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Introduction: Monitoring kidney function and immunosuppressant levels in children post-kidney trans-
plantation or those with glomerulopathies is challenging due to frequent venipunctures and clinic visits.
Capillary dried blood spot sampling (DBS) offers a potential alternative.

Methods: In this prospective single-center study, 89 children (38% female and 62% male) requiring ther-
apeutic drug monitoring (TDM) and kidney function assessment were enrolled. Of the patients, 79% were
kidney transplant recipients, and 21% had immune-mediated glomerulopathies. The mean age was 13.4
(range, 5.7-18.0) years. DBS and standard venous serum samples were collected simultaneously for
tacrolimus (TAC), cyclosporine A (CsA), everolimus (EVR), and creatinine levels. Furthermore, patient
feedback on pain perception and feasibility was collected via questionnaire.

Results: No significant differences in parameter values between DBS and standard methods were
observed (creatinine, —1.7 + 14.5 umol/l; EVR, 0.1 &+ 1.2 pug/l; TAC, 0.3 + 1.1 ug/l; CsA, 2.8 + 9.8 ug/l). DBS
demonstrated sufficient accuracy compared with standard methods. Patients favored DBS and telehealth
consultations, especially due to less travel and school absences. Patients preferred finger pricking over ear
pricking.

Conclusion: Capillary DBS proves reliable for TDM and kidney function assessment in pediatric kidney
disease. It reduces patient and family burden compared with venous blood collection and enables tele-
health consultations.
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he monitoring of kidney function and levels of severe medication-associated side effects such as calci-

immunosuppressants is an essential component in
the care of children after kidney transplantation or with
immune-mediated glomerulopathies. The aim is to detect
deterioration of kidney or allograft function early and to
avoid either under- or over-immunosuppression. The
former may promote allograft rejections and relapses
of glomerular disease, whereas the latter may result in
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neurin toxicity in patients on TAC or CsA, leukopenia
and diarrhea in patients on mycophenolate mofetil,
stomatitis or dyslipidemia in patients on m-TOR inhib-
itors (EVR and sirolimus [SIR]), and infections or ma-
lignancies resulting in significant morbidity and
mortality. * Regular, valid, and precise patient moni-
toring by a team of experts is the key to
long-lasting graft or kidney function and the absence
of relapses, especially in children.’ Alongside immu-
nosuppressant levels, serum creatinine is currently
considered a key parameter for monitoring kidney
and graft function. Deviations from baseline may indi-
cate graft dysfunction and are thus highly relevant.
Likewise, regular TDM is essential in the care of

Kidney International Reports (2024) 9, 3236-3249


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://doi.org/10.1016/j.ekir.2024.08.012
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:brunkhorst.lena@mh-hannover.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ekir.2024.08.012&domain=pdf

L Brunkhorst et al.: DBS for Monitoring Children Under Immunosuppression

children with glomerulopathies on treatment with cal-
cineurin inhibitors or mycophenolic acid (MPA),
including those with frequent relapsing or steroid-
resistant nephrotic syndrome.’

In everyday clinical practice, the standard proced-
ure for monitoring the above-mentioned blood param-
eters in children post-kidney transplantation and
children with glomerulopathies is conventional veni-
puncture. Commonly, patients’ blood is taken from
veins on the back of the hand, thus sparing deeper
veins as long as possible for potential dialysis access.

This procedure contributes to increased psycholog-
ical stress for children and can cause pathological
changes in endothelial denudation.”® Post-kidney
transplantation, pediatric patients are usually sched-
uled for repeating laboratory and clinical check-ups at
the outpatient clinic.” During the first year post oper-
ation, the check-ups are performed weekly. Later, they
continue at monthly intervals.

The collection of predose samples of the immuno-
suppressant is typically performed in the mornings
(before medication intake) at pediatric renal clinics. This
is a burden to the patients and their families, because
traveling to the check-ups is time-consuming. The chil-
dren either miss school or kindergarten and their parents
or accompanying guardians must take leave from work.

Considering the disadvantages of current TDM, a
new standard method is urgently needed that is less
time-consuming for patients and their families, less
traumatizing for children, and less harmful for the
veins of potential future dialysis patients.

Capillary DBS sampling, one of the most popular
micro sampling techniques, is a potential alternative
because it is easy to perform and inexpensive. First
used in the early 1960s, DBS became known as a
screening method for phenylketonuria and was a major
milestone in the diagnosis of inborn errors of meta-
' DBS can be collected by finger
or ear pricks. Both methods are less invasive compared
with venous punctures and require much smaller blood
quantities (2-3 drops [~25-30 W] vs. 0.5-5 ml).

Previous studies on the use of capillary DBS for
TDM in children are hampered by the small sample
sizes, are limited to kidney allograft recipients, and/or
lack the assessment of kidney function such as creati-
nine levels. This might partly explain why this method
has not yet been implemented in the clinical setting or
home environment.'""'* Creatinine by means of liquid
chromatography with tandem mass spectrometry
determination has the advantage that only very small
amounts of material can be used. Furthermore, this can
be done in the same measurement together with the
immunosuppressants. The classic determination

bolism in newborns.
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requires more material and a separate method (Jaffe end
point determination or kinetic). In addition, the
method is more accurate, because it minimizes or ex-
cludes the influences of other parameters (bilirubin,
hemoglobin, and others), as aptly shown in the
candidate reference method."’

To address these issues, we performed a prospective
single-center observational study on capillary DBS
sampling as a method for monitoring of kidney or
allograft function and TDM of common immunosup-
pressants in children after kidney transplantation and
with immune-mediated glomerulopathies. The aim was
to compare DBS sampling to the gold standard venous
puncture EDTA-anticoagulated blood sampling in
terms of feasibility, validity, and patient experiences.

