Universiteit

4 Leiden
The Netherlands

Clinical validation of Venetoclax volumetric microsampling in patients
with leukemia with assessment of whole-blood-to-plasma conversion
strategies and self-microsampling feasibility

Levens, A.D.; Rijstenbil, J.; Metscher, E.; Borne, P. von dem; Albersen, A.; Swen, ]J.J.; Moes,
D.J.A.R.

Citation

Levens, A. D., Rijstenbil, ]J., Metscher, E., Borne, P. von dem, Albersen, A., Swen, ].]., &
Moes, D. J. A. R. (2026). Clinical validation of Venetoclax volumetric microsampling in
patients with leukemia with assessment of whole-blood-to-plasma conversion strategies and
self-microsampling feasibility. Clinical Pharmacokinetics. doi:10.1007/s40262-026-01635-3

Version: Publisher's Version
License: Creative Commons CC BY-NC 4.0 license
Downloaded from: https://hdl.handle.net/1887/4304874

Note: To cite this publication please use the final published version (if applicable).


https://creativecommons.org/licenses/by-nc/4.0/
https://hdl.handle.net/1887/4304874

Clinical Pharmacokinetics
https://doi.org/10.1007/5s40262-026-01635-3

ORIGINAL RESEARCH ARTICLE q

Check for
updates

Clinical Validation of Venetoclax Volumetric Microsampling in Patients
with Leukemia with Assessment of Whole-Blood-to-Plasma
Conversion Strategies and Self-Microsampling Feasibility

A.D.Levens'® . J, Rijstenbil’ - E. Metscher' - P. von dem Borne? - A. Albersen®- J. J. Swen' - D. J. A. R. Moes'

Received: 12 December 2025 / Accepted: 17 March 2026
© The Author(s) 2026

Abstract

Background and Objective Venetoclax shows substantial pharmacokinetic (PK) variability and frequent toxicity, making it an
archetypal candidate for PK monitoring. Capillary microsampling may facilitate decentralized PK monitoring of venetoclax.
However, clinical validation is lacking. This study aimed to clinically validate capillary microsampling for venetoclax and
to assess the feasibility of home-based self-microsampling.

Methods Adult patients with acute myeloid leukemia (AML) and chronic lymphocytic leukemia (CLL) receiving oral
venetoclax therapy provided paired venous plasma and capillary samples using dried blood spot (DBS) and volumetric
absorptive microsampling (VAMS) devices. We evaluated individualized hematocrit-based microsample-to-plasma correc-
tion models and previously published whole-blood-to-plasma conversion strategies. Agreement and predictive performance
were assessed according to international microsampling validation criteria. The feasibility of home-based self-microsampling
was evaluated by examining patients’ ability to collect samples independently, the proportion of usable returned samples,
and device usability.

Results A total of 25 patients contributed 64 sets of paired venous plasma, DBS, and VAMS samples. Uncorrected DBS and
VAMS venetoclax concentrations underestimated plasma concentrations (mean bias —21% and — 14%, respectively) and
showed clear hematocrit dependence. Individualized hematocrit—plasma/microsample ratio models showed excellent per-
formance, with 95% of DBS and 91% of VAMS concentrations within +20% of plasma and low bias and imprecision across
all validation metrics. Literature-based correction strategies showed lower acceptance rates and wider limits of agreement.
Among patients attempting self-microsampling, 18 of 21 sampled independently, 76% of returned DBS/VAMS samples were
suitable for analysis, and usability ratings were higher for VAMS than DBS.

Conclusions Capillary microsampling enables accurate venetoclax quantification in patients with AML and CLL when
individualized hematocrit-based microsample-to-plasma conversion is applied. Both DBS and VAMS met international
validation criteria, and home-based self-microsampling proved feasible. Venetoclax home-based self-microsampling war-
rants further study as a tool for decentralized PK monitoring.

1 Introduction hematological malignancies, including chronic lympho-

cytic leukemia (CLL) and acute myeloid leukemia (AML)
Venetoclax is a potent, selective B-cell lymphoma_z [1]. Although substantial inter- and intra-individual phar—
(BCL-2) inhibitor that has transformed the treatment of macokinetic (PK) variability has been documented, vene-
toclax dosing remains fixed after an initial ramp-up phase
[2]. This variability may contribute to the wide range of
adverse events observed in clinical practice, including neu-
tropenia, febrile neutropenia, thrombocytopenia, diarrhea,
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Venetoclax quantification from capillary microsamples
closely aligned with standard venous plasma concentra-
tions.

Literature-based whole-blood-to-plasma correction
factors performed inconsistently for venetoclax, indicat-
ing the need for drug-, device-, and population-specific
calibration.

Home-based self-microsampling for venetoclax was
feasible: most patients sampled independently, most
returned samples were analytically adequate, and
usability favored volumetric absorptive microsampling
(VAMS) over dried blood spots (DBS) for decentralized
pharmacokinetic monitoring.

The intra- and inter-patient PK variability arises from
both intrinsic factors, including ethnicity and severe hepatic
impairment [8], and sex [9], as well as clinical circumstances
such as commonly occurring drug—drug interactions with
rituximab, CYP3A4 inhibitors, OATP1B] transporter inhibi-
tors [9], P-gp and BCRP inhibitors [8], and food intake [9].
For instance, posaconazole, a strong CYP3A4 inhibitor and
common co-medication in AML treatment, increases vene-
toclax AUC,_,, by ninefold [10], prompting substantial dose
reductions that vary between regulatory agencies: the U.S.
Food and Drug Administration (FDA) recommends 70 mg
daily [11], while the European Medicines Agency (EMA)
advises a maximum of 100 mg [2]. In addition to pharma-
cokinetic (PK) drug interactions, patient behavior also con-
tributes to intra-individual PK variability. Taking venetoclax
with high-fat meals can increase bioavailability up to fourfold,
compared with fasting [9]. Collectively, these characteristics
make venetoclax a compelling candidate for PK monitoring,
as highlighted by pharmacokinetic drug—drug interaction and
pharmacokinetic boosting studies [12, 13]. In practice, this is
realized through therapeutic drug monitoring (TDM), which
has become increasingly integrated into the standard of care
for patients receiving oral oncolytic drugs [14].

