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Abstract

Venetoclax, after combining with hypomethylating agents (HMA) or low-dose cytarabine, has become a key
therapy for acute myeloid leukaemia (AML) patients who are unsuitable for intensive chemotherapy. However,
its clinical application is complicated by large inter-individual pharmacokinetic variability, a narrow therapeutic
window, and clinically important drug-drug interactions. These factors may lead to variable exposure, dose
limiting toxicities. Currently, conventional therapeutic drug monitoring (TDM) utilizes sampling, which usually
provides limited information regarding exposure and restricts the individualization of dosing. This narrative
review showcases the techniques for continuous monitoring of venetoclax in AML, focusing on the use of
wearable biosensors and artificial intelligence (AI)-driven precision dosing. It also explores the potential of
minimally invasive and wearable biosensors, such as electrochemical aptamer (EA)-based microneedle platforms.
The review also evaluates the capabilities of model-informed precision dosing (MIPD) and novel digital twin
technologies to translate frequent concentration measurements into meaningful dose adjustments and toxicity
prediction. These technologies remain experimental, and a venetoclax-specific continuous-sensing platform is not
yet available. Nevertheless, they may provide a path toward precision oncology. However, prospective clinical
validation is required before they can be used in routine AML care.
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1. Introduction

Over the last decade, the treatment of acute myeloid
leukaemia (AML) has undergone significant
transformation.! Until recently, there have been few
options for patients who were elderly or medically
unfit, and success rates have been low with the
currently available low-intensity treatments. In this
context, the advent of venetoclax-based therapy was
an important milestone. The combination of
azacitidine and venetoclax showed better remissions
and survival results than azacitidine alone in the
landmark VIALE-A trial, making it a significant
frontline treatment for patients not eligible for
intensive chemotherapy.? These results facilitated
the transition of venetoclax from being a promising
targeted agent to a key treatment option in AML
therapy. Venetoclax is a selective B-cell lymphoma
2 (BCL-2) inhibitor and a BCL-2 homology 3 (BH3)
mimetic.? It exerts antileukemic activity by restoring
the process of apoptosis in malignant cells, which
rely on BCL-2 for their survival. Venetoclax binds
to BCL-2, displaces pro-apoptotic proteins, leading
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to mitochondrial cell death.* Due to this, it is rapidly
adopted clinically in AML, in combination with
hypomethylating agents (HMA) or low-dose
cytarabine.’

Although it is effective, venetoclax therapy is
challenging to manage in routine AML care due to
the fact that the exposure of the drug is not consistent
between  patients.®  Prolonged  cytopenias,
particularly neutropenia, are common clinical
problems that can cause treatment interruptions or
dose modifications.> This scenario becomes more
complex with the addition of azole antifungals either
for prophylaxis or treatment. Azoles can inhibit
cytochrome P450 3A (CYP3A) and significantly
increase the exposure of venetoclax. During dose-
adjustment studies in AML, the clinically significant
venetoclax-posaconazole interaction was identified,
and structured dose adjustment is recommended.”®
This underscores the narrow therapeutic window of
venetoclax, where inadequate drug exposure may
lead to a lack of anti-leukemic activity, while
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excessive exposure could result in the development
of myelosuppression and infections.

Currently, exposure assessment is still largely based
on episodic therapeutic drug monitoring (TDM).
Most studies describe venetoclax pharmacokinetics
in AML patients using sparse plasma sampling,
typically  focused on steady-state trough
concentrations, and performed the quantification by
LC-MS/MS.>1° While these studies are informative,
they also demonstrate the constraints of snapshot
sampling, as a single trough value will not fully
capture fluctuations in absorption, accumulation,
and/or drug-drug interactions (DDI) over time.
Overall, the available data suggest a shift toward
more robust and flexible monitoring approaches to
improve individualization and safety in venetoclax
therapy in patients with AML.>10

This narrative review synthesizes the available
literature from databases such as PubMed and
Scopus, along with relevant FDA (Food and Drug
Administration) regulatory documents and product
information, to explore current advances and future
directions in continuous TDM of venetoclax in
AML. While previous literature has covered the
pharmacology of venetoclax, TDM, wearable
biosensors, or Al-driven decision support
individually, an integrated overview of these topics
involving continuous biosensing, pharmacometric
modelling, Al-based decision support, and precision
dosing of venetoclax in AML is currently lacking.
This review aims to fill this gap by combining these
complementary fields into a single conceptual
framework. We aim to: (i) discuss the rationale for
TDM of venetoclax in AML from a pharmacological
and clinical perspective; (ii) discuss emerging
wearable biosensor technologies for continuous
drug monitoring with a particular emphasis on
electrochemical aptamer (EA)-based microneedle
platforms; (iii) discuss the integration of continuous
sensing with model informed precision dosing
(MIPD), Bayesian forecasting, artificial intelligence
(AI) and digital twin technologies for individualised
dosing; (iv) propose a conceptual framework which
integrates continuous biosensing, pharmacometric
modelling and AI enabled decision support for
venetoclax precision dosing; and (v) identify the
various challenges that need to be overcome before
continuous monitoring of venetoclax can be
grounded into routine AML care.

