next injection. Peak
area ratios of the substance and its IS were used to calculate concentrations. Agilent
Masshunter (version B.04.00) was used for quantification of the analytes in DBS.
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Thermo LC-MS/MS settings

The autosampler temperature was set at 10°C and the column oven temperature
was set at 60°C. The Thermo quaternary pump LC method was optimized for UPLC
analysis (including separation of the MPA glucuronide) with runtimes of 1.5 min using
a Thermo Accucore C18 2.6 um 50 x 2.1 mm analytical column equipped with a 5
pm Thermo inline frit filter. The Thermo LC gradient consisted of 0.2 M ammonium
formate buffer pH 3.5, purified water and methanol. Chromatographic separation was
performed by means of a gradient with a flow of 1.0 ml/min and a run time of 1.5 min.
The gradient started at 30% methanol, 65% of purified water and 5% 0.2 M ammonium
formate buffer pH 3.5 and changed to 78% methanol at 0.002 min and was maintained
at 78% methanol until 0.835 min. From 0.835 to 0.840 min, the methanol increased to
95% and was maintained until 1.135 min. From 1.140 to 1.500 min, the gradient was
maintained at 30% methanol to stabilize the column for the next injection. During the
gradient, the percentage of ammonium formate buffer was maintained at 5%. Peak
area ratios of the substance and its IS were used to calculate concentrations. Thermo
Xcaliber software (version 3.0) was used for quantification of the analytes in DBS.

Table 1. Agilent 6460 A triple quad mass spectrometer settings for all substances.

Substance Precursor Product Thermo Thermo Agilent Agilent
ion (m/z) ion(m/z) RFlens collision fragmentor collision
) energy (V) voltage (V) energy (V)
Tacrolimus 8215 768.4 82 20 190 11
Tacrolimus [13¢,2H,] 824.5 7714 82 20 140 15
Sirolimus 9315 864.4 83 15 140 6
Everolimus 975.6 908.5 88 16 121 10
Everolimus [13C5,2H ] 981.6 9145 88 16 165 13
Cyclosporin A 1219.8 1202.8 93 15 200 30
Cyclosporin A [2H12] 12318 121438 93 15 170 16
Mycophenolic acid 3211 207.0 58 22 118 16
Mycophenolic acid [13C.2H3]  325.1 2110 58 22 118 16

Sample preparation
The DBS extraction method was performed as described previously.®?° The

extraction solution consisted of methanol:water (80:20 v/v%) and contained the
isotopically labeled ISs TaC [**C,*H,], EVE [**C,,*H,], CsA [*H_,] and MPA [**C,*H,]
at concentrations of 2.5, 1.0, 10 and 250 ng/ml, respectively. EVE [**C,°H,] was
used as IS for EVE and SiR. In short, for the preparation of the DBS samples 50
pl of blood was pipetted on the DBS card, dried for 24 h. An 8 mm disk from the
central part of the blood spot was punched into an eppendorf tube and 200 pl

23




24

Chapter 2

extraction solution was added. The samples were vortex mixed for 60 s, sonicated
for 15 min and then vortex mixed again for 60 s. The extract was transferred into a
200 pl glass insert and placed at -20°C for 10 min to improve protein precipitation.
After centrifugation at 10,000 x g for 5 min, the extract was injected in the LC—
MS/MS system. The autosampler needle height was set high enough in order to
avoid injection of precipitated blood, which will cause blockage of the autosampler
needle and injection loop. The preparation of the different target Ht values was
performed as described previously by removing or add- ing plasma to achieve the
different target Ht values. The prepared Ht values were confirmed by analysis.?

Analytical validation
An earlier described validation was performed with the use of Whatman 31 ET

CHR paper which was available in large sheets.® This was not very practical for
patient sampling, so Whatman FTA DMPK-C DBS cards were chosen for the current
validation. The use of Whatman FTA DMPK-C DBS cards was validated on the Agilent
LC-MS/MS system. In order to enhance the analysis speed and to have a back-up
system for the DBS analysis, the method was also developed for the Thermo LC-MS/
MS sys- tem. The current DBS analytical method validation was performed based
on EMA and US FDA guide- lines and was extended with validation for spot volume
and Ht effect.?22® The following parameters were previously successfully validated
and described for the Agilent LC-MS/MS system: selectivity, carry-over, matrix
effect and short-term stability in whole blood and DBS.%2* Selectivity, carry-over
and matrix effects were also tested for the Thermo LC-MS/MS system. For MPA,
stability in DBS was validated by assessing low and high concentrations in fivefold,
which were compared with simultaneously prepared DBS which were stored at
-20°C. Stability of MPA in DBS was assessed at 22, 37 and 50°C. Stability of MPA
was assessed as processed sample in the auto-sampler at 10°C. Spot-to-spot carry-
over was tested in each validation run by punching and extracting a blank DBS
after the highest calibrator. Spot homogeneity testing was not applicable because
the 8 mm-diameter punch covered the largest part of the spot area, eliminating
possible spot inhomogeneity effects. The methods were validated with a two-point
calibration curve, consisting of the lowest and highest concentrations of the linear
range, according to Tan et al.?®> The main reason to use a two-point calibration
curve was to minimize overhead sample analysis, which decreases patient sample
turnaround time. The calibration curve and accuracy and precision samples were
analyzed on three consecutive days. The validation was performed with a maximum
tolerated bias and CV of 20% for the LLOQ and 15% for all other calibration and
QC concentrations, including the stability evaluation. For the determination of the
accuracy and precision, all QC concentrations were measured in fivefold in three
separate runs on separate days. For each accuracy and precision concentration,
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bias and CV were calculated per run. Within-run, between-run and overall CVs were
calculated with the use of one-way ANOVA. The concentration range for TaC, SiR
and EVE was 1.0-50, for CsA 20-1000 and 100-15,000 ng/ml for MPA. To assess
the effect of the blood volume used to create a blood spot, blood was prepared
with a Ht of 0.35 I/1. DBS were prepared at low and medium concentrations with
volumes of 30, 50 and 70 pl. The 50 pl spots were considered the standard spot
and the biases of the other volumes were calculated with a maximum acceptable
bias of 15% and maximum CV of 15%.The following Ht values were prepared to
test the influence of the Ht: 0.23, 0.28, 0.33, 0.38, 0.43, 0.48 and 0.53 I/I. These
Ht values were all spiked at two concentrations per substance and contained all
five substances in one Ht preparation. At low level: 3 ng/ml for TaC, SiR and EVE,
60 ng/ml for CsA and 300 ng/ml for MPA. At medium (therapeutic trough) level:
10 ng/ml for TaC, SiR and EVE, 200 ng/ml for CsA and 1200 ng/ml for MPA. From
these blood samples, DBS was created using 50 pl of blood. The Ht of 0.38 I/l was
considered as the standard Ht based on a previous study where the average Ht
was 0.387 with a SD of 0.054 and a range of 0.252-0.514 in 199 kidney transplant
patients.®®