Despite the growing role of TDM in oral oncolytic ther-
apy, broader implementation may be limited by practical
constraints. Conventional venous blood sampling requires
hospital visits, trained personnel, and cold-chain logistics
to maintain sample integrity. This can be burdensome for
patients, particularly when frequent sampling is required.
Moreover, venous sampling is invasive and resource inten-
sive. Microsampling offers a promising alternative by ena-
bling the collection of small blood volumes (typically less
than 50 pL) through minimally invasive procedures that do
not require trained phlebotomists. It allows for relatively
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simplified sample preparation, reduced biohazard risk,
improved stability at room temperature, and easier transport
and storage [15]. Microsampling could be particularly advan-
tageous for patients with hematologic malignancies, who are
often thrombocytopenic [16] and for whom venous sampling
may pose additional challenges. These advantages may sup-
port more comprehensive and accurate PK assessments
beyond trough levels while potentially reducing healthcare
costs, enhancing accessibility, and empowering patients to
take a more active role in their own treatment [17].

While microsampling offers promising advantages, it also
presents methodological challenges related to physiologi-
cal and compositional differences between capillary whole
blood and venous plasma. These include preanalytical vari-
ability, such as sample collection, potential matrix effects,
and the influence of hematocrit (Hct) and other blood com-
position parameters on measurement accuracy [18, 19]. The
use of volumetric microsampling devices may help mitigate
some of these challenges, though their impact requires eval-
uation within a clinical validation study. To date, several bio-
analytical methods have been developed for microsampling
of oncolytic drugs, yet only a limited number of studies have
conducted clinical validation comparing microsampling to
conventional venous blood sampling [18]. Such validation is
essential before microsampling can be implemented in rou-
tine care [19]. Following clinical validation, the feasibility
of home-based self-sampling must also be assessed to enable
successful integration into clinical practice [20].

Comprehensive clinical validation of microsampling
for venetoclax has not yet been reported. To address this
gap, this study aimed to clinically validate a bioanalytical
method for quantifying venetoclax concentrations in capillary
blood using two patient-friendly volumetric microsampling
devices. Both dried blood spot (DBS) and volumetric absorp-
tive microsampling (VAMS) devices were included to allow
comparison of venetoclax performance using two different
microsampling techniques. In addition, we evaluated the fea-
sibility of home-based self-microsampling with these devices
in patients with AML and CLL receiving venetoclax therapy.

2 Methods
2.1 Study Population

This single-center, prospective clinical validation study was
conducted at the Leiden University Medical Center (LUMC)
between October 2024 and January 2025, in accordance
with the principles of the Declaration of Helsinki. Ethical
approval was obtained from the Medical Ethics Review
Committee (reference NL86162.058.24). In line with Inter-
national Association for Therapeutic Drug Monitoring and
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Clinical Toxicology (IATDMCT) guideline, which recom-
mend a minimum of 40 samples from at least 25 individual
patients when patient numbers are limited [19], we aimed to
include 25 adult patients. Eligible participants were 18 years
of age or older, currently using venetoclax, and willing and
able to provide written informed consent. No exclusion cri-
teria were applied to reflect real-world clinical practice and
assess the feasibility of microsampling under routine condi-
tions. An overview of the study design is shown in Fig. 1.

2.2 Sample Collection

Sample collection for the clinical validation component was
performed during routine venous blood draws by trained
personnel and coincided with TDM of venetoclax. When
trough sampling for TDM was not feasible due to timing
constraints, blood was collected during routine follow-up
instead. This allowed us to obtain paired microsamples and
plasma samples across a wide concentration range, thereby
supporting calibration at both high and low venetoclax lev-
els. Immediately following venipuncture, capillary blood
was collected via finger-prick on the basis of the microsam-
pling protocol routinely used in clinical care for organ trans-
plant patients at the LUMC [21].

Finger-pricks were performed by study investigators (J.R.
and A.D.L.) using a safety lancet (Sarstedt, Niimbrecht,
Germany). After discarding the first drop of blood, capil-
lary blood was collected for both DBS and VAMS. DBS
sampling was performed using the HemaXis DB10 device,
which utilizes integrated capillaries to apply 10 pL volume
onto a Whatman 903 protein saver filter card (DBS System,
Gland, Switzerland). An additional 10 pL of capillary blood
was obtained using the volumetric absorptive microsampling
(VAMS) Mitra Clamshell device (Neoteryx, Torrance, CA,
USA), which collects a fixed volume through an absorptive
porous tip. Samples were collected at a minimum of 4 days
after treatment initiation to ensure venetoclax concentrations
were at steady state (clinically relevant concentration range)
on the basis of its reported half-life of approximately 14-26
h [22, 23]. The timing of venipuncture, DBS, and VAMS
sampling, as well as the time of the most recent venetoclax
administration, was recorded on a standardized form by the
study investigators. To ensure compliance with IATDMCT
recommendations, venous and capillary samples were col-
lected within a 0—10 min window of each other [19]. Follow-
ing collection, DBS and VAMS samples were dried at room
temperature for a minimum of 24 h before being stored at
— 80 °C until bioanalysis.

2.3 Bioanalysis

All DBS and venous plasma samples were analyzed using
liquid chromatography-tandem mass spectrometry (LC-MS/

MS) at the ISO 15189-accredited laboratory of the depart-
ment of Clinical Pharmacy & Toxicology of the LUMC. A
validated multi-analyte LC-MS/MS assay, capable of quan-
tifying venetoclax in DBS and VAMS samples, was used
for the analysis. This assay was developed and validated in
accordance with the International Council for Harmoniza-
tion Guideline M 10 on Bioanalytical Method Validation and
Study Sample Analysis [24]. The validated analytical range
for venetoclax quantification was 50-5000 pg/L.