METHODS

Study Population and Design

The patients participating in this study were enrolled at
the outpatient clinic of the Department of Pediatric Kid-
ney, Liver and Metabolic Diseases of Hannover Medical
School, Germany. The inclusion criteria were age (1-18
years) and regular TDM of immunosuppressants (TAC,
CsA, EVR and/or MPA) due to kidney transplantation or
glomerulopathies, for example, frequent relapsing or
steroid-resistant nephrotic syndrome.

In total, 89 out of 120 patients fulfilling the inclusion
criteria could be enrolled between January 2022 and
November 2022. All subjects were evaluated once.

The study received appropriate ethics committee
approval from the Institutional Review Board of
Hannover Medical School (No. 938 BO_S_2021) and
was conducted in accordance with the Declaration of
Helsinki. Written informed consent was obtained from
all parents or guardians, with consent or assent from
patients deemed appropriate for their age.

Laboratory Validation of DBS Compared With
Venous Blood Samples for the Determination of
Immunosuppressants and Creatinine
Concentrations

Blood was drawn via phlebotomy and collected in an
EDTA tube. Defined amounts of immunosuppressants
and labeled ds-creatinine were added. The latter was
used to measure defined low creatinine concentrations,
which is not possible with native creatinine due to
unlabeled creatinine found in human blood. Half of the
mixture was pipetted on a DBS card and dried in the
dark for 3 hours at room temperature. Afterward, the
DBS were stored at —20 °C until analysis. To create
reference samples for creatinine and MPA in plasma,
the remaining blood was centrifuged. The generated
plasma was stored at —20 °C until analysis as well.
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Validation measurements were performed by
analyzing measurements consisting of 5 replicate sam-
ple injections into the mass spectrometer of each con-

centration level on 4 consecutive days.

Patient DBS Sample Collection and Storage
Patients’ blood was collected before the morning dose
of the immunosuppressive drug as a predose sample.
The prick technique was first demonstrated by the
doctor in the outpatient unit and then implemented
by the parents or patients if they felt confident
enough to do so. The CsA, TAC or EVR, and creati-
nine values were determined from capillary blood
from the fingertip or earlobe via a DBS. For this
purpose, the ear lobe or fingertip was cleaned with
disinfection wipes. The skin was then punctured
using a sterile surgical lancet (Terumo/Medisafe
FINETOUCH). The first blood drop was wiped off and
3 drops of capillary blood were placed on the DBS
card. To avoid contamination with tablet residues,
attention was paid not to touch the card. Within 5
minutes after the finger prick, a venous EDTA-
anticoagulated blood sample was taken to serve as a
standard control. DBS samples were stored for a
minimum of 3 hours in a dry and sunlight-protected
place, collected, and mailed in a paper envelope to
the laboratory (Screening-Labor Hannover) once a
week.

Preparation and Technical Procedures

We modified the Chromsystems MassTox kit to detect
and quantify immunosuppressants and creatinine in
dried blood spots by liquid chromatography with
tandem mass spectrometry. Validation measurements
were carried out by measuring blood spiked with
known immunosuppressant concentrations, as well as
by comparing measurement results of dried blood spot
analyses to serum analyses of the same blood sample.
Further details on the preparation of DBS samples and
controls, preparation of calibrators, plasma samples,
and plasma controls, chromatography and MS/MS
analysis, as well as the applied reagents and chemicals
are displayed in the Supplementary Material S2.

Online Survey

All patients enrolled in this study were requested to
take part in an online survey. The survey contained 13
questions evaluating the clinical feasibility and patient
satisfaction with the new DBS method (Online Ques-
tionnaire, Supplementary Material S3).

Statistical Analysis

Validation data were evaluated, and lower limits of
quantification (LLOQs) were determined with Abacus
(version 3.0, LABanalytics, Jena, Germany). Clinical
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data were recorded in an Excel 2016 spreadsheet
(Microsoft Corporation, Redmond, WA) and analyzed
and plotted with SPSS Statistics Version 28.0.1.1
(IBM, Armonk, North Castle, NY) or R v4.3.2 (R Core
Team, Foundation for Statistical Computing, 2022).
Mean differences of measurements via capillary DBS
analysis and a standard sample via venous access
were compared according to Bland-Altman (mean
bias, limits of agreement, precision [SD of the bias]).

Validation of the Method Using Spiked Dried
Blood Samples

To validate our method, we spiked DBS samples with
defined concentrations of immunosuppressants (CsA,
EVR, MPA, TAC, and SIR) and isotopically labeled
ds-creatinine, and injected every concentration level
5 times on 4 consecutive days. The results of DBS
samples were compared with expected target con-
centrations (Figure 1 and Supplementary Table S1).
Concentrations measured in DBS were in good
accordance with the immunosuppressants we spiked
into the samples. Only SIR showed larger deviations
of up to & 30% from the expected target values at the
lowest concentration. We calculated the LLOQ values
for each drug using Abacus Method Validation
Software. Each compound was measured with at least
4 replicates at different low concentrations. The
LLOQs defined as the lowest concentration with a
relative squared deviation from the target
value <20% were as follows: creatinine, 7.9 Umol/l;
CsA, 37.3 lig/l; EVR, 1.1 ig/l; MPA, 0.9 mg/l; SIR, 2.9
ug/l; TAC, 1.2 ug/l. All LLOQs were in good accor-
dance with previous studies assessing LLOQs for
these variables. Taken together, the data indicate that
our method allows the determination of immuno-
suppressant drugs and creatinine in dried blood spots
with high precision, even at low concentrations.

Patient Characteristics

The clinical characteristics of 89 patients (35 female and
54 male) are shown in Table 1. The mean age was 13.1
(range, 3.8-18.2; IQR, 5-58) years. Of those, 69 patients
were kidney transplant recipients, and 20 patients had
immune-mediated glomerulopathies.