linical sample analysis on two LC-MS/M m
Paired patient whole blood and DBS samples were collected during routine visits
of patients to the hospital using the home sampling technique available online 1926
The need to obtain written informed consent from subjects was waived by the
ethics committee of the University Medical Center Groningen because the clinical
validation was part of an approved implementation process of DBS sampling in
routine care. Whole blood samples were analyzed for CsA and TaC, according to
a previously described analysis method using a Thermo Quantum Access triple
guadrupole mass spectrometer with a Surveyor LC system.?* DBS patient samples
were analyzed for CsA and TaC on the Agilent LC-MS/MS. For TaC and CsA,
respectively, 85 and 57 patient samples were reinjected on the Thermo Quantiva
LC-MS/MS and analyzed. Method comparison was done using Passing and Bablok
regression analysis and Bland-Altman was used for bias calculation. All statistical
analyses were done using Analyse-it® Method Validation Edition for Microsoft
Excel version 2.30 (Leeds, UK).2"28 Statistical significance was set at 0.05, results
are presented with 95% ClI.

25




Chapter 2

Table 2. Dried blood spot validation results of the accuracy (bias) and precision (CV) calculated with a
two-point calibration curve performed on an Agilent 6460 A triple quad MS.

Substance Concentration Within-run Between-run  Overall CV  Overall bias
(ng/ml) CV (%) CV (%) (%) (%)
Tacrolimus LLOQ (1.0) 6.5 5.6 8.6 4.7
Low (3.0) 40 5.0 6.4 15
Med (10) 2.6 33 43 7.6
High (40) 26 1.2 29 46
Sirolimus LLOQ (1.0) 9.9 10.9 14.7 -0.9
Low (3.0) 7.3 0.0 7.3 4.7
Med (10) 49 0.0 49 0.9
High (40) 39 31 5.0 31
Everolimus LLOQ (1.0) 75 11 75 73
Low (3.0) 55 17 58 37
Med (10) 45 0.0 45 17
High (40) 32 1.8 36 35
Cyclosporin A LLOQ (20.0) 5.6 34 6.6 85
Low (60.0) 2.7 31 42 4.7
Med (200) 48 1.9 52 -1.2
High (800) 33 17 37 30
Mycophenolicacid LLOQ (100) 14 57 59 30
Low (300) 31 6.0 6.8 49
Med (7500) 31 6.1 6.8 35
High (12,000) 31 71 77 1.7

CV and bias should be within 15% (20% for the LLOQ) n = 15.

Table 3. Dried blood spot validation results of the accuracy (bias) and precision (CV) calculated with a
two-point calibration curve performed on an Thermo Quantiva triple quad MS.

Substance Concentration  Within-run Between-run Overall CV  Overall bias
(ng/ml) CV (%) CV (%) (%) (%)

Tacrolimus LLOQ (1.0) 74 0.0 74 10.2
Low (3.0) 37 14 40 9.7
Med (10) 2.7 34 43 10.1
High (40) 25 29 38 6.3

Sirolimus LLOQ (1.0) 8.8 71 113 7.6
Low (3.0) 56 5.0 75 39
Med (10) 25 38 46 1.1

High (40) 42 28 50 12
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Table 3. (Continued)

Substance Concentration Within-run Between-run  Overall CV  Overall bias
(ng/ml) CV (%) CV (%) (%) (%)
Everolimus LLOQ (1.0) 95 7.0 11.7 17
Low (3.0) 5.4 29 6.1 25
Med (10) 3.2 2.2 39 0.6
High (40) 3.6 19 41 0.1
Cyclosporin A LLOQ (20.0) 53 13 55 -3.6
Low (60.0) 51 14 53 29
Med (200) 20 47 51 -5.9
High (800) 3.7 2.6 45 -4.1
Mycophenolic acid LLOQ (100) 18 38 42 4.2
Low (300) 3.2 45 5.5 6.7
Med (7500) 29 5.0 57 18
High (12,000) 31 5.7 6.5 0.0

CV and bias should be within 15% (20% for the LLOQ). n = 15.

Results and Discussion

Analytical validation
Despite difference in LC columns and gradient speeds between the Thermo and