2.4 DBS and VAMS to Plasma Correction Strategies

Physiological differences between capillary whole blood
(as sampled with DBS or VAMS) and venous plasma can
introduce systematic discrepancies in measured drug con-
centration, particularly for analytes that do not partition into
red blood cells [19]. Venetoclax is highly protein-bound
(unbound fraction fu < 0.01), does not distribute into the
erythrocyte compartment of blood (Kbc/pla = 0), and has
a reported mean blood-to-plasma concentration ratio (Fp,
also referred to as Kb/p) of 0.57 [5, 22]. Consequently, when
measured in capillary whole blood via DBS or VAMS, vene-
toclax concentrations may appear lower than corresponding
plasma concentrations, reflecting the smaller plasma frac-
tion at higher Hct values. For this reason, we recorded Hct
levels closest to the day of paired sampling, as well as Hct
sampling intervals. In addition, Het coefficients of variation
(CV) were calculated from all Hct measurements within the
year preceding sampling to capture individual variability
over time. As the primary whole-blood-to-plasma correc-
tion strategy, we used the observed relationship between
Hct and the plasma-to-microsample concentration ratio to
adjust microsample concentrations. In addition, we assessed
conversion strategies described in the literature for translat-
ing microsample measurements to plasma-equivalent values
of oncolytic drugs. Our evaluation focused on compounds
that partition predominantly into plasma, such as venetoclax
[25]. These approaches incorporate Hct values, drug-specific
distribution parameters, or empirical methods, using correc-
tion factors or regression formulas, and were evaluated for
their ability to improve agreement with venous plasma refer-
ence concentrations. A concise overview of the correction
strategies included in our evaluation is provided in Table 1,
whereas a comprehensive description of all reviewed meth-
ods, their underlying assumptions, and reported acceptance
rates (AR) is available in Supplementary Table S1 to con-
textualize our findings.

2.5 Self-Sampling Feasibility
To assess the feasibility of self-microsampling by patients,

patients received a kit (HemaXis DB 10, Mitra Clamshell,
safety lancets, written instructions, intake/collection log,
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Fig. 1 Schematic overview of the study design. The study consisted
of two complementary components: (i) clinical validation of capil-
lary microsampling for venetoclax quantification and (ii) assessment
of the feasibility of patient-performed home microsampling. For the
clinical validation component, adult patients receiving venetoclax
underwent paired sampling during routine clinical visits, consisting
of venous blood collection (venipuncture; plasma reference) and fin-
ger-prick sampling (capillary whole blood). Capillary samples were
collected using DBS (HemaXis DB10) and VAMS (Mitra device).
Venetoclax concentrations were quantified by LC-MS/MS. Agree-
ment between microsampling-derived and plasma concentrations was
evaluated using Passing—Bablok regression, Bland—Altman analysis,

prepaid return envelope) adapted from a routine clinical
microsampling protocol [21]. Patients were instructed to
collect duplicate samples using both devices and return all
four samples by post within 1 week. Upon receipt, a labora-
tory technician evaluated sample quality using predefined
criteria. For DBS, quality issues included insufficient sample
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and predictive performance metrics. Correction strategies to adjust
whole-blood microsample concentrations to plasma-equivalent val-
ues were subsequently evaluated. For the self-sampling feasibility
component, patients performed home-based microsampling using
DBS and VAMS samples collected by finger-prick and returned by
medical mail. Feasibility was evaluated through predefined endpoints
(acceptance, performance, and independence), laboratory assessment
of returned samples (sample quality and detectability), and usability
evaluation of both microsampling devices using the System Usability
Scale. DBS dried blood spot, VAMS volumetric absorptive microsam-
pling, LC-MS/MS liquid chromatography-tandem mass spectrometry

volume, no capillary filling, incomplete capillary empty-
ing, material placed outside the designated spot, or exces-
sive sample volume. For VAMS, quality issues included
oversampling or incomplete tip filling. DBS and VAMS
samples were also analyzed to confirm the detectability of
venetoclax.
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Table 1 Overview of literature-based correction strategies for trans-
lating dried blood spot (DBS) or volumetric absorptive microsam-

pling (VAMS) concentrations to plasma-equivalent values, and their

reported outcomes across different drugs. These strategies were
reviewed and subsequently applied to venetoclax in the present study.

Correction strategy Equa- Equation used Analyte Source study
tion no.
Hematocrit—plasma/capillary (la) ECplasmEl =C cap X (a X Hct + b) Venetoclax Current study
ratio (linear model)
Hcm‘atocrit—plasma/capillary (1b) ECplasma = Ccap X (a X e®Heny Venetoclax Current study
ratio (exp model)
Hematocrit-plasma/capillary (1c) EC asma = Ceyp X (a X In(Hct) + ) Venetoclax Current study
ratio (log model)
Hem.atocrit—plasr.na/capillary (1d) ECpjagma = Ceap X ((a X Het) + (b X ( Hct)? 4 ¢) Venetoclax Current study
ratio (polynomial model)
Hematocrit (individual or mean)  (2a) EC — Ceap Nilotinib Boons et al. (2017) [26]
and blood-to-plasma partition- plasma (1 _ Her) 4+ Het X p X f,
me (2b) EC — Ceap Tamoxifen and (Z)- Jager et al. (2014) [27]
Plsma 1 Het) + K2 x Het endoxifen
pla
Vemurafenib Nijenhuis et al. (2016) [28]
(2¢0) _ Ceap Imatinib Antunes et al. (2015) [29]
ECplasma - (1 —HCl‘) XFp
Irinotecan and SN-38 Hahn et al. (2018) [30]
Paclitaxel Andriguetti et al. (2018) [31]
Docetaxel Raymundo et al. (2018) [32]
Hematocrit (individual, mean, (3a) EC — Ceap Imatinib, dasatinib, and Kralj et al. (2012) [33]
or fixed) PRSI (] — Hetgividual) nilotinib
Etoposide Kukec et al. (2016) [34]
Imatinib and norimatinib  Iacuzzi et al. (2019) [35]
(3b) EC _ Ceap Venetoclax Current study
. = @
plasima (1 - Hcrmean)
(3¢) EC _ Ceap Pazopanib De Wit et al. (2015) [36]
plasma — (1 — Het. )
fixed
(3d) EC _ Ceap Radotinib Lee et al. (2020) [37]
plsma ™ (1 — Het + Her®)
Hematocrit (individual) and “4) CF = Ceap Tamoxifen and three Antunes [38]
experimentally determined cor- Colasma metabolites
rection factor ECppama = _ % v cF Docetaxel Raymundo et al. (2018) [32]
(1 = Hetigiviguar)
On the basis of experimentally (5a) CF. . = Ceap Imatinib Antunes et al. (2015) [29]
determined correction factor patent == ¢ ima
(per patient or per sample) ECplasma = Cpps X CFpatiem Irinotecan and SN-38 Hahn et al. (2018) [30]
Paclitaxel Andriguetti et al. (2018) [31]
Imatinib and norimatinib ~ Iacuzzi et al. (2019) [35]
(5b) ECpama = Ceap X CF gumple Venetoclax Current study
Deming or Passing—Bablok (6a) EC _ Ceaptbpeming Radotinib Lee et al. (2020) [37]
. . : . plasma —
regression-derived calibration A(Deming(cap~plasma))
equation between plasma and Nilotinib Boons et al. (2017) [26]
capillary samples Pazopanib Verheijen et al. (2016) [39]
(6b) EC _ Ceap+bpassing—Bablok Venetoclax Current study
plasma A(Passing—Bablok(cap~plasma)
(6¢) EC — Ceup Venetoclax Current study
plasma A(passing—Bablok(cap~plasma))
Linear regression between plasma (7a) ECjyma = Geap~plasma X Ceap Vemurafenib Nijenhuis et al. (2016) [28]
and capillary (7b) ECjasma = Geapplasma X Ceap + b Irinotecan and SN-38 Hahn et al. (2018) [30]