Comparison of DBS Measurements With the

Standard Method of Venous Blood Samples

In total, we measured 214 predose pairs of capillary
and venous samples of immunosuppressants and
creatinine. Twenty-five samples were excluded due
to a lack of proper material. Creatinine (n = 81 pairs),
TAC (n = 29 pairs), EVR (n = 36 pairs), and CsA
(m = 43 pairs) remained for analysis. SIR was

Kidney International Reports (2024) 9, 3236-3249
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Figure 1. Comparison of DBS analyses with expected target concentrations. DBS, dried blood spot sampling; LLOQ, lower limits of quantifi-

cation; MPA, mycophenolic acid.

measured only twice in patients and thus not eligible
for further analysis. The venous material for creati-
nine was plasma and not EDTA blood, as for the
immunosuppressant drugs.

Table 1. Patient characteristics

Baseline characteristics Data
Parficipants N=289
Age, yr 13.1 + 4.1
Sex (female, male, unknown) Female: n = 35
Male: n = 54
Number of samples Creatinine: n = 81
TAC: n =29
EVR: n = 36
CsA: n= 43
Reasons for the use of immunosuppression KTx: n = 69
Glomerulopathy: n = 20
Hemoglobin 11.9 + 1.3 g/l
Hematocrit 356.7% + 3.9%

CsA, cyclosporine A; EVR, everolimus; KTx, kidney transplant; TAC, tacrolimus.
Data are given as mean £SD or total numbers.

Kidney International Reports (2024) 9, 3236-3249

The mean difference in creatinine concentrations
between the dried capillary microsample and the liquid
venous sample was —1.69 4= 14.56 [imol/l (Figure 2). A
Bland-Altman plot (plot of difference) revealed that the
mean difference in capillary blood samples was 1.22%
lower (£ 16.73%) on average than in the correspond-
ing blood samples (95% confidence interval
[CI], —4.92% to 2.48%) (Figure 3). A Passing-Bablok
regression analysis provided estimates of intercepts of
0.45 (95% CI, —0.3% to 4.18%) and slope of 0.97 (95%
CI, 0.92%—1.03%) (Figure 4).

The mean difference in TAC concentrations between
the dried capillary microsample and liquid venous
sample was 0.3 £ 1.06 [g/l (Figure 5). The Bland-
Altman plot (plot of difference, Figure 6) also
revealed that the mean (£SD) difference in capillary
blood samples was lower by 4.3% (& 19.6%) on
average than in the corresponding blood samples (95%
CI, —3.11% to 11.79%). The Passing-Bablok regression
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Figure 2. Comparison of creatinine concentrations. DBS, dried blood spot sampling; LA, limits of agreement (—30.69 to 26.85 pmol/l).

analysis provided estimates of intercepts of 0.54 (95%
CI, —1.62% to 0.31%) and slope of 1.19 (95% CI, 0.99—
1.44%) (Figure 7).

Between the dried capillary microsample and the
liquid venous sample, the mean (£SD) difference in
EVR concentrations was 0.01 &= 1.22 [g/l (Figure 8).
The Bland-Altman plot (plot of difference) revealed
that the mean difference in capillary blood samples
was 1.1 % (& 25.16%) lower than in the corre-
sponding blood samples (95% CI, —9.59% to 7.44%).
The difference plot is shown in Figure 9. The
Passing-Bablok regression analysis provided esti-
mates of intercepts of 0.05 (95% CI, —1.38% to

0.87%) and slope of 0.94 (95% CI, 0.72-1.28%)
(Figure 10).

The mean (+SD) difference in CsA concentrations
between the dried capillary microsample and the liquid
venous sample was 2.75 & 9.83 g/l (Figure 11). In
addition, the Bland-Altman plot (plot of difference)
revealed that the mean difference in capillary blood
samples was higher by 4.9% (414.71%) compared
with the corresponding blood samples (95% CI, 0.4%—
9.45%) (Figure 12). As shown in Figure 13, the Passing-
Bablok regression analysis provided estimates of in-
tercepts of 1.29 (95% CI, —11.18 to 11.6 %) and slope
of 1.03 (95% CI, 0.85% to 1.23%) (Figure 13).
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Figure 3. Plot of difference creatinine. DBS, dried blood spot sampling; LA, limits of agreement (—34.01 to 31.57%).
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Figure 4. Linear regression analysis creatinine. DBS, dried blood spot sampling.

Online Survey

The online survey revealed that 27 out of 29 patients
and parents or guardians (93%) felt confident in taking
a DBS at home. Most patients (79%) stated they would
prefer being pricked by a parent. In comparison to the
earlobe prick, 70% of patients preferred the finger
prick. However, most patients only tested the finger
prick. The most frequently mentioned benefits of using
capillary DBS versus regular outpatient visits were
regular school attendance (50%), more time for playing
with friends (23%), and getting more sleep (11%)
(Figure 14).

The level of experienced pain caused by the prick was
assessed by the participants via the Visual Analogue
Scale with pain levels reaching from 1 to 10. Of the pa-
tients, 32% reported no pain (level 1 of 10), the majority
reported mild pain levels (32% reported level 2/10, 24%
reported level 3/10, 12% reported level 4/10). No patient
reported a pain level above 4/10. (Figure 15).

DISCUSSION

In this single-center prospective study, we evaluated
the feasibility and wvalidity of capillary DBS
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Figure 5. Comparison of TAC concentrations. DBS, dried blood spot sampling; LA, limits of agreement (—1.78 to 2.37 pug/l); TAC, tacrolimus.
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Figure 6. Plot of differences TAC. DBS, dried blood spot sampling; TAC, tacrolimus.

measurements to monitor kidney function and the
levels of common immunosuppressants in a cohort of
children after kidney transplantation and with glo-
merulopathies. We demonstrated that DBS measure-
ments provide reliable results compared with standard
venous blood sampling measurements. We further
evaluated patient experience and found that the DBS
method enhances the patients’ quality of life.