Agilent LC-MS/MS systems, the chromatographic performance was principally
similar, as can be seen in Supplementary Figures 1-4 (only published online).
The Thermo LC-MS/MS system showed to have good selectivity and no carry-
over (no interfering peaks higher than 20% of the LLOQ in blank samples and
after the highest calibrator) and no matrix effects. MPA showed to be stable in
DBS for 2 months at -20, 22 and 37°C and for 14 days at 50°C. MPA showed to
be stable for at least 2 days as processed sample in the auto-sampler at 10°C.
The punching method showed to have no spot-to-spot carry-over. The accuracy
and precision results on the Agilent 6460 A showed a maximum overall CV of
14.7% for SiR at 1.0 ng/ml, while the maximum overall bias was 8.5% for CsA
at 20.0 ng/ml (Table 2). On the Thermo Quantiva, the maximum overall CV was
11.7% for EVE at 1.0 ng/ml, while the maximum overall bias was 10.2% for TaC
at 1.0 ng/ml (Table 3). While the previously validated quadratic calibration curve
for CsA had a concentration range of 20-2000 ng/ml, the currently validated
range of 20-1000 ng/ml for CsA had a linear fit, which was suitable for a two-
point calibration curve.® The blood spot volume and Ht effects are related to the
interaction of the blood and substance with the DBS card and were assumed
to be independent of the type of LC-MS/MS. Therefore, these validation tests
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were only performed on the Agilent LC-MS/MS system. The blood spot volume was
validated for all substances and had minor influence on the analytical results with
the largestbiasfound at-8.9% for SiRat 30 pland 10 ng/ml (Table 4). Ht effects were
currently validated at low and high trough levels expected for the intended patient
population. At the Ht of 0.23 I/1, SiR showed a maximum bias of -12.8% at 3.0 ng/
ml and -5.7% at 10 ng/ml (Table 5). While EVE showed a maximum bias of -6.8% at
3.0ng/ml and -5.1% at 10 ng/ml at the Ht of 0.23 I/1. At the Ht of 0.28 I/1, the bias
for SiRwas -15.1% at 3.0 ng/ml and therefore exceeded the acceptance limit of 15%
bias by 0.1%. However, the bias for SiR at the Ht level of 0.23 1/1 was within the 15%
bias limit, so the Ht range of 0.23-0.53 was accepted. The bias of CsA at 200 ng/ml
at the Ht of 0.53 I/1 was -17.8% and it was therefore concluded that the validated
Ht range for CsA was 0.23-0.48 I/1. At the Ht of 0.53 I/] MPA showed a bias of 32.6%
for the low level. Although this could be a preparation error, it is concluded that
the Ht effect is acceptable form 0.23 to 0.48 I/1 for the low level of MPA. All other
biases due to Ht effects were within 15% bias (Table 5). In line with our current
finding of relatively large bias due to Ht effects for EVE and particularly for SiR, it
was previously reported that DBS assays of SiR and EVE are subject to relatively
large Ht effects, which have been attributed to the combined effect of the Ht on the
formation of the DBS and binding of the analytical substance to the cellulose of the
card matrix.®® At low Ht and high concentration of the analytical substance, this
negatively influenced bias due to the DBS formation and the extraction recovery.
In the previous validation for DBS assays that we performed, the assays for SiR and
EVE showed to be subject to significant Ht effects, even after adjustment for Ht by
multivariate regression, with biases of -20 and -28%, respectively at a relatively
high concentration of 40 ng/ml of both analytic substances.® Testing the Ht effects
at lower (more clinically relevant) concentrations (3.0 and 10 ng/ml), slightly
higher Ht range (0.23-0.53 I/I instead of 0.20-0.50 I/1) and a better performing
DBS card (Whatman DMPK-C instead of 31-ET- CHR), resulted in far less distinct
Ht effects for SiR and EVE in the current validation.!* The use of a different type
of DBS card positively influenced the formation of the DBS and the extraction
recoveries. Additionally, improved blood Ht preparation positively influenced part
of the Ht effects.! However, the deteriorating recoveries of SiR and EVE at high
concentrations and low Ht in combination with the used sampling matrix will not
be completely resolved at this time. For the measurement of trough levels and
incidental toxic concentrations, this analytical method is considered to be acceptable.
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linical validation
Tacrolimus

Comparison of the DBS Thermo samples with whole blood samples for TaC (n =
85) yielded a Passing and Bablok fit of y = 1.04 x -0.25 (95% CI slope: 0.96-1.12;
intercept: -0.73-0.16) showing no systematic difference as seen in Figure 1. Bland-
Alt- man analysis showed a non-statistically significant bias of -0.01 ng/ml (95% ClI:
-0.17-0.15).

Cyclosporin A

Comparison of the Thermo DBS samples with whole blood samples for CsA (n = 57)
yielded a Passing and Bablok fit of y = 1.05 x -3.64 (95% Cl slope: 0.97-1.15; intercept:
-10.17-2.23) showing no sys- tematic differences as seen in Figure 2. Bland-Alt- man
analysis showed a non-statistically significant bias of 2.6 ng/ml (95% CI: -0.8-5.9).

As previously described, the analytical results for TaC and CsA of the DBS Agilent
method are comparable with whole blood analytical results.?® The results described
above prove the same for the Thermo DBS samples for TaC and CsA. All patient
samples for TaC showed to have Ht values within the validated range of 0.23-0.53 I/1.
For CsA the validated Ht range was 0.23-0.48 I/1 and one patient sample had a higher
Ht value of 0.51 I/l. The DBS sample from the patient that exceeded the analytically
validated Ht range of CsA still showed acceptable and minor differences compared
with the whole blood results. For SiR and EVE it is expected that the validated Ht
range of 0.23-0.53 I/1 will be sufficient for the patient population based on an earlier
study.?® A direct comparison of the DBS sample results from the Thermo LC-MS/MS
versus the DBS sample results from the Agilent LC-MS/MS showed good correlation
and can be found in the supplementary data (published online). Results from DBS
analysis are interchangeable with results from whole blood analysis. This makes both
the Agilent and Thermo DBS analysis method feasible for TDM in routine analysis of
patient immunosuppressant blood concentrations. For SiR, EVE and MPA not enough
paired samples were collected. Currently samples are being collected and in the future
a clinical validation will follow.
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Scatter Plot with Passing & Bablok Fit
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Figure 1: Comparison of paired whole blood tacrolimus concentrations and Dried Blood Spots (DBS) tacrolimus concentrations
measured on a Thermo LC-MS/MS (n = 85). In the upper panel the dotted line is the line of identity, the bold line is the Passing
& Bablok regression line y = 1.04 x -0.25 (95% CI slope 0.96-1.12; intercept -0.73,0.16). The lower panel shows Bland-Altman
analysis with a non-significant bias of -0.01 (95%(Cl -0.17 — 0.15) shown by the bold line, the dashed line indicates 95% limits
of agreement.
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Scatter Plot with Passing & Bablok Fit
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Figure 2: Comparison of paired whole blood cyclosporin A concentrations and Dried Blood Spots (DBS) cyclosporin A
concentrations measured on a Thermo LC-MS/MS (n = 57). In the upper panel the dotted line is the line of identity, the bold
line is the Passing & Bablok regression line y = 1.05x — 3.64 (95% Cl slope 0.97,1.15; intercept -10.17,2.23). The lower panel
shows Bland-Altman analysis with a non-significant bias of 2.6 ng/mL (95% CI: -0.8 — 5.9) shown by the bold line, the dashed
line indicates 95% limits of agreement.
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Conclusion