Paclitaxel

Andriguetti et al. (2018) [31]

cap capillary, CF correction factor, EC_plasma estimated plasma concentration, Fp blood-to-plasma concentration ratio, fu unbound fraction,
Hect hematocrit, Kbc/pl blood cell-to-plasma partition coefficient, p-fu red-blood-cell-to-unbound plasma ratio multiplied by unbound fraction
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2.6 Statistical Analysis

Method comparison between DBS/VAMS and venous
plasma followed the recently published IATDMCT guid-
ance for converting capillary blood to plasma [40]. Pass-
ing—Bablok regression was used to assess the correlation
between methods, accounting for variability in both test
and reference samples [41]. Method agreement and poten-
tial bias were further evaluated using Bland—Altman analy-
sis [42]. The span of the 95% limits of agreement (LoA)
obtained from Bland—Altman analysis was compared with
a predefined acceptance threshold of 25%. This threshold
was selected on the basis of recommended venetoclax dose
modification steps of at least 25% in case of toxicity [2] and
supported by residual unexplained variability in venetoclax
plasma concentrations reported in population PK models
(48% CV residual error) [43], which exceeds this margin.
Predictive performance was assessed by calculating the
median percentage predictive error (MPPE) and the median
absolute percentage predictive error (MAPE), with values
< 15% considered clinically acceptable [40]. In addition,
the root mean squared error (RMSE) and root mean squared
percentage error (RMSPE) were reported as complementary
measures of overall predictive error magnitude, in line with
prior recommendations [18]. Acceptable agreement should
be at least 67% of paired samples falling within 20% of the
mean concentration [19].

Feasibility endpoints were predefined as follows: accept-
ance (enrolled patients who consented to self-microsam-
pling), performance (consenting patients who attempted
sampling), independence (attempts completed without car-
egiver assistance), and sample adequacy (returned DBS/
VAMS meeting laboratory quality criteria and contain-
ing detectable venetoclax). Reasons for inadequacy were
recorded. As part of feasibility, usability was evaluated
using the System Usability Scale (SUS), a validated tool to
assess end users’ perceived ease of use and user friendliness
[44]. The SUS consists of ten items rated on a 5-point Lik-
ert scale (1 = “strongly disagree” to 5 = “strongly agree”).
Negatively worded items were reverse-scored, item scores
were summed, and the total was multiplied by 2.5 to yield a
0-100 total, with higher scores indicating greater usability.
Paired total SUS scores (0—100) were compared with the
Wilcoxon signed-rank test, reporting the Hodges—Lehmann
within-patient difference with 95% CI and p value (@ = 0.05,
two-sided).

All analyses were performed in R 4.2.2 (R Foundation for
Statistical Computing) with RStudio 2024.04.2. Core pack-
ages included dplyr, ggplot2, patchwork, mcr, and Meth-
Comp. MPPE, MAPE, RMSE, and RMSPE were calculated
as:
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In T —R;
MPPE = - %100
n2i=1 R

i

T, - R,
R.

L

1 n
MAPE = ;Z,:l

‘XIOO

1 2
RMSE = \/;2,-:1 (T, —R;)

2 (T —R. 2
RMSPE=\/1Z < i ’><1oo>
n e=di=1 R;

where T is the test method (DBS or VAMS) and R; the refer-
ence (plasma) concentration.

3 Results
3.1 Patients and Samples

A total of 25 patients participated in this study. The median
age was 69 years (range 21-84 years), with a majority of
male patients (64%) and a mean Hct level of 0.34 L/L (SD
0.08). Patients received venetoclax at doses of 70 mg, 100
mg, 200 mg, or 400 mg as part of routine treatment for AML
or CLL; 16 patients (64%) received posaconazole or vori-
conazole as concomitant medication during the study period.
Further details on patient characteristics, treatment regi-
mens, and sampling distributions are provided in Table 2.
In total, 69 sets of paired venous plasma, DBS, and VAMS
samples were collected across all participants. Five paired
samples were excluded from analysis: one due to missing
labeling and four because the time interval between plasma
and capillary sampling exceeded the 10-min protocol-
defined limit. As a result, 64 complete sets of paired vene-
toclax samples (DBS, VAMS, and plasma) were included
in the final analysis. For most included samples, the Hct
sampling interval was < 1 day; samples with longer intervals
were retained because within-patient Hct variability (CV)
was low (£ 10%).

3.2 DBS and VAMS Versus Plasma Without
Correction

Venetoclax concentrations ranged from 115 to 4508 pg/L
in plasma, 84 to 4719 pg/L in DBS, and 103 to 4722 ug/L
in VAMS. For DBS, Bland-Altman analysis showed a
mean bias of —21% (95% CI —27 to — 15) with 95% LoA
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from — 65% to 29%. Passing—Bablok regression yielded
an intercept of — 106 (95% CI —149 to —62) and a slope
of 1.027 (95% CI 0.878-1.198). Only 53% of samples
were within 20% of mean concentration, with MPPE and
MAPE of —13% and 19%, respectively. For VAMS, the
mean bias was — 14% (95% CI — 18 to —10), with LoA
from —46% to 17%. Passing—Bablok regression gave an
intercept of —67 (95% CI — 104 to — 30) and a slope of
0.963 (95% CI 0.854—1.070). In this case, 64% of sam-
ples fell within 20%, with MPPE and MAPE of — 12% and
14%, respectively.