Previous Research on DBS

Various studies and reviews have been published with
encouragingly consistent results comparing capillary
DBS with venous blood collection.'* *' These include

the monitoring of immunosuppressant medication after
solid organ transplantation.'''*** ** Nevertheless, the
method has not yet been implemented in everyday
clinical practice.

Among the documented advantages are the small
amount of required material; the simplicity of
handling, storage, and shipment of the DBS samples;
and the reduced costs and efforts for patients and the
health care system.''"'®***” Moreover, capillary blood
collection is particularly attractive for patients with
impaired kidney function who are -continuously
dependent on their vascular health status, that is, for
the placement of a fistula for dialysis.” ®

Linear regression analysis - Tacrolimus
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Figure 7. Linear regression analysis TAC. DBS, dried blood spot sampling; TAC, tacrolimus.
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The reported disadvantages of DBS are mainly pre-
analytical problems and sampling issues. Performing a
finger prick correctly to generate evenly distributed
blood spots with sufficient material can be challenging,
especially in pediatric patients. Potential challenges
discussed in the literature are differences regarding
volume and hematocrit (Hct) due to divergent perfor-
mance of the finger prick. Further, accuracy can be an
issue because patients might not accurately report the
time of collection and shipment issues could lead to
unforeseen delays of the samples.'”'”*%"

In previous studies, DBS cards were not only
compared with blood samples but also with different

variations of analysis and collection methods
(MITRA, etc).l4’26’%’38’39 In almost all studies, sta-
tistical agreement and high patient satisfaction with
the DBS outweigh the disadvantages.''

Study Design and Clinical Implications
Our research goals were to test the reliability of the in-
dividual measurements, compare the DBS card with the
standard blood sample, and investigate the practicability
in the clinic and patients” experiences. Accordingly, we
addressed these goals with 3 different research settings.
First, multiple artificially enriched samples of the
same blood sample collected by DBS in the laboratory
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were tested and compared with known target concen-
trations. The results showed that DBS sampling was
highly accurate and precise, with low variation even at
low concentrations and small lower levels of quantifi-
cation, which are well within the acceptable range for
clinical laboratory testing (Figure 1).

Second, we compared DBS sampling to blood sampling
in a clinical setting with 89 pediatric patients with kidney
disease. We were able to confirm a strong correlation for
TAC, EVR, and creatinine; and a moderate correlation for
CsA between DBS (liquid chromatography with tandem

mass spectrometry) and standard venous samples. Mean
creatinine concentrations in DBS were 1.2% lower (mean of
difference) on average compared with blood samples (95%
CI, 31.6% to —34%). Regarding the immunosuppressive
predose levels, the mean concentration differences were
4.3% higher for TAC (95% CI, 42.7% to —34%), 1.1%
lower for EVR (95% CI, 48% to —50%), and 4.9% higher
for CsA (95% CI, 33.8% to —23.9%) (Figures 3, 6, 9, and
13). Various studies support these results.””*"*'

Despite difficulties in obtaining standardized blood
samples due to the children’s age and understanding,
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Figure 11. Comparison of CsA concentrations. DBS, dried blood spot sampling; CsA, cyclosporine A; LA, limits of agreement (—16.52 to 22.02 pg/I).
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Figure 12. Plot of differences CsA. CsA, cyclosporine A; DBS, dried blood spot sampling.

we encountered no major preanalytical challenges due
to the quality of samples. Potential quality issues could
have been caused for example by too few drops of
blood on the card, uncleaned fingertips, contamination
with other drugs, or high levels of sunlight during the
drying time. However, we did not encounter quality
issues with the stability of analytics, the volume and
homogeneity of blood spots, or the influence of the
Hct.'””®" This has also been confirmed in other
studies.””*’

As published previously, the influence of Hct on
immunosuppressant concentrations is negligible at
physiological Het concentrations of 20% to 60%.”" Hct

concentrations were measured at 3-month intervals to
ensure that the concentrations were within the range of
20% to 60%. For feasibility control, the plasma sam-
ples were sent for analysis to a different laboratory
than the DBS cards. Veenhof et al."’ showed a great
interlaboratory variation for current micro sampling
methods compared with whole blood methods."’
However, in our case, there was no significant differ-
ence between the results of the venous samples in the 2
different laboratories.

Third, we conducted an online survey to investigate
the patients’ experiences. The survey confirmed the
expected benefits of the DBS method for patients and
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Figure 13. Linear regression analysis CsA. CsA, cyclosporine A; DBS, dried blood spot sampling.
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their families. Half of the patients reported that the
main advantage of home monitoring was saving school
days; a quarter mentioned meeting with friends (25%).
According to our survey, the home monitoring reduced
stress, pain, time, and costs for patients, which aligns
well with similar studies.”””>

Limitations and Further Research
This study focuses on the feasibility of DBS in the
context of pediatric patients. Due to its scope and
research interest, several shortcomings can be identi-
fied that should be addressed in further research.
First, the scope of analysis could be extended. It was
planned to include MPA in the laboratory analysis and
in patient control as well. However, due to patient
dropouts, the data were too limited; thus, it was
excluded from the patient controls. A larger study with
more patient data should include MPA as well.
Second, training for patients, both in clinical set-
tings and the home environment, need to be elaborated

5-10= tolerable - unbearable pain 0

4= mild tolerable pain

Attend in school Hobbies, friends Reduce traveling
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23
8 11

Sleep

and standardized. It would then be possible to observe
whether patient training has a relevant impact on the
sample quality (e.g., accurate timing), or whether other
processes that might diminish the quality (e.g., trans-
port issues) could be optimized.