The DBS analysis methods showed to have good performance for the accuracy and
precision, and the Ht effects were within the set criteria (with two exceptions) in
the therapeutic trough concentration window. In addition, the validation was now
performed on two LC-MS/MS systems, which showed comparable performance.
Instead of correcting for the Ht of the DBS, the method was validated within an
adequate concentration and Ht window, which was still suitable for the intended
patient population. It can be concluded that the presented method is patient friendly
because the sample collection is non-invasive and since no extra blood samples are
needed to determine the Ht value of the patient. Furthermore the DBS method is cost-
efficient because samples can be collected at home and shipped at room temperature:
no visits to the out-patient clinic are needed. It was shown that the two LC-MS/MS
systems are both suitable for the routine analysis of TaC and CsA in DBS in transplant
patients. A clinical validation will be performed for SiR, EVE and MPA as soon as
sufficient samples are collected.

Future perspectives

More and more transplant patients will be transferred from whole blood analysis to
DBS analysis. As a consequence, healthcare costs will decrease and patient burden will
be reduced due to less hospital visits. Once transferred to DBS, patients can also be
easily introduced and transferred to improved home sampling techniques.
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Abstract

Background: monitoring of creatinine and immunosuppressive drug concentrations,
such as tacrolimus (TaC) and cyclosporin A (CsA), is important in the outpatient follow-
up of kidney transplant recipients. Monitoring by dried blood spot (DBS) provides
patients the opportunity to sample a drop of blood from a fingerprick at home, which
can be sent to the laboratory by mail.

Methods: we performed a clinical validation in which we compared measurements
from whole-blood samples obtained by venapuncture with measurements from DBS
samples simultaneously obtained by fingerprick. After exclusion of 10 DBS for poor
quality, and 2 for other reasons, 199, 104, and 58 samples from a total of 172 patients
were available for validation of creatinine, TaC and CsA, respectively. Validation was
performed by means of Passing & Bablok regression, and bias was assessed by Bland-
Altman analysis.

Results: for creatinine, we found y = 0.73x - 1.55 (95% confidence interval [95% CI]
slope, 0.71-0.76), giving the conversion formula: (creatinine plasma concentration
in pmol/L) = (creatinine concentration in DBS in pmol/L)/0.73, with a nonclinically
relevant bias of -2.1 ymol/L (95% CI, -3.7 to —0.5 ymol/L). For TaC, we found y = 1.00x
- 0.23 (95% Cl slope, 0.91-1.08), with a nonclinically relevant bias of —0.28 pg/L (95%
Cl,-0.45t0-0.12 ug/L).For CsA, we found y=0.99x - 1.86 (95% Cl slope, 0.91-1.08) and
no significant bias. Therefore, for neither TaC nor CsA, aconversion formulais required.

Conclusions: DBS sampling for the simultaneous analysis of immunosuppressants
and creatinine can replace conventional venous sampling in daily routine.
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Introduction

Calcineurin inhibiting immunosuppressants such as tacrolimus (TaC) and
cyclosporine A (CsA) are successfully applied in solid organ transplantation to
prevent allograft rejection for many years. Because of their narrow therapeutic range
and significant interindividual and intraindividual variabilities in absorption and
metabolism, therapeutic drug monitoring is an important tool to help physicians to
balance between subtherapeutic and potentially toxic concentrations of these drugs.*
In combination with the blood drug concentration, the creatinine concentration is
used to monitor the renal graft function and toxicity of immunosuppressants.2® As
lifelong monitoring is required, patients need to travel to the hospital on a regular
basis to have their blood samples drawn and analyzed. This logistical burden can
be overcome by the use of dried blood spots (DBS) sampling. This method, using a
drop of blood from a fingerprick, is patient friendly and allows patients to sample at
home and send the DBS card to the laboratory by mail. When appropriately timed, the
results will be available for the clinician upon routine check-up of the patient.* In time,
monitoring patients using DBS might decrease the frequency of routine check-ups
saving time for the patient and clinician. In literature, various methods for analyzing
immunosuppressants and creatinine in DBS have been described.?5° Current
challenges in DBS sampling include matrix effects, the effect of the hematocrit (Ht) on
the formation of the blood spot, and the combined effect of Ht and immunosuppressant
concentration on the analytical results.#¢91112 Although DBS assays are analytically
sound, clinical validations comparing whole blood samples to capillary blood obtained
by fingerprick and applied on a DBS card are of utmost importance before the assay
can be implemented in daily practice.’®3!4 There is consensus that spotting of defined
amounts of whole blood on a DBS card using a pipette by a laboratory technician as
alternative for capillary sampling is not acceptable as clinical validation.’®> There is
less consensus about the number of subjects and amount of samples to be included for
clinical validations. For TaC and CsA, Hinchliffe et al ® report good agreement between
DBS samples and venous sampling for, respectively, 42 and 45 samples from heart lung
transplant patients. Wilhelm et al.*® reported no significant difference between venous
and DBS samples in 40 samples of 36 stem cell transplant patients for CsA. Dickerson
et al. reported a significant mean lower concentration of 0.6 ng/mL in DBS compared
to whole blood for TaC in pediatric transplant patients.” Only 1 study reported a
preliminary validation of creatinine using a time consuming solid phase extraction
showing a correlation coefficient of 0.890 for 19 samples.? In the absence of robust
clinical data to support DBS in clinical practice for creatinine, TaC and CsA monitoring,
we aimed to clinically validate our method for analyzing creatinine, TaC and CsA in a
single bloodspot to implement DBS in routine outpatient care.
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Materials and methods