3.3 Hematocrit Effect

Given the suboptimal agreement between venetoclax con-
centrations obtained from DBS or VAMS and those from
plasma, the potential impact of Hct was evaluated. For
each sampling technique, the plasma-to-microsample ratio
was plotted against Hct (Fig. 2). For DBS (Fig. 2a), the
ratio correlated strongly with Het (R* = 0.71). The slope
of 3.52 reflected a steep increase, showing that higher

A
DBS
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Fig.2 Relationship between hematocrit and plasma-to-microsample
concentration ratios of venetoclax. (a) Plasma/DBS ratio: each point
represents a paired plasma and DBS sample from an individual meas-
urement, using the hematocrit value recorded closest to sampling.
The regression line is described by the equation: plasma/DBS veneto-
clax ratio = 0.10 4+3.52 x hematocrit (R*> = 0.71). (b) Plasma/VAMS
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values substantially inflated plasma/DBS ratios. For VAMS
(Fig. 2b), the correlation was weaker (R> = 0.37), and the
slope of 1.51 reflected a more modest effect, with plasma/
VAMS ratios less influenced by Hct. Other monotonic mod-
els (polynomial, exponential, and logarithmic fits) were
also evaluated, which yielded comparable coefficients of
determination within each sampling technique (DBS: R? =
0.70-0.72; VAMS: R? = 0.34-0.40; Supplementary Figs. S1
and S2).

3.4 Performance of Correction Methods
for Estimating Plasma Concentrations from DBS

Application of the Hct-plasma/DBS ratio relationship pro-
vided the highest level of agreement with venetoclax plasma
concentrations. The linear model (Eq. 1a) achieved an AR
of 95% (61 of 64 samples within 20% of the mean concen-
tration). MPPE was —2.6%, MAPE 7.8%, with RMSE 167
pg/L and RMSPE 14%. Consistent with these metrics, the
Bland—Altman plot shows a mean bias close to zero with
95% LoA around —24% to 26%, mostly within the 25% band
(Fig. 3a), and the Passing—Bablok calibration lies close to
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ratio: each point represents a paired plasma and VAMS sample from
an individual measurement, using the hematocrit value recorded clos-
est to sampling. The regression line is described by the equation:
plasma/VAMS venetoclax ratio = 0.68 + 1.51 x hematocrit (R? =
0.37). Dashed lines indicate fitted regression lines
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the identity line (y = x) with a small intercept (Fig. 3c).
Other monotonic models (Eqgs. 1b—d) yielded similar results.
Notably, two of the three samples outside the acceptance
range originated from a single patient whose Hct was meas-
ured more than 20 days apart from the corresponding sam-
pling occasions (Table 2). Of note, the Hct CV was low
(8%).

Among the literature-based correction strategies, a second
tier of methods achieved AR values between 53 and 62%.
This group included regression-based calibration approaches
between DBS and observed plasma, namely ordinary lin-
ear regression (Eq. 7b), Deming regression (Eq. 6a), Pass-
ing—Bablok regression (Eq. 6b), and slope-only regressions
(Eq. 6¢, 7a), as well as a Hct-adjusted correction (Eq. 3d).
These approaches showed higher error (MAPE 15-20%) and
wider LoA (up to 65%), with evidence of proportional bias
(0.929-1.200). The poorest-performing strategies were those
based on empiric multipliers rather than fitted relationships
(Eq. 2c, 4, 5a, 5b). These approaches achieved AR values as
low as 11%, with high bias and wide LoA, in most cases per-
forming worse than when no correction strategy was applied.
Detailed results for all correction strategies are provided in
Table 3.

DBS: linear Hct-plasma/DBS ratio model

3.5 Performance of Correction Methods
for Estimating Plasma Concentrations
from VAMS

Compared with DBS, the best-performing VAMS cor-
rection models achieved slightly lower agreement with
plasma (91% versus 95%), yet a greater number of correc-
tion strategies met the predefined 67%/20% AR. The linear
model (Eq. 1a) yielded an AR of 91% (58 of 64 samples
within 20% of the mean concentration), MPPE close to
zero (—0.1%), MAPE of 8.2%, with RMSE 234 ug/L and
RMSPE 14%. In line with these results, the Bland—Alt-
man plot shows no significant mean bias with 95% LoA
near —25% to 27% (Fig. 3b), and the Passing—Bablok fit
has a slope near unity and negligible intercept, tracking
the identity line (y = x) (Fig. 3d). Other monotonic fits
(Eq. 1b, 1c, 1d) performed similarly, with AR values of
88-91% and comparably low error metrics. Again, the
same patient (Hct sampling interval 20-21 days; Hct CV
8%) who contributed two out-of-range samples in DBS
was also responsible for all four out-of-range samples in
VAMS.

VAMS: linear Hct-plasma/VAMS ratio model

.

Difference (estimated - venous), % of mean
]
s

0 1000 3000
Mean of venous and estimated plasma (g/L)

Passing-Bablok y = 122+ 0.965 " x

Estimated plasma (ug/L)

Venous plasma (ig/L)

Fig.3 Agreement and calibration of microsampling-derived veneto-
clax concentrations against venous plasma. (a—b) Bland—Altman plots
for DBS and VAMS using a linear hematocrit-plasma/method ratio
model to estimate plasma. Points are percentage difference versus
method mean; the solid line is the mean bias and dashed lines are the
95% limits of agreement; pale bands indicate the limits-of-agreement
region; dotted lines mark +25% acceptance. (c—d) Passing—Bablok

Difference (estimated - venous), % of mean
.
<

2000 3000
Mean of venous and estimated plasma (ug/L)

Estimated plasma (ug/L)

Venous plasma (ug/L)

regressions of DBS- and VAMS-estimated plasma versus venous
plasma; the solid line is the Passing-Bablok fit with the equation
printed on the panel; the grey dashed line is the identity (y = x). Axes
are harmonized within each row for visual comparability. BA Bland—
Altman, DBS dried blood spot, VAMS volumetric absorptive microsa-
mpling, Hct hematocrit, PaBa Passing—Bablok, LoA limits of agree-
ment, ULA upper limit of agreement, LLA lower limit of agreement
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Constant
bias