2. Pharmacological rationale for TDM of
venetoclax

21 Pharmacokinetic
venetoclax

Although venetoclax is orally administered, it has a
complex pharmacokinetics that may make routine
administration difficult in AML patients.® The
absolute bioavailability of venetoclax is low under
fasting condition, but exposure increases
significantly when venetoclax is co-administered
with food.!! Food has been observed to increase

characteristics of
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exposure to venetoclax by several fold.®!! The
absorption of the drug is relatively slow with a
median time to reach the maximum concentration
(Cmax) of approximately 5-8 hours. It also exhibits a
large apparent volume of distribution (Va), which
indicate widespread tissue distribution and not being
confined to the intravascular space.®!? Another
important factor is protein binding. Venetoclax is
highly plasma protein bound and less than 0.01% of
the drug is unbound at clinically relevant
concentrations.*!* The mean blood to plasma ratio
was 0.57, indicating that plasma concentrations may
not necessarily represent the active fraction of
venetoclax.!* The terminal half-life (t12) of
Venetoclax is approximately 26 hours, which allows
for once-daily administration, although the drug
exposure may be affected by food intake, disease
characteristics, and co-administered drugs.®!® Its
metabolism is primarily mediated by CYP3A4/5 and
results in the formation of the major circulating
metabolite, M27.! Human disposition studies and
pharmacology summaries show that M27 is not
likely to make a meaningful contribution to the
antileukemic effect. Its clinical activity is expected
to rely largely on the exposure to the parent drug and
not on the accumulation of metabolites. The
elimination is primarily faecal, with minimal urinary
excretion. Therefore, renal clearance has a minor
role in the overall disposition. This pharmacokinetic
profile underscores that hepatic function and
CYP3A-mediated drug interactions have a greater
impact on venetoclax exposure compared to renal
elimination in patients with AML.%!

2.2 Exposure-response and exposure-toxicity
relationships

The exposure-response relationship of venetoclax is
clinically relevant as higher drug exposure did not
seem to proportionately increase efficacy, but
increased the risk of toxicity.!® Recent real-world
AML data indicated that higher venetoclax trough
levels were associated with a higher risk of delayed
neutropenia, with many patients later requiring a
dose-intensity reduction or treatment
discontinuation. In the same study, the patients with
complete remission (CR) or complete remission
with incomplete hematologic recovery (CRi) had
higher  trough  concentrations  than  the
nonresponders, indicating that sufficient drug
exposure is essential for treatment response but that
excessive drug exposure is also associated with
toxicity risk.!” A pharmacogenetic study in AML
showed a wide variation in venetoclax levels and
changes in exposure due to clinical cofactors. It
highlighted the need to transcend the fixed-dose
assumption.!® The drug can give strong blast
reduction and deep remissions, but beyond a certain
level of exposure, which is necessary for response,
marrow suppression rises as the major limiting
factor.!” Thus, the aim of the therapy is not
necessarily to maximise drug exposure, but to
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provide sufficient drug exposure for clinical
response without excessive toxicity. Findings from a
study indicate a narrow therapeutic window in
which adequate exposures can be used for
therapeutic benefit, but exposures might quickly
escalate to the toxicity risk zone.5!”

2.3 Pharmacokinetic variability and drug-drug
interactions

One of the largest obstacles to achieving stable
venetoclax exposure in AML is DDI. The azole
antifungals are particularly relevant, as these are
often required during induction and consolidation.
Co-administration of posaconazole was shown to
increase the Cmax and overall exposure (AUC) of
venetoclax by 7.1-fold and 8.8-fold, respectively,
after adjusting for dose differences and nonlinear
pharmacokinetics.?° Real-world studies
demonstrated that coadministration of venetoclax
and posaconazole significantly boosts venetoclax
exposure, which could lead to extended
myelosuppression even with dose reductions.”*' The
same effect has been seen for other potent CYP3A
inhibitors, including ketoconazole, suggesting that
venetoclax exposure is highly sensitive to CYP3A
inhibition.%*® This interaction has not only
theoretical consequences but has also been observed
clinically. Antifungal prophylaxis is frequently
needed at times when it is most challenging to
control venetoclax exposure for patients with AML,
requiring a parallel balance between the risk of
fungal infection, excessive drug exposure and
myelosuppression.  Despite  label-based dose
reduction, exposure levels may show inter-patient
variability, and the same nominal dose of venetoclax
may have very different effects in patients treated
with the same antifungal agent.®!”