Patient and sample collection
Patient samples were collected during routine clinical follow-up in the hospital

from adult kidney transplant patients. Because of the nature of this study, being
implementation of DBS in routine care, the need to provide informed consent by
the subjects was waived by the ethics committee of the University Medical Center
Groningen (Metc 2011.394). A trained phlebotomist obtained both the venous and
DBS samples.t” Finger prick blood samples were collected within 10 minutes of the
venous sample. The fingertip was disinfected using chloorhexidinegluconate 0.5%
m/v in alcohol 70% v/v and dried. Finger prick blood samples were collected using
a Microtainer Contact-activated Lancet (Blue, Becton, Dickinson and Company,
Franklin Lakes, New Jersey, USA). The first drop was discarded and the next 2 drops
were collected by letting the blood freely drop onto two 10-mm premarked circles
on the Whatman FTA DMPK-C sampling card (Whatman Schleicher & Schuell, Dassel,
Germany). The blood spots were allowed to dry for 1 to 7 days at room temperature
and packed in resealable plastic mini bags. These bags were stored in a -20 °C freezer
ensuring stability until they were analyzed.%®

Equipment, Conditions and Procedures
The routine plasma creatinine analyses were performed with a Roche enzymatic

creatinine assay on a Roche Modular (Roche Diagnostics Limited, West Sussex, UK).
Our reference procedure was measurement of TaC and CsA in whole blood obtained
by venapuncture, with analyses performed on a Thermo Fisher Scientific (Waltham,
MA) triple quadrupole Quantum Access LC-MS/MS system with a Surveyor HPLC
system.® For the DBS analyses of creatinine, TaC, CsA, an Agilent 6460A (Santa Clara,
CA) triple quadrupole LC-MS/MS system, with an Agilent 1200 series combined HPLC
system was used.® The Ht of the venous sample was measured using an XN10/XN20
hematology analyzer (Sysmex, Kobe, Japan). The blood spots were visually inspected
for completeness, homogeneity and symmetric filling of the 10-mm circle and dark red
color on both sides of the paper according to prespecified criteria.X”2° The whole blood
and DBS extraction and analysis procedures were performed as described previously
with minor alterations.®18!

Statistical analysis
Statistical analysis was performed using Analyse-it® Method Validation Edition for

Microsoft Excel version 2.30 (Leeds, United Kingdom). Standard linear regression
analysis was used to calculate the correlations between methods. Only values within
analytically validated ranges were analyzed. Method comparison was done using
Passing and Bablok regression analysis and Bland-Altman was used for bias calculation.
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Passing and Blablok regression, Bland-Altman method and Deming regression were
used to calculate systematic difference between the DBS and plasma creatinine
measurements. Using these differences an optimal conversion formula for creatinine
was determined.?2 Statistical significance was set at 0.05, results are presented with
95% confidence intervals (CI).

Results

Patients

In total 210 paired DBS and whole blood samples were collected from 172 adult
kidney transplant patients between August 2015 and May 2016. All patients received
multiple immunosuppressive therapy consisting of a calcineurin inhibitor (TaC or CsA)
in conjunction with mycophenolate mofetil and prednisolone. After visual inspection
10 DBS were discarded because of insufficient sample quality making 95.2% of all
collected samples suitable for analysis. One sample, which was intended to be used
for validation of creatinine and TaC, was excluded because of an outlier value of Ht
of 0.537. In total 199 paired creatinine, 106 paired TaC and 61 paired CsA samples
were analyzed. Some patients used other immunosuppressive drugs (sirolimus or
everolimus). Table 1 summarizes demographic patient characteristics. All evaluated
drug and creatinine concentrations were within the validated analytical ranges.

Table 1. Patient demographic and clinical laboratory data

N Mean £ SD (range)

Age,y 172 55+ 14 (20-84)
Sex 172 105 male, 67 female

Plasma creatinine, pmol/L 199 149 +65 (53-478)

Venous whole blood TaC trough concentrations, pg/L 106 7.1+3.3(1.6-17.8)

Venous whole blood CsA trough concentrations, ug/L 61 109 +112(10-206)

Ht (v/v) 199 0.387 £0.054 (0.252-0.514)
Time from transplantation 172 6y,10mo+=7y,10mo

(10dto 36y, 10 mo)

linical validation

Creatinine

Linear regression analysis showed a significant relationship between creatinine
concentrations in plasma derived from whole blood obtained by venapuncture and
creatinine concentrations in DBS capillary whole blood obtained by fingerprick (R? =
0.97, P <0.0001). Passing & Bablok regression found y = 0.73x - 1.55 (95% ClI slope,
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0.71-0.76; 95% ClI intercept, —-4.58 to 1.65), consistent with a significant systematic
difference of a 27% lower concentration of creatinine in DBS from capillary whole
blood, with no significant intercept difference compared to plasma results as shown
in Figure 1. This was expected because creatinine concentrations in DBS are “diluted”
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Figure 1. Method comparison between plasma creatinine levels and DBS creatinine levels (n = 199). In the upper panel the
dotted line is the line of identity, the continuous line is the Passing & Bablok regression line y = 0.73x - 1.55 (95% Cl slope, 0.71-
0.76; intercept, -4.58 to 1.65). The lower panel shows Bland-Altman analysis based on recalculated values for DBS using the
formula [creatinine plasma concentration in pmol/L] = [DBS concentration in pmol/L]/0.73. Calculated bias is significant at

-2.1 ymol/L (95% CI, -3.7 to -0.5) shown by the continuous line, the dashed line indicates 95% limits of agreement.
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by the red blood cells obligatory present in these samples. Results from Bland-Altman
analysis and Deming regression showed similar results but systematic differences
between DBS and plasma of 33% and 28%, respectively. All data were reanalyzed using
recalculated DBS concentrations based on the 3 systematic difference percentages.
Unlike the 33% and 28% differences, correction for the 27% systematic difference
gave no significant constant or proportional differences in Passing & Bablok analysis.
A fixed bias of -2.1 ymol/L (95% CI, -3.7 to —-0.5) was observed in Bland-Altman
analysis for the recalculated values using the 27% difference as seen in Figure 1. We
deem a fixed bias of —2.1 pymol/L as not clinically relevant and therefore propose
the following conversion factor: [creatinine plasma concentration in pymol/L] = [DBS
concentration in umol/L]/0.73. Subanalysis of samples with a creatinine level of less
than 177 pmol/L (n = 163) showed a comparable bias of —2.0 pmol/L (95%Cl, -3.5
to —0.4). Using this conversion factor for creatinine, the DBS analytical results can be
interchanged with plasma analytical results.