Third, the impact of telemedicine on home moni-
toring needs to be further researched. The patients
included in our survey all mentioned to be confident to
carry out in-home monitoring. However, the setup of
continuous home monitoring also poses challenges and
the implementation of tele visits has not yet been in-
tegrated into everyday clinical practice.' """

Finally, our survey indicates more patient satisfac-
tion with DBS. It has been argued that the DBS method
could lead to a normalization of children’s everyday
lives due to fewer travels and fewer school absences.’
We propose that a method which is more comfortable
and less time-consuming for patients could also lead to
better adherence, which would help to reduce the risk
of graft loss. This would be a major benefit of DBS,

R
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1 =no pain 32 l
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Figure 15. Patients’ pain levels.
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because nonadherence is a well-described problem in
pediatric patients, especially during adolescence, due
to family-, socio-economic-, condition-, healthcare- and
therapy-related factors.””"® It thus needs to be
observed in longitudinal studies whether DBS actually
improves adherence.

To address further potential practical issues, we
propose a trial run on initially stable patients without
major adherence problems. The patients should be
thoroughly trained beforehand. A protocol for carrying
out and sending the dry blood card is required."”"’
Potential further challenges that might appear in the
home setting concerning family issues or telehealth
should be closely observed via questionnaires or pa-
tient interviews.

Conclusions

Capillary finger-prick monitoring of creatinine and
immunosuppressant levels via DBS is a simple, prac-
tical, and accurate method. It can precisely measure
concentrations in artificially created samples and shows
a good correlation with standard venous blood sam-
pling in a pediatric cohort. Interval home monitoring
could be the next step to reduce school and work ab-
sences for children and their families and help to
reduce time, costs, and the psychological stress of
outpatient visits. The method promotes self-
management and social integration and could thus
lead to better adherence. This would be a major
advantage, because poor adherence is one of the main
reasons for graft loss in adolescent patients. Further,
the children’s anxieties and trauma caused by venous
blood sampling could be avoided. In addition, damage
to the vessel walls can be reduced, which is important
for patients needing future dialysis access.

Although statistically the methods show good
agreement in terms of reproducibility and compara-
bility, the range of variation must be assessed in clin-
ical use.

However, the advantages outlined above outweigh
the difficulties.

As further steps, we recommend the implementation
of home monitoring in a group of stable patients with
good adherence. They should be provided with
comprehensive training regarding blood collection and
shipment to limit preanalytical measurement failures.
Proper protocols and quality control measures must be
in place to ensure accurate and reliable results before
offering DBS sampling to all patients.

DISCLOSURE

All the authors declared no competing interests.

Kidney International Reports (2024) 9, 3236-3249

CLINICAL RESEARCH

ACKNOWLEDGMENTS

The authors would like to thank the patients and their rel-
atives, the laboratory staff of Screening-Labor Hannover,
and the staff at Hannover Medical School for their
contributions.

AUTHOR CONTRIBUTIONS

The study was designed by NK and NJ. MG and LB
collected samples and data. BB and MT carried out labo-
ratory measurements and helped with the initial manu-
script. LB made the statistical analysis and drafted the
initial manuscript. NK, NJ, and DH supervised data
collection, laboratory measurements, and statistical ana-
lyses; and critically reviewed and revised the manuscript
for important intellectual content. All authors approved the
final manuscript as submitted and agree to be accountable
for all aspects of the work.

SUPPLEMENTARY MATERIAL

Supplementary File (PDF)

Supplementary Table S1. Multiple reaction monitoring
(MRM) transitions for each compound.

Supplementary Material S2. Technical procedures.
Supplementary Material S3. Online Questionnaire.

REFERENCES

1. Schonder KS, Mazariegos GV, Weber RJ. Adverse effects of
immunosuppression in pediatric solid organ transplantation.
Pediatr Drugs. 2010;12:35-49. https://doi.org/10.2165/11316
180-000000000-00000

2. Parlakpinar H, Gunata M. Transplantation and immuno-
suppression: a review of novel transplant-related immu-
nosuppressant drugs. Immunopharmacol Immunotoxicol.
2021;43:651-665.  https://doi.org/10.1080/08923973.2021.
1966033

3. Weber LT. Therapeutic drug monitoring in pediatric renal
transplantation. Pediatr Nephrol. 2015;30:253-265. https://doi.
org/10.1007/s00467-014-2813-8

4. Cattaneo D, Vinks AA. Optimizing immunosuppressive drug
dosing in pediatric renal transplantation: part of a special
series on paediatric pharmacologyClementi E, Molteni M,
eds. Pharmacol Res Zuccotti G. 2012;65:163-167. https://doi.
org/10.1016/j.phrs.2011.09.011

5. Trautmann A, Boyer O, Hodson E, et al. IPNA clinical practice
recommendations for the diagnosis and management of
children with steroid-sensitive nephrotic syndrome. Pediatr
Nephrol. 2023;38:877-919. https://doi.org/10.1007/s00467-
022-05739-3

6. McCoy IE, Shieh L, Fatehi P. Reducing phlebotomy in hemo-
dialysis patients: a quality improvement study. Kidney Med.
2020;2:432-436. https://doi.org/10.1016/j.xkme.2020.05.006

7. Hoggard J, Saad T, Schon D, et al. Guidelines for venous
access in patients with chronic kidney disease. A position
statement from the American Society of Diagnostic and
Interventional Nephrology, Clinical Practice Committee and
the Association for Vascular Access [published correction