Propor-
tional

bias

95% LoA

(95% CIL, %) (%, lower—

MPPE  MAPE RMSE  RMSPE Mean bias
(%) (%) (%)

n

AR

Equation

Equa-

Table 3 (continued)

Correction
strategy

A\ Adis

(ug/L)

reject

accept

(%)

tion no.

upper)

-31 31 495 33 —-37(-41 —-66to 0.741 -28

57

11

CI)IJ‘S
= xF
(I—Her) ~ P

E Cplasma

(20)

Hematocrit

-8.1

to —34)

(individual)
and blood-
to-plasma

partitioning

(F,)

Proportional bias and constant bias are slope and intercept estimates, respectively, from Passing—Bablok regression. Mean bias and 95% LoA are derived from Bland—Altman analysis

AR acceptance rate, n accept number of samples within 20% of the mean concentration, n reject number of samples outside +20%, MPPE median percentage prediction error, MAPE median

absolute percentage error, CI confidence interval, RMSE root mean squared error (in concentration units), RMSPE root mean squared percentage error, 95% LoA 95% limits of agreement, Hct

hematocrit, CF correction factor, fu unbound fraction, Kbc/pl blood cell-to-plasma concentration ratio, poly polynomial fit

Several literature-based strategies formed an intermedi-
ate tier (AR 83-67%). This tier comprised the Hct-adjusted
polynomial correction (Eq. 3d; AR 83%), empiric multi-
pliers using patient- or sample-level correction factors
(Eq. 5a, 5b; AR 75%), and regression-based calibrations
versus plasma (Egs. 6a, 6b, 7b; AR 69-80%). Errors were
low (MPPE 0.0% to +3.1%; MAPE 10-11%) with LoA
up to 57%. The lowest-performing approaches included
strategies based on Hct (Egs. 3b, 3c, 2c, 4). These showed
AR values as low as 2%, with MPPE and MAPE up to 51%
and LoA extending beyond 60%, performing substantially
worse than fitted regression models. Detailed results for all
VAMS-based strategies are presented in Table 4.

3.6 Self-sampling Feasibility

Of 25 enrolled patients, 23 consented to self-microsam-
pling (acceptance: 23/25). Among these, 21 attempted
self-microsampling (performance: 21/23) with two unable
to perform sampling. Of the 21 patients, 18 completed
microsampling independently (independence: 18/21),
while 3 required caregiver assistance. Participants were
expected to return 84 device samples (42 DBS, 42 VAMS).
Overall, 76% samples were deemed suitable for analysis,
as assessed by the laboratory technician, and contained
detectable venetoclax (sample adequacy: 64/84), with
comparable adequacy for DBS and VAMS. Sample failures
were attributed to DBS-insufficient capillary filling (6/10)
or no capillary filling (4/10); VAMS-oversampling (5/10)
or incomplete tip filling (5/10). Examples of failed DBS
and VAMS samples are shown in Supplementary Fig. S3.

Usability of both microsampling devices was assessed
with the ten-item SUS. Item-level SUS ratings (Fig. 4a)
were consistently higher for VAMS (Mitra Clamshell) than
for DBS (HemaXis DB10) across all ten direction-aligned
items, which indicates greater perceived ease of use, better
integration, less complexity, and higher user confidence.
Consistent with these findings, the within-patient differ-
ence in total SUS scores (Fig. 4b) favored VAMS by 14
SUS points on the 0-100 scale (Hodges—Lehmann A; 95%
CI7.5-28; p = 0.001).

4 Discussion

This is the first comprehensive clinical validation study of
capillary microsampling for venetoclax. We demonstrated
that capillary microsampling can reliably quantify vene-
toclax concentrations when appropriate whole blood-to-
plasma conversion is applied. Without correction, venetoclax
concentrations from both DBS and VAMS underestimated
plasma (mean bias —21% and — 14%, respectively). This
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Clinical Validation of Venetoclax Volumetric Microsampling