TaC

In total, 106 samples were analyzed. One sample was excluded because of high Ht.
One sample was excluded because it was a peak concentration instead of a trough
concentration and therefore not clinically relevant. Linear regression analysis showed
a significant relationship between DBS TaC levels and venous whole-blood TaC levels
(R2=0.93, P <0.0001). Passing & Bablok fit was y = 1.00x — 0.23 (95%(ClI slope, 0.91-
1.08; intercept, —0.69 to 0.30) showing no systematic difference as seen in Figure 2.
The Bland-Altman analysis showed a significant bias of a 0.28 pg/L (95% Cl, -0.45
to —0.12 pg/L) lower concentration in DBS compared with venous blood which we
consider not clinically significant. These results prove that for TaC DBS analytical
results are interchangeable with venous whole-blood analytical results.
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CsA

In total, 61 DBS CsA samples were analyzed, 3 samples were excluded because they
were peak concentrations. Linear regression analysis showed a significant relationship
between DBS CsA levels and venous whole-blood CsA levels (R? = 0.93, P < 0.0001).
Passing & Bablok fit was y = 0.99x - 1.86 (95% ClI slope, 0.91-1.08; intercept, -8.31 to
3.64), showing no systematic difference as seen in Figure 3. The Bland-Altman analysis
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showed a nonsignificant bias. These results show that for CsA, DBS analytical results
are interchangeable with venous whole-blood analytical results.
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Figure 3. Method comparison between venous whole blood cyclosporin A concentrations and DBS concentrations (n = 58). In
the upper panel, the dotted line is the line of identity, the continuous line is the Passing & Bablok regression line y = 0.99x - 1.86
(95% Cl slope, 0.91-1.08; intercept, —8.31 to 3.64). The lower panel shows Bland-Altman analysis with a nonsignificant bias of
-1.8 umol/L (95% Cl, -4.8 to 1.3) shown by the continuous line, the dashed line indicates 95% limits of agreement.
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Discussion

This study showed that DBS sampling for the simultaneous analysis of creatinine and
immunosuppressants TaC and CsA can replace conventional venous sampling methods
in daily routine.

Before monitoring creatinine and immunosuppressive therapy using DBS in transplant
patients can be clinically applied, several steps must be taken. The analytical method
for DBS samples must be simple, robust, and validated. This study shows excellent
linearity of CsA, TaC, and creatinine in DBS compared with venous samples. Ht has
been shown to have effect on CsA recovery; however, its influence is within analytical
limits, except for CsA concentrations greater than 200 pg/L at Ht of 0.53 or greater.®?*
This has been deemed not clinically relevant because in outpatient practice trough
concentrations are usually targeted at less than 200 pg/L. Because the DBS method for
creatinine, TaC, and CsA has been shown to be independent of Ht,®!® there is no need
for Ht corrections by means of potassium measuring or near-infrared spectroscopy as
described in the literature.®? Our results are in agreement with Wilhelm et al.*® who
reported no bias or systematic error for a comparison of CsA in whole blood and DBS
in 40 samples in 36 patients. Hinchliffe et al.® reported a significant bias for CsA of
2.6 pg/L and a significant bias of —0.7 pg/L for TaC resulting in a correction formula
based on the Passing & Bablok analysis. Dickerson et al.” reported a mean lower
concentration of 0.6 pg/L in DBS compared with venous whole blood for TaC. We
report no correction factor and only a small bias of 0.28 pg/L for TaC which is within
analytical limits for concentrations greater than 2.0 ug/L."#2426 Although the used LC-
MS/ MS methods are comparable both Hinchliffe and Wilhelm used Whatman 903
sampling paper, Dickerson did not report the used paper. We previously demonstrated
the performance of Whatman DMPK-C cards used in our study is superior to the
Whatman 903 paper when using the analysis method developed by our institution.?
This may have contributed to the observed differences.

Koop et al.? were the first to compare clinical DBS and venous samples for simultaneous
determination of immunosuppressants and creatinine. Although the correlation
coefficient for creatinine was 0.890, the bias found with Bland-Altman was 17.7
pmol/L. In their study, only 19 samples were analyzed, which means that no reliable
correction factor could be derived from the results. Our study is the first to propose
a correction factor for creatinine concentrations in DBS based on a clinical validation
with a larger sample size than any clinical validation of immunosuppressants
or creatinine measured in DBS reported in literature. We found a slightly lower
concentration of creatinine (-2.1 ymol/L) in DBS compared with plasma samples. In
clinical practice, the range of creatinine concentrations in kidney transplant patients
is often between 100 and 300 pmol/L, so the lower concentration of creatinine
would imply a negative bias of approximately 2.1% and 0.7% at the respective
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clinical creatinine concentrations. We doubt that in any clinical situation, this small
negative bias would lead to different decision making by clinicians or patients,
and therefore we deemed this difference not clinically relevant. As described, the
creatinine measurement only requires a reinjection of the extract on a different HPLC
column making the simultaneous analysis of immunosuppressants and creatinine
relatively simple requiring no complicated techniques like solid phase extraction.?18
For immunosuppressants, this study only describes validation in the range of clinically
relevanttrough concentrations. This limits the use to monitoring trough concentrations
in the home setting. Validation at higher concentrations needs to be done before DBS
can be applied in studies measuring peak concentrations. In his study, patients did
not perform the DBS sampling method themselves. Application of DBS in the home
setting will require patients to perform DBS based on training received in the hospital
and (video or written) instruction.’” Incorrect sampling by the patient may lead to
insufficient blood spot quality due to overlapping spots, insufficient spot size, blood
smearing, and excessive squeezing of the finger leading to hemolytic samples. However,
this limitation reduces bias and gives a true comparison of DBS versus venapuncture
analytical results. The phlebotomist in our hospital used the same instruction method
and DBS sampling method as the patients use at home.r” Our instruction material
contains examples of the most frequently observed incorrect sampling methods. In
addition, patients receive training by an experienced phlebotomist before their first
application of DBSinthe home setting. Another factor influencing successful application
are logistical challenges. Because dose adjustments should be done based on a recent
trough concentration, time between DBS sampling and arrival of the samples at the
laboratory by mail needs to be as short as possible. Although theoretically possible,
this could prove to be a challenge in the early posttransplant period when patients
frequently visit the hospital. This results in relatively short time intervals between
visits, whereas the time between visits must be long enough to allow for completion
of the logistic process necessary for routine outpatient application of the DBS method,
which includes sampling, sample transport by mail, analysis in the laboratory, and
reporting of the analytical results. Although DBS samples are proven to be stable
at various temperatures (-80°C to 37°C), extreme conditions during shipment may
influence nalytical results.®*® We expect that kidney transplant patients are able to
perform DBS sampling because kidney transplant patients are experienced with self-
monitoring of glucose and/or international normalized ratio due to new-onset diabetes
after transplantation.?* In addition, we expect that the patient’s own interest in the
performance of their allograft as described by immunosuppressant concentrations
and creatinine and the possibility that DBS sampling may lead to distant monitoring
by the clinician, reducing the need for clinical check-ups and saving the patients’ time
and money will contribute to high-quality DBS samples. In the future, studies should
be done to evaluate costs and efficacy of DBS in clinical practice to investigate the
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possible impact of logistical errors and incorrect sampling by patients using the DBS
method.