3247



https://doi.org/10.1016/j.ekir.2024.08.012
https://doi.org/10.2165/11316180-000000000-00000
https://doi.org/10.2165/11316180-000000000-00000
https://doi.org/10.1080/08923973.2021.1966033
https://doi.org/10.1080/08923973.2021.1966033
https://doi.org/10.1007/s00467-014-2813-8
https://doi.org/10.1007/s00467-014-2813-8
https://doi.org/10.1016/j.phrs.2011.09.011
https://doi.org/10.1016/j.phrs.2011.09.011
https://doi.org/10.1007/s00467-022-05739-3
https://doi.org/10.1007/s00467-022-05739-3
https://doi.org/10.1016/j.xkme.2020.05.006

CLINICAL RESEARCH

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

3248

appears in Semin Dial. Semin Dial. 2008;21:186-191. https://
doi.org/10.1111/j.1525-139X.2008.00421.x

Singh NS, Grimes J, Gregg GK, et al. “Save the Vein” initia-
tive in children with CKD: a quality improvement study. Am J
Kidney Dis. 2021;78:96-102. https://doi.org/10.1053/j.ajkd.
2020.11.016

Group TW. Improving global outcomes (KDIGO). KDIGO
clinical practice guideline for the care of kidney transplant
recipients. Am J Transplant. 2009;9:S1-S155.

Guthrie R, Susi A. A simple phenylalanine method for
detecting phenylketonuria in large populations of newborn
infants. Pediatrics. 1963;32:338-343. https://doi.org/10.1542/
peds.32.3.338

Al-Uzri A, Freeman K, Wade J, et al. Longitudinal study on the
use of dried blood spots for home monitoring in children after
kidney transplantation. Pediatr Transplant. 2017;21:€12983.
https://doi.org/10.1111/petr.12983

Stokes P, O’Connor G. Development of a liquid
chromatography-mass spectrometry method for the high-
accuracy determination of creatinine in serum. J Chromatogr
B Analyt Technol Biomed Life Sci. 2003;794:125-136. https:/
doi.org/10.1016/s1570-0232(03)00424-0

Dickerson JA, Sinkey M, Jacot K, et al. Tacrolimus and siro-
limus in capillary dried blood spots allows for remote moni-
toring. Pediatr Transplant. 2015;19:101-106. https://doi.org/
10.1111/petr.12392

Brisson AR, Matsui D, Rieder MJ, Fraser DD. Translational
research in pediatrics: tissue sampling and biobanking. Pe-
diatrics. 2012;129:153-162. https://doi.org/10.1542/peds.2011-
0134

Edelbroek PM, van der Heijden J, Stolk LM. Dried blood spot
methods in therapeutic drug monitoring: methods, assays,
and pitfalls. Ther Drug Monit. 2009;31:327-336. https://doi.
org/10.1097/FTD.0b013e31819e91ce

Enderle Y, Foerster K, Burhenne J. Clinical feasibility of dried
blood spots: analytics, validation, and applications. J Pharm
Biomed Anal. 2016;130:231-243. https://doi.org/10.1016/.
jpba.2016.06.026

Lei BU, Prow TW. A review of microsampling techniques and
their social impact. Biomed Microdevices. 2019;21:81. https://
doi.org/10.1007/s10544-019-0412-y

Wagner M, Tonoli D, Varesio E, Hopfgartner G. The use of
mass spectrometry to analyze dried blood spots. Mass
Spectrom Rev. 2016;35:361-438. https:/doi.org/10.1002/mas.
21441

Wilhelm AJ, den Burger JC, Swart EL. Therapeutic drug
monitoring by dried blood spot: progress to date and future
directions. Clin Pharmacokinet. 2014;53:961-973. https://doi.
org/10.1007/s40262-014-0177-7

Koop DR, Bleyle LA, Munar M, Cherala G, Al-Uzri A. Analysis
of tacrolimus and creatinine from a single dried blood spot
using liquid chromatography tandem mass spectrometry.
J Chromatogr B Analyt Technol Biomed Life Sci. 2013;926:54—
61. https://doi.org/10.1016/j.jchromb.2013.02.035

Mee A, Wong P, Sun C, et al. Monitoring of cyclosporine
concentrations by using dry blood-spot samples. J Clin Lab
Anal. 1991;5:74-77. https://doi.org/10.1002/jcla.1860050114

Cheung CY, Van Der Heijden J, Hoogtanders K, et al. Dried
blood spot measurement: application in tacrolimus

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

L Brunkhorst et al.: DBS for Monitoring Children Under Immunosuppression

monitoring using limited sampling strategy and abbreviated
AUC estimation. Transpl Int. 2008;21:140-145. https://doi.org/
10.1111/j.1432-2277.2007.00584.x

Klak A, Pauwels S, Vermeersch P. Preanalytical consider-
ations in therapeutic drug monitoring of immunosuppres-
sants with dried blood spots. Diagnosis (Berl). 2019;6:57-68.
https://doi.org/10.1515/dx-2018-0034

Koster RA, Botma R, Greijdanus B, et al. The performance of
five different dried blood spot cards for the analysis of six
immunosuppressants. Bioanalysis. 2015;7:1225-1235. https:/
doi.org/10.4155/bio.15.63

Koster RA, Veenhof H, Botma R, et al. Dried blood spot vali-
dation of five immunosuppressants, without hematocrit
correction, on two LC-MS/MS systems. Bioanalysis. 2017;9:
553-563. https://doi.org/10.4155/bio-2016-0296

Mathew BS, Mathew SK, Aruldhas BW, et al. Analytical and
clinical validation of dried blood spot and volumetric
absorptive microsampling for measurement of tacrolimus
and creatinine after renal transplantation. Clin Biochem.
2022;105:25-34.  https://doi.org/10.1016/j.clinbiochem.2022.
04.014