B bias was strongly linked to Hct, with higher levels causing
3 BT greater underestimation of venetoclax in capillary whole
B g o p y
g N é blood, due to the smaller plasma fraction relative to eryth-
4 = o 2 § 8 rocytes. Importantly, despite both being volumetric capillary
) & . . . . .
O I I g 2 microsampling techniques, DBS (with HemaXis DB10) and
S O % p g q
= S 5° VAMS (with Mitra Clamshell) differed in their Hct depend-
= g %3 p
3 E §E ence: the venetoclax plasma/DBS concentration ratio rose
§- 2 % § < g = steeply with increasing Het (slope 3.52; R? = 0.71), whereas
o= ( wv .
Ao — — :% g Z:\ the plasma/VAMS ratio showed a more modest Hct depend-
. @ &S ence (slope 1.51; R* = 0.37). Consequently, Hct inflated the
<5 £ 23
S % ~| 2 - £ § PN plasma/DBS ratio more than twice as strongly as plasma/
° v} IS . .
R é o i B 2 . VAMS, making DBS more susceptible to Hct-related
: = . . . .
Rl A S §5 bias. Using the observed relationship between Hct and the
a () E 'og & plasma-to-microsample ratio, we derived a linear correc-
= ;i ; ; ; 2 = tion model that achieved excellent agreement with venous
~ ~— Q .
523 2c| 2 S S E %g_ plasma (AR 95% DBS, 91% VAMS), with Bland—Altman
~ o < . . . . o .
. § <8 limits within the +25% predefined clinical threshold, no
7 g %I g proportional or constant bias, and strong predictive perfor-
—_ < g . . .
E ® 52 % 3= mance (MPPE ~ 0, MAPE < 15%). This fulfills international
a2 S . . . . . . . . .
= z2g. validation criteria for microsampling in PK monitoring
. = ... . .
23 « ~ § %5~ [19, 40]. A key limitation, however, is that this approach
s % ¥ © = 5 2E y PP
2= aQ = g g_ o E remains dependent on contemporaneous Hct values, which
=} . . . .
m Z 3 S g are not routinely available in home-based self-sampling.
> 2 253 Y ping
%ﬂ S = = B o= & This was illustrated by the few out-of-range cases in both
. % fg z2 g DBS and VAMS, all traced to a single patient whose Hct
(=S . .
o s € Z22¢E was measured > 20 days from sampling. Even with a low
— — - I+ . .
=< nooon R CV, stale values undermined correction accuracy. Although
= o XS5 Yy g
3 g YE¢ Hct variability was summarized descriptively using a 1-year
5y >~ 9 4 =8 E Y puvely galy
== e © £z ‘S’ g CV to reflect real-world Het fluctuations during treatment,
& E22¢ our findings suggest that the timing of the Hct measure-
8 S £ET & ment relative to sampling is more critical for correction
= ~ — = 8% & C e . .
£ s5¢ accuracy than long-term variability. Reliable correction to
—_ 3 28 % lasma therefore requires Hct measured closest to sampling.
1SS — o 3 58 p 4 pling
<= - o $ g 5= Although volumetric microsampling is often proposed to
g 2 g 5 nullify technical Hct bias by standardizing sample volume
i 8582 . . . .
H E 5 g 2 [45], our findings demonstrate that physiological Hct bias
S 258 2 persists across volumetric devices, showing that Hct remains
= AN = .. . . .
T S cmS a critical determinant. Encouragingly, recent advances in
> S 2N gingly
g 3 9,2 § § g nondestructive Hct measurement for DBS and VAMS, using
= 2 = = . . .
1& 943 ° 5% 3 reflectance, near-infrared spectroscopy, or image analysis,
§ T 9= s g E 5 now enable direct Hct determination from the microsample
L & 285 itself [46-48]. These developments may overcome one of the
- |= % = 808 ) P Y
| | & 5§ g main barriers to routine and home-based implementation.
g g g 8 E % 3 While our empirical Hct-ratio models (Eqs. la—1d)
g = 3 2 23858 achieved excellent agreement and predictive performance,
) SIS = 2<% g P P
&2 Q K g § © '*E literature-based capillary blood-to-plasma correction strat-
, S S¢S egies achieved only moderate-to-poor agreement, with
. S 5% g y P g
) E;E 5 2 = g g % acceptance rates typically < 67% within +20% of plasma
2 = -7 & f g o values and in some cases performing worse than no correc-
p=! —~ kS o . .
g ; = -3 S 5 = 28 © tion. Although venetoclax is confined to the plasma com-
Q = = [/ =R = . .

;’ g .. 35 3% EEE 2 & ; 5 partment [5], theory-driven Hct formulas systematically
3] = = .5 L= = 1] . . e g
e2|ggd E2 282s8¢| g ¢ 2 3 mis-corrected plasma concentrations. In DBS, dividing

Q| 53 5E 528282 9 x 2 £ . .
2|03 e e £ <82 by (1-Hct) or applying fixed/mean Hct values consistently
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Fig.4 System Usability Scale comparison of microsampling devices.
(a) Item-level SUS ratings (1-5) displayed as means with 95% ClIs for
DBS (HemaXis DB10; orange) and VAMS (Mitra Clamshell; blue).
Negatively worded items were reverse-coded so that higher values
reflect better usability. (b) Paired dot plot of total SUS scores (0-100)

overestimated plasma levels, with AR values < 53% and
biases exceeding 20-30%. Adding partition parameters did
not improve performance. In VAMS, Hct formulas again
under- or over-corrected concentrations, with only one
method meeting the 67%/20% criterion, but performing
suboptimally in DBS. Together, these findings demonstrate
that Het must be modeled empirically rather than through
generic corrections, and consistent with prior studies, con-
firm that Hct alone does not explain all capillary-venous
variability [25, 49].

Despite both being volumetric devices, VAMS achieved
acceptable agreement and predictive performance with a
broader range of literature-based strategies than DBS. In
VAMS, several regression-based calibrations and conver-
sion factors crossed the 67% AR threshold (69-80%) with
low-to-moderate bias and MAPE around 10-13%. However,
their 95% LoA still extended up to —40% to 57%, exceed-
ing the +25% clinical target. In contrast, no literature-based
correction strategy in DBS met the 67%/20% acceptability
criterion, with the best-performing approaches plateauing
at 61-62% AR and MAPE 15-17%. Even when mean bias
was small, variability dominated. Overall, wide 95% LoA
for both devices limited the clinical acceptability of all lit-
erature-based correction strategies.
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linking each participant’s DBS and VAMS ratings. The annotation
reports the Hodges—Lehmann within-patient difference (A = 14; 95%
CI 7.5-28; p = 0.001). SUS System Usability Scale, DBS dried blood
spot, VAMS volumetric absorptive microsampling, HL A Hodges—
Lehmann median paired difference, CI confidence interval

Reviewing the outcomes of literature-based correction
strategies summarized in Table 1 reveals substantial het-
erogeneity that limits comparability across studies. Many
did not meet IATDMCT recommendations of > 40 paired
samples spanning the full therapeutic range [19, 40], with
several relying on small cohorts or restricted to trough lev-
els, which can inflate apparent accuracy while masking error
at higher concentrations, as would be relevant for peak or
AUC-based TDM. Definitions of acceptability also varied,
with AR thresholds ranging from 15 to 25% and reference
values differing (plasma versus mean), while predictive
metrics were often not reported. Methodological diversity
was considerable: some studies used venous rather than cap-
illary blood, non-volumetric punch DBS instead of volu-
metric devices, and applied different regression approaches
(slope-only factors, ordinary least squares, Deming, Pass-
ing—-Bablok). Hct handling was likewise inconsistent, often
relying on fixed or mean values or population-level parti-
tion parameters instead of contemporaneous, sample-level
Hct. Another often overlooked factor is the timing of paired
sample collection, which should occur within 5-10 min
[19] and has been reported as challenging in clinical prac-
tice [49]. Even small deviations can introduce variability in
the post-dose window until Tmax or at trough depending
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on the drug’s half-life. In our study, the 10-min window for
paired sampling was not feasible in four cases. Together,
these differences may help explain why strategies developed
for other plasma-confined drugs did not yield similar results
for venetoclax, and more broadly confirm that performance
does not generalize across drugs, devices, or cohorts.