In summary, we have demonstrated the feasibility of the clinical application of
simultaneous detection of immunosuppressants TaC, CsA, and creatinine in DBS. The
results from the clinical validation show that the DBS sampling method can produce
reliable results and therefore can replace conventional venous blood sampling for
these key parameters in the routine care of transplant patients. Implementation of
DBS monitoring is feasible and may help with achieving target trough levels, flexible
monitoring of graft function and at the same time may reduce patient burden.
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Abstract

Background: Monitoring of immunosuppressive drugs such as everolimus and
sirolimus is important in allograft rejection prevention in transplant patients. Dried
blood spots (DBS) sampling gives patients the opportunity to sample a drop of blood
from a fingerprick at home, which can be sent to the laboratory by mail.

Methods: A total of 39 sirolimus and 44 everolimus paired fingerprick DBS and whole
blood (WB) samples were obtained from 60 adult transplant patients for method
comparison using Passing-Bablok regression. Bias was assessed using Bland-Altman.
Two validation limits were pre-defined: limits of analytical acceptance were set at
>67% of all paired samples within 20% of the mean of both samples and limits of
clinical relevance were set in a multidisciplinary team at >80% of all paired samples
within 15% of the mean of both samples.

Results: For both sirolimus and everolimus, Passing- Bablok regression showed no
differences between WB and DBS with slopes of 0.86 (95% ClI slope, 0.72-1.02) and
0.96 (95% CI1 0.84-1.06), respectively. Only everolimus showed a significant constant
bias of 4%. For both sirolimus and everolimus, limits of analytical acceptance were
met (76.9% and 81.8%, respectively), but limits or clinical relevance were not met
(77.3% and 61.5%, respectively).

Conclusions: Because pre-defined limits of clinical relevance were not met, this DBS
sampling method for sirolimus and everolimus cannot replace WB sampling in our
center at this time. However, if the clinical setting is compatible with less strict limits
for clinical relevance, this DBS method is suitable for clinical application.
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Introduction

Lifelong therapy with immunosuppressive drugs is a cornerstone in the prevention of
rejection of allografts in transplant patient care.! Because of their narrow therapeutic
range, many immunosuppressive drugs, including the mammalian target of rapamycin
inhibitors everolimus and sirolimus are subject to therapeutic drug monitoring (TDM)
to allow for balancing between toxic- and sub- therapeutic drug concentrations.
Tacrolimus is currently the most widely used calcineurin inhibitor in kidney
transplant patient care.? However, the recent TRANSFORM trial suggests efficacy of
maintenance therapy with everolimus in combination with low dose tacrolimus is
comparable to a standard regimen of tacrolimus and mycophenolate mofetil.3* An
additional advantage is the reduced viral infection risk. This might lead to an increase
in everolimus use in transplant patients. Traditionally, venous blood samples are used
for monitoring of immunosuppressive drug concentrations and patients have to travel
to the hospital on a regular basis to have their blood drawn. To decrease the burden
for patients, dried blood spot (DBS) home sampling has been developed among
various micro sampling methods for several drugs, including immunosuppres sants,
to enable home sampling.>*® For this, a drop of blood from a fingerprick is applied to a
sampling card and dried. This card is sent to the laboratory by mail a few days prior to
routine check-up of the patient in the hospital. At the time of the check-up, blood-drug
concentrations and creatinine levels will be available for the clinician and the patient.
Current challenges of DBS implementation include the influence of the hematocrit
and logistical hurdles.®*31718 Although DBS analytical methods can meet the required
analytical standards, analysis of clinically collected samples does not always result in
sufficient agreement between the standard (venous) method and the novel fingerprick
DBS method.” Therefore, a clinical validation study showing inter- changeability
between DBS and venous sampling is required before clinical application.® This is
shown for tacrolimus, cyclosporin A and creatinine.>-151° For sirolimus, Dickerson
et al. report agreement between fingerprick DBS and venous samples in 25 pediatric
transplant patients, where mean DBS concentrations were on average 0.8 pg/L lower
than venous samples.’® This difference between the two methods increased with
increasing concentrations of sirolimus. Willemsen et al. reported agreement between
everolimus fingerprick DBS and venous samples in 20 patients with cancer with a
mean ratio of whole blood (WB) to DBS concentrations of 0.90.2° The current Clinical
and Laboratory Standards Institute (CLSI) guideline suggests at least 40 paired
samples for comparison, therefore, the number of samples collected in both studies
for cross-validation was low.?* In addition, no clinical validation study for everolimus
using fingerprick DBS has been published for transplant patients. Therefore, the aim of
this study was to clinically validate our method for analyzing sirolimus and everolimus
in DBS to enable implementation in routine care.
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Materials and methods