Mbughuni MM, Stevens MA, Langman LJ, et al. Volumetric
microsampling of capillary blood spot vs whole blood sam-
pling for therapeutic drug monitoring of tacrolimus and
cyclosporin A: accuracy and patient satisfaction. J Appl Lab
Med. 2020;5:516-530. https://doi.org/10.1093/jalm/jfaa005

Nakano M, Uemura O, Honda M, Ito T, Nakajima Y, Saitoh S.
Development of tandem mass spectrometry-based creatinine
measurement using dried blood spot for newborn mass
screening. Pediatr Res. 2017;82:237-243. https://doi.org/10.
1038/pr.2017.56

Sadilkova K, Busby B, Dickerson JA, Rutledge JC, Jack RM.
Clinical validation and implementation of a multiplexed
immunosuppressant assay in dried blood spots by LC-MS/
MS. Clin Chim Acta. 2013;421:152-156. https://doi.org/10.
1016/j.cca.2013.02.009

Van der Heijden J, De Beer Y, Hoogtanders K, et al. Thera-
peutic drug monitoring of everolimus using the dried blood
spot method in combination with liquid chromatography-
mass spectrometry. J Pharm Biomed Anal. 2009;50:664—
670. https://doi.org/10.1016/j.jpba.2008.11.021

Vethe NT, Gustavsen MT, Midtvedt K, et al. Tacrolimus can be
reliably measured with volumetric absorptive capillary
microsampling throughout the dose interval in renal trans-
plant recipients. Ther Drug Monit. 2019;41:607-614. https:/
doi.org/10.1097/FTD.0000000000000655

Koster RA, Alffenaar J-WC, Greijdanus B, Uges DR. Fast LC-
MS/MS analysis of tacrolimus, sirolimus, everolimus and
cyclosporin A in dried blood spots and the influence of the
hematocrit and immunosuppressant concentration on re-
covery. Talanta. 2013;115:47-54. https://doi.org/10.1016/].
talanta.2013.04.027

Hoogtanders K, Van der Heijden J, Christiaans M,
Edelbroek P, Van Hooff J, Stolk L. Therapeutic drug moni-
toring of tacrolimus with the dried blood spot method.
J Pharm Biomed Anal. 2007;44:658-664. https:/doi.org/10.
1016/j.jpba.2006.11.023

Hoogtanders K, van der Heijden J, Christiaans M, van de
Plas A, van Hooff J, Stolk L. Dried blood spot measurement
of tacrolimus is promising for patient monitoring.

Kidney International Reports (2024) 9, 3236-3249


https://doi.org/10.1111/j.1525-139X.2008.00421.x
https://doi.org/10.1111/j.1525-139X.2008.00421.x
https://doi.org/10.1053/j.ajkd.2020.11.016
https://doi.org/10.1053/j.ajkd.2020.11.016
http://refhub.elsevier.com/S2468-0249(24)01884-9/sref9
http://refhub.elsevier.com/S2468-0249(24)01884-9/sref9
http://refhub.elsevier.com/S2468-0249(24)01884-9/sref9
https://doi.org/10.1542/peds.32.3.338
https://doi.org/10.1542/peds.32.3.338
https://doi.org/10.1111/petr.12983
https://doi.org/10.1016/s1570-0232(03)00424-0
https://doi.org/10.1016/s1570-0232(03)00424-0
https://doi.org/10.1111/petr.12392
https://doi.org/10.1111/petr.12392
https://doi.org/10.1542/peds.2011-0134
https://doi.org/10.1542/peds.2011-0134
https://doi.org/10.1097/FTD.0b013e31819e91ce
https://doi.org/10.1097/FTD.0b013e31819e91ce
https://doi.org/10.1016/j.jpba.2016.06.026
https://doi.org/10.1016/j.jpba.2016.06.026
https://doi.org/10.1007/s10544-019-0412-y
https://doi.org/10.1007/s10544-019-0412-y
https://doi.org/10.1002/mas.21441
https://doi.org/10.1002/mas.21441
https://doi.org/10.1007/s40262-014-0177-7
https://doi.org/10.1007/s40262-014-0177-7
https://doi.org/10.1016/j.jchromb.2013.02.035
https://doi.org/10.1002/jcla.1860050114
https://doi.org/10.1111/j.1432-2277.2007.00584.x
https://doi.org/10.1111/j.1432-2277.2007.00584.x
https://doi.org/10.1515/dx-2018-0034
https://doi.org/10.4155/bio.15.63
https://doi.org/10.4155/bio.15.63
https://doi.org/10.4155/bio-2016-0296
https://doi.org/10.1016/j.clinbiochem.2022.04.014
https://doi.org/10.1016/j.clinbiochem.2022.04.014
https://doi.org/10.1093/jalm/jfaa005
https://doi.org/10.1038/pr.2017.56
https://doi.org/10.1038/pr.2017.56
https://doi.org/10.1016/j.cca.2013.02.009
https://doi.org/10.1016/j.cca.2013.02.009
https://doi.org/10.1016/j.jpba.2008.11.021
https://doi.org/10.1097/FTD.0000000000000655
https://doi.org/10.1097/FTD.0000000000000655
https://doi.org/10.1016/j.talanta.2013.04.027
https://doi.org/10.1016/j.talanta.2013.04.027
https://doi.org/10.1016/j.jpba.2006.11.023
https://doi.org/10.1016/j.jpba.2006.11.023

L Brunkhorst et al.: DBS for Monitoring Children Under Immunosuppression

35.

36.

37.

38.

39.

40.