3. Limitations of conventional TDM and the
necessity of continuous TDM

All these pharmacological variabilities make TDM
an emerging approach to the optimization and
individualization of venetoclax therapy. However,
most monitoring is currently limited to being sparse
and retrospective.'®?? Normally, a venous sample is
taken at a fixed point in time, analysed by Liquid
Chromatography - Tandem Mass Spectrometry (LC-
MS/MS), and the results are interpreted after the
patient has already received the same dose for a
number of days. This means that while traditional
TDM can help in adjusting the next cycle, it is not
able to prevent a transient exposure spike that has
already occurred in this cycle.!° The gap between
dynamic drug exposures and static sampling
strategies has driven interest in continuous, adaptive
and model-informed approaches to AML
management.®!’

3.1. Limitations of intermittent blood sampling
Conventional intermittent blood sampling has the
major drawback that it only gives a snapshot of
exposure, not the complete picture. A single plasma
concentration may be useful to confirm the presence

IJIDDT Volume 16 Issue 86s 2026

of a drug, but cannot describe how exposure
increases, peaks and decreases over the dosing
interval. TDM is most valuable in oncology for the
drugs that have a narrow therapeutic window, high
inter- and intra-patient variability of
pharmacokinetics and a measurable relationship
between drug concentration and effect.*** Although
venetoclax is an ideal fit for this purpose, existing
monitoring approaches do not take into account the
full exposure profile and focus mainly on single time
points.!°

This is particularly significant in AML where the
exposure to venetoclax is dynamic, rather than fixed.
Population pharmacokinetic (PopPK) studies
demonstrated that the drug exhibits consistent
behaviour in the range of doses evaluated, but in real
life, drug concentrations are still variable across
patients.” This becomes more clinically relevant in
the presence of azole antifungals and other
covariates.!” If the trough is later found to be within
an acceptable range, it does not necessarily mean
that the patient did not have a high peak earlier in the
interval; this issue would not be revealed by the
sparse sampling.

3.2. Toxicity and underexposure concerns
Venetoclax poses a true exposure issue both ways.
Excessive exposure is associated with prolonged
myelosuppression on the one hand.!” Additionally, a
real-world study revealed that there is a correlation
between increased venetoclax exposure and delayed
neutropenia beyond cycle 1.'® Underexposure, on
the other hand, is a practical clinical issue. As AML
is a disease with rapid clonal dynamics, effective
venetoclax treatment requires continuous BCL-2
inhibition. Exposure-response analyses in AML did
not reveal a clear relationship between venetoclax
exposure and treatment efficacy within the range of
doses studied, suggesting that efficacy may have
already plateaued.” This does not rule out the
possibility of underdosing in some patients.
Although empirical dose reduction to avoid
neutropenia may be suitable in some instances, it
may not always be the best approach for all patients.
Dose reduction may help to reduce the toxicity, but
without proper monitoring of exposure, there may be
a greater risk for subtherapeutic drug levels and
inadequate long-term disease control.

3.3. Need for precision dosing in AML.

AML is not a static disease, so the dosing of
venetoclax should not be treated as a one-time
calculation.?® The marrow environment alters during
treatment: the amount of tumour decreases,
supportive drugs change, and the patient's tolerance
for further marrow suppression also changes over
time.?”?® Fixed-dose thinking is becoming more and
more obsolete in modern AML treatment due to
these changing conditions. The importance of
personalized dosing with oral targeted therapies in
the era of precision medicine has already been
highlighted across the oncology literature,
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particularly where interpatient pharmacokinetic
variability is high, and dosing can be adjusted based
on concentration.?>* Now, Venetoclax also fits well
in this scenario as its exposure is variable, toxicity is
exposure-related, and the current monitoring
regimen remains too limited to inform real-time
adaptation.!®!”