As an alternative for plasma-confined drugs, dried plasma
spots have been explored to bypass whole blood-to-plasma
conversion, supported by the emergence of devices that
generate dried plasma spots directly from a capillary drop.
However, they often require relatively large blood volumes
and show inconsistent analyte recovery, including reduced
plasma protein recovery, which is a significant limitation
for highly protein-bound compounds [40]. Systematic errors
have also been reported when comparing dried plasma spots
with liquid plasma for oncolytic drugs [50], underscoring the
need for further bioanalytical and clinical validation before
DPS can replace DBS or VAMS in this setting.

In addition to clinical validation, we evaluated feasibility,
as clinical implementation requires methods suitable for rou-
tine care. We demonstrated that home-based self-sampling
was feasible: nearly all patients collected microsamples
independently, most returned samples were analytically ade-
quate (76%), and usability ratings favored VAMS over DBS
as the more patient-friendly option for decentralized vene-
toclax monitoring. Comparable findings have been reported
in kidney transplant recipients, where both DBS and VAMS
proved feasible, with a consistent end-user preference for
VAMS [51]. From a laboratory perspective, however, DBS
cards such as the HemaXis DB 10 integrate readily into auto-
mated workflows, whereas VAMS automation remains less
developed [52]. Similar feasibility has been reported in other
oncology cohorts using VAMS, with successful home-sam-
pling rates ranging from 70 to 93% across studies involving
oral oncolytics [49, 53]. In contrast, self-sampling feasibil-
ity data for DBS using the HemaXis DB10 device remain
limited in oncology. However, a real-world study in kidney
transplant recipients reported that 91% of returned samples
were suitable for analysis [51]. It is important to interpret
home feasibility outcomes within the clinical context, as
populations differ markedly. For example, venetoclax-treated
patients with AML face a limited life expectancy and are
generally more fragile [54], whereas kidney transplant
recipients often achieve long-term survival [55]. Training
conditions also differed between the VAMS home-sam-
pling studies: in one study, patients relied mainly on written
instructions after in-clinic demonstration [53], whereas in
another, initial sampling was supervised and instructions
reinforced [49]. In our study, initial sampling was also unsu-
pervised, further suggesting that structured training could
improve outcomes. Broader comparisons of microsampling
devices confirm device-dependent feasibility, with success
rates of 65-89% for various microsampling devices, but only

12% for the high-volume device Minicollect tube [20]. It
is also important to acknowledge that remote monitoring
with these devices will not be feasible for all patients. In our
study, SUS scores ranged as low as 23 for DBS and 65 for
VAMS, indicating variability in user acceptance. Although
sample adequacy was analytically acceptable, the 24% fail-
ure rate in our study remains substantial. This may have
operational implications: delayed throughput times, repeat
sampling, and additional patient contacts may offset some of
the logistical advantages of home-based microsampling and
influence overall financial feasibility. Therefore, microsam-
pling should not be considered a one-to-one replacement for
venipuncture in all patients. Instead, structured training and
careful patient selection, including identifying individuals
unlikely to perform microsampling independently, will be
critical for successful implementation.

Microsampling may be particularly attractive in outpa-
tient settings such as CLL, where venetoclax treatment often
occurs in the ambulatory setting and long-term monitoring
is required. This reflects the more favorable prognosis and
longer survival observed in CLL compared with AML [56].
In contrast, venetoclax-treated patients with AML require
intensive in-hospital treatment and monitoring and are at
higher risk for infection-related complications [3]. Although
these patients already visit the hospital frequently, minimiz-
ing avoidable exposure remains clinically relevant [57]. In
this context, home-based microsampling could enable more
intensive PK profiling, such as AUC assessment, without
additional clinic visits. Importantly, although this study
provides clinical validation and demonstrates feasibility,
the clinical utility of venetoclax microsampling remains to
be studied.

This study has some limitations. First, although we
included 25 participants and 64 paired samples, meeting
the IATDMCT threshold of > 25 patients and > 40 sam-
ples when patient numbers are limited, this remains below
the general recommendation of > 40 participants with sin-
gle paired samples [19]. Nonetheless, our sample size was
higher than most previous oncolytic drug studies using
microsampling (Table S1). Second, we did not validate the
conversion formula in an independent dataset. Only one
prior study (n=12 patients) among those whose correction
strategies we applied in this study reported validation in an
independent sample set [35]. This limitation is particularly
relevant for general correction factors and regression-based
calibrations, which are more prone to overfitting [25]. In
contrast, our primary approach was individualized, using the
empirically observed Het-plasma/microsample ratio, which
may be less sensitive to this issue. Third, while patients suc-
cessfully performed home-based sampling, they were not
instructed to collect trough samples specifically; feasibil-
ity for clinically relevant timepoints such as troughs there-
fore remains to be demonstrated. Finally, patients were not
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randomly selected but represented venetoclax-treated indi-
viduals at our center who were clinically able and willing
to participate. This introduces potential self-selection bias,
as fitter or more functionally independent patients may have
been overrepresented, which could have led to an overesti-
mation of feasibility outcomes. At the same time, the study
has notable strengths. Sampling covered both trough and a
wide range of post-dose intervals, capturing pharmacoki-
netic variability across the therapeutic range. This design
allowed for evaluation of suitability not only for trough-
based monitoring, but also for peak- or AUC-based TDM.
Two volumetric devices were evaluated, which are better
suited for home use and circumvent key limitations of non-
volumetric microsampling [19, 45]. Analyzing both also
revealed device-specific differences often overlooked when
microsampling techniques are considered interchangeable.
Finally, we systematically evaluated a broad set of correction
strategies, including those previously proposed for plasma-
confined drugs, which provided important insights into the
conditions under which correction approaches succeed or
fail.

5 Conclusions

Accurate venetoclax quantification from capillary microsa-
mples was achievable when individualized hematocrit-based
plasma conversion was applied, with both DBS and VAMS
meeting international validation criteria. Literature-based
whole-blood-to-plasma correction strategies performed
inconsistently, underscoring the need for drug-, device-,
and population-specific calibration. Home-based self-
microsampling was feasible, with a modest patient prefer-
ence for VAMS. Future studies should prioritize independent
validation, reduction of preanalytical errors, integration of
nondestructive contemporaneous Hct measurement for both
VAMS and DBS, and structured patient training to improve
success rates and support broader clinical implementation
of microsampling for venetoclax.
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