Transplantation. 2007;83:237-238. https://doi.org/10.1097/
01.tp.0000250730.30715.63

Martial LC, Aarnoutse RE, Schreuder MF, Henriet SS,
Briiggemann RJ, Joore MA. Cost evaluation of dried blood
spot home sampling as compared to conventional sam-
pling for therapeutic drug monitoring in children. PLoS
One. 2016;11:e0167433. https://doi.org/10.1371/journal.
pone.0167433

Londhe V, Rajadhyaksha M. Opportunities and obstacles for
microsampling techniques in bioanalysis: special focus on
DBS and VAMS. J Pharm Biomed Anal. 2020;182:113102.
https://doi.org/10.1016/j.jpba.2020.113102

Shitole V, Bhamare K, Kumar P, Sengupta P. Technological
advancement in dry blood matrix microsampling and its

clinical relevance in quantitative drug analysis. Bio-
analysis. 2020;12:1483-1501. https://doi.org/10.4155/bio-
2020-0211

Kocur A, Pawinski T. Volumetric absorptive microsampling in
therapeutic drug monitoring of immunosuppressive drugs—
from sampling and analytical issues to clinical application. Int
J Mol Sci. 2022;24:681. https://doi.org/10.3390/ijms24010681

Kindem 1A, Bjerre A, Asberg A, Midtvedt K, Bergan S,
Vethe NT. Tacrolimus measured in capillary volumetric
microsamples in pediatric patients—a cross-validation study.
Ther Drug Monit. 2021;43:371-375. https://doi.org/10.1097/
FTD.0000000000000873

Undre N, Dawson |, Aluvihare V, et al. Validation of a capillary
dry blood sample MITRA-based assay for the quantitative
determination of systemic tacrolimus concentrations in
transplant recipients. Ther Drug Monit. 2021;43:358-363.
https://doi.org/10.1097/FTD.0000000000000847

Kidney International Reports (2024) 9, 3236-3249

41.

42.

43.

44.

45,

46.

47.

CLINICAL RESEARCH

Marshall DJ, Kim JJ, Brand S, Bryne C, Keevil BG. Assess-
ment of tacrolimus and creatinine concentration collected
using Mitra microsampling devices. Ann Clin Biochem.
2020;57:389-396. https://doi.org/10.1177/0004563220948886

Capiau S, Veenhof H, Koster RA, et al. Official international
association for therapeutic drug monitoring and clinical
toxicology guideline: development and validation of dried
blood spot-based methods for therapeutic drug monitoring.
Ther Drug Monit. 2019;41:409-430. https://doi.org/10.1097/
FTD.0000000000000643

Veenhof H, Koster RA, Junier LA, Zweipfenning P, Touw DJ.
Results from a proficiency testing pilot for immunosuppres-
sant microsampling assays. Ther Drug Monit. 2023;45:61-68.
https://doi.org/10.1097/FTD.0000000000001019

Roberts AJ, Malik F, Pihoker C, Dickerson JA. Adapting to
telemedicine in the COVID-19 era: feasibility of dried blood
spot testing for hemoglobin A1lc. Diabetes Metab Syndr Clin
Res Rev. 2021;15:433-437. https://doi.org/10.1016/j.dsx.2021.
02.010

Steinberg EA, Moss M, Buchanan CL, Goebel J. Adherence in
pediatric kidney transplant recipients: solutions for the sys-
tem. Pediatr Nephrol. 2018;33:361-372. https://doi.org/10.
1007/s00467-017-3637-0

Blowey DL, Hébert D, Arbus GS, Pool R, Korus M, Koren G.
Compliance with cyclosporine in adolescent renal transplant
recipients. Pediatr Nephrol. 1997;11:547-551. https://doi.org/
10.1007/s004670050335

Griiner N, Stambouli O, Ross RS. Dried blood spots-
preparing and processing for use in immunoassays and in
molecular techniques. J Vis Exp. 2015:52619. https://doi.org/
10.3791/52619

3249



https://doi.org/10.1097/01.tp.0000250730.30715.63
https://doi.org/10.1097/01.tp.0000250730.30715.63
https://doi.org/10.1371/journal.pone.0167433
https://doi.org/10.1371/journal.pone.0167433
https://doi.org/10.1016/j.jpba.2020.113102
https://doi.org/10.4155/bio-2020-0211
https://doi.org/10.4155/bio-2020-0211
https://doi.org/10.3390/ijms24010681
https://doi.org/10.1097/FTD.0000000000000873
https://doi.org/10.1097/FTD.0000000000000873
https://doi.org/10.1097/FTD.0000000000000847
https://doi.org/10.1177/0004563220948886
https://doi.org/10.1097/FTD.0000000000000643
https://doi.org/10.1097/FTD.0000000000000643
https://doi.org/10.1097/FTD.0000000000001019
https://doi.org/10.1016/j.dsx.2021.02.010
https://doi.org/10.1016/j.dsx.2021.02.010
https://doi.org/10.1007/s00467-017-3637-0
https://doi.org/10.1007/s00467-017-3637-0
https://doi.org/10.1007/s004670050335
https://doi.org/10.1007/s004670050335
https://doi.org/10.3791/52619
https://doi.org/10.3791/52619

	Dried Blood Spot Sampling for Monitoring Children With Immune-Mediated Glomerulopathies and After Kidney Transplantation
	Methods
	Study Population and Design
	Laboratory Validation of DBS Compared With Venous Blood Samples for the Determination of Immunosuppressants and Creatinine  ...
	Patient DBS Sample Collection and Storage
	Preparation and Technical Procedures
	Online Survey
	Statistical Analysis

	Results
	Validation of the Method Using Spiked Dried Blood Samples
	Patient Characteristics
	Comparison of DBS Measurements With the Standard Method of Venous Blood Samples
	Online Survey

	Discussion
	Previous Research on DBS
	Study Design and Clinical Implications
	Limitations and Further Research
	Conclusions

	Disclosure
	Acknowledgments
	Author Contributions
	Supplementary Material
	References