Patient and sample collection
Patient samples were collected from adult transplant patients during routine clinical

check-ups in the hospital. Because of the nature of this study, the need to provide
written informed consent by the patients was waived by the Ethics Committee of
the University Medical Center Groningen (Metc 2011.394). A trained phlebotomist
obtained both the venous and DBS samples within 10 min of each other using a
collection method described elsewhere.®?22 |n short, after a fingerprick, two drops
of blood were allowed to fall freely on a Whatman FTA DMPK-C sampling paper (GE
Healthcare, Chicago, IL, USA). The WB samples were analyzed within a day as they
were part of routine care. DBS are stable for at least 7 days at room temperature,
therefore the DBS samples were allowed to dry for 24-74 h at room temperature
and packed in zip lock plastic mini bags with a desiccant.?*2¢ Upon receiving the DBS
samples in the laboratory, the samples were inspected for spot quality based on pre-
defined criteria.?2232” DBS samples fit for analysis were stored at -20°C until analysis.
DBS samples are stable for at least 29 weeks at -20°C so analysis occurred within this
timeframe.?®

Equipment, Conditions and Procedures
Our reference procedure was a measurement of sirolimus and everolimus in WB

obtained by venipuncture, with a previously validated analysis method performed
on a Thermo Fisher Scientific (Waltham, MA, USA) triple quadrupole Quantiva LC-
MS/MS system with a Vanquish HPLC system.?® For the DBS analysis of sirolimus
and everolimus, a previously validated method was used using the aforementioned
Thermo Quantiva LC-MS/MS.24?5 The analytical range for both the WB and DBS assay
for sirolimus and everolimus was 1.0-50.0 pg/L. Hematocrit of the venous samples
was measured using an XN10/XN20 hematology analyzer (Sysmex, Kobe, Japan).

Statistical analysis
Statistical analysis was performed using Analyse-it® Method Validation Edition for

Microsoft Excel version 4.18.6 (Analyse-it, Leeds, UK) and Microsoft Excel (Microsoft
Inc, Redmond, WA, USA). Method comparison was done using Passing-Bablok
regression analysis and a Bland-Altman analysis was used for bias calculation.?%%
Because no official guideline exists for clinical validation of DBS assays, we set two
limits of acceptance a priori. The first is the limit of analytical acceptance which is
based on the EMA guidelines for cross-validation and the 2018 version of the FDA
guideline for studies required to bridge two analytical methods.?**2 As acceptance
criteria, both FDA and EMA guidelines state that at least two-thirds (67%) of the
paired samples should be <20% of the mean of both methods. The second is the
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limit of clinical relevance which was set at a range of 85%-115% around the ratio
of the paired DBS and WB samples for at least 80% of the samples. This range was
chosen by a multidisciplinary team consisting of clinicians, pharmacists and analysts
and was chosen based on the therapeutic window given in the summary of product
characteristics of 3-8 pg/L for everolimus and 4-12 ug/L for sirolimus trough
concentrations for stable transplant patients >3 months after transplantation.®®3
A difference of 15% in the acceptable range ratio for a high everolimus trough
concentration (8 pg/L) in WB would lead to a DBS concentration range of 6.8-9.2
pg/L. For a low everolimus trough concentration (3 pg/L) in WB this would lead to an
acceptable DBS concentration range of 2.6-3.5 pug/L. These values are comparable to
the acceptable variability of 15% for accuracy and precision that are mentioned in the
FDA and EMA guidelines for bioanalytical methods.®**2 If 80% of all patients are within
this range this was deemed feasible by the clinicians. The predictive performance of
the DBS analytical method was established using the method described by Sheiner
and Beal *® In short, DBS concentrations were used to predict WB concentrations. For
each paired WB and DBS sirolimus and everolimus sample, the slope and intercept of
the Passing-Bablok regression was calculated using the whole population of sirolimus
and everolimus samples, respectively, excluding the data of that specific paired
sample. The error of this prediction is determined by bias and imprecision. The bias
is the median difference between the predicted and true concentration and is shown
by the median prediction error (MPE) and the median percentage prediction error
(MPPE). The imprecision is the variance of the predicted values which is measured by
the root median squared prediction error (RMSE) and the median absolute percentage
prediction error (MAPE). For analyzing the predictive performance the following
equations were used:

) @

100 — (2
Vo (©)
100% —— (4)

In accordance with other studies, acceptable values for MPPE and MAPE were set at
<15% and at least 67% of all samples should have an absolute prediction error of
<20%.5,20
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Results

Patients and samples
Atotal of 90 paired DBS and WB samples were taken from 60 adult transplant patients

between January 2017 and December 2017. All DBS cards had at least one spot of
sufficient quality for analysis. Three samples were excluded because no paired WB
sample was taken. Another three samples were excluded because the WB and DBS
sample were not taken within 10 min of each other. One sample was excluded because
it was not a trough concentration. A total of 39 paired sirolimus and 44 paired
everolimus samples were available for method comparison from 29 and 27 unique
transplant patients, respectively. The hematocrit ranged from 0.23 to 0.51 (v/v) with a
mean hematocrit of 0.40. All hematocrit values were within the analytically validated
range, which means that the hematocrit value had no influence on the DBS analytical
results.* Mean concentrations of sirolimus and everolimus in WB and DBS can be
found in Table 1. All evaluated concentrations were within the analytically validated
range.?* Patient demographics and transplantation type can be found in Tables 2 and 3.

Table 1. Mean drug concentrations, range and SD of sirolimus and everolimus in whole WB and DBS

Drug concentrations N  Mean £ SD (range)
Sirolimus in WB (ug/L) 39 50%24(1.9-10.9)
Sirolimus in DBS (pg/L) 39 47+19(18-97)

Everolimus in WB (ug/L) 44 54+26(12-14.3)
Everolimus in DBS (pg/L) 44 50%+24(19-109)

Table 2. Patient demographics and transplantation type

Patient demographics and N  Median (range)
clinical laboratory data

Age (years) 56 61 (23-77)
Sex 56 38 male (67.9%)

18 female (32.1%)
Time from transplantation 56 2years,3 monts, 5 days

(10 days - 22 years, 7 monts)

Table 3. Patient transplantation type per sample type

Transplantation Sirolimus Everolimus Total Unique
type samples samples samples patients
Liver 30 0 30 22
Lung 2 7

Stem Cell 7 0 7

Kidney 0 37 37 21
Total 39 44 83 56
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linical validation

Sirolimus

For sirolimus, the Passing-Bablok analysis fit was y = 0.86x + 0.44 (95% ClI slope,
0.72-1.02; 95% CI intercept -0.23 to