Therefore, dosing schedules in AML must be
designed dynamically and not in a static manner. In
this regard, an effective monitoring system should
not only confirm venetoclax exposure but also
Table 1. Comparison of conventional TDM versus

estimate exposure repeatedly over the dosing
interval to maintain the drug level within the target
therapeutic window. Continuous or near-continuous
TDM is precisely made to fill the gap. It would not
be a substitute for clinical judgment, but could
provide a more realistic assessment of drug exposure
than a trough sample, driven by growing
evidence.!®!”! The major differences between
conventional TDM and the proposed continuous Al-
enabled TDM approach are summarised in Table 1.

continuous Al-enabled TDM in oncology

Feature Conventional Continuous
TDM Al-Enabled
TDM
Sampling Invasive venous Wearable
modality  blood draws with microneedle-
LC-MS/MS based sensing
analysis of of dermal
venous plasma interstitial fluid
are the current is a minimally
practical ~ basis invasive
for venetoclax technology and
TDM.*1° has already
been shown to
be feasible for
real-time
molecular
monitoring  in
humans. 33!
Frequenc Sparse Continuous,
yofdata intermittent high-temporal-
sampling or resolution
conventional monitoring  is
TDM approaches the major
provide isolated advantage of
concentration microneedle-
points rather than based aptamer
a continuous  sensors and
trajectory.>!0 related
wearable
interstitial fluid
sensing
platforms. 33!
Exposure Conventional Dense  time-
metric sampling usually series data can
captured reflects a single support
time-point reconstruction
plasma of  exposure
concentration, dynamics,
often used as an including
estimate of the fluctuations
trough or steady- relevant to
state Cmax, AUC, and
concentration.”!®  short-term
concentration

changes. This is
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a model-based
capability
rather than a
proven
venetoclax-
specific clinical
standard.3%32

Analyte LC-MS/MS ISF sensing is
measured typically intended to
quantifies total interrogate the
venetoclax extracellular
concentration in compartment
plasma after and may better
sample approximate
preparation.’ the
pharmacologic
ally active
unbound
fraction of
venetoclax.
This remains a
proposed
translational
advantage
rather than a
validated
clinical fact.>**!
Analytica  Offline Real-time
1 chromatographic  electrochemical
technique -mass aptamer-based
spectrometric sensing has
quantification already  been
remains the demonstrated in
reference humans for
laboratory small
method for molecules in
venetoclax dermal ISF and

measurement.”!0

is the relevant
prototype  for
continuous
drug

monitoring.3%3!
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Clinical Delayed and Near-real-time
turnarou laboratory- signal
nd time dependent rather generation s
than real-time, the  intended
because the advantage of
workflow wearable
depends on electrochemical
sampling, aptamer-based
transport, and (E-AB)
off-line sensing.  The
analysis.”!? published
human
microneedle
study reported a
lag of
approximately
20 minutes,
showing  that
clinically
relevant
temporal
resolution s
feasible. >
Decision  Retrospective Real-time
support PopPK and Bayesian
tool model-based forecasting and
dose digital-twin
interpretation modelling are
remain the the proposed
standard computational
analytical layer for
framework  for continuous
sparse TDM TDM and
data.!033 MIPD.3234
Ability to Limited, because Strong in
capture sparse sampling principle,
DDI may miss rapid because dense
kinetics changes in time-series
exposure caused sensing  plus
by strong Bayesian
CYP3A modelling
inhibition, such could track

as posaconazole

exposure shifts

coadministration  during dynamic
8,20 DDI
conditions.?*3?

It is important to note that the interpretation of Al-
enabled continuous monitoring in Table 1 is based
on the review of the current evidence and is not an
explicit statement mentioned in the original studies.
Abbreviations: LC-MS/MS, liquid chromatography-
tandem mass spectrometry; TDM, therapeutic drug
monitoring; Cmax, maximum plasma concentration;
AUC, area under the curve; ISF, interstitial fluid,;
PopPK, population pharmacokinetics; MIPD,
model-informed  precision dosing; CYP3A,
cytochrome P450 3A; DDI, drug-drug interaction.
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Fig. 1. Evolution of TDM and precision dosing
strategies for venetoclax in AML

The progression of venetoclax TDM from traditional
fixed-dose to future precision dosing approaches is
illustrated in Figure 1. The figure highlights the
increasing progression towards more individualized,
data-driven approaches to optimize drug exposure
and treatment outcomes.

4. Wearable and implantable biosensors for drug
monitoring

4.1 Sensing principles and electrochemical
platform

To bridge this gap between traditional blood
sampling and true pharmacokinetic surveillance, a
sensor platform needs to be developed that can
repeatedly measure drug concentrations in a short
time and without requiring a high workload for the
laboratory. In this regard, reagentless E-AB sensing
has become one of the most versatile sensing
methods due to its rapid, modular and adaptable
characteristics. It is applicable to difficult-to-track
small molecule targets that are not amenable to
conventional enzyme-based sensing methods.*>*¢ In
general, this is the major engineering benefit of
affinity-based biosensing, in which the signal is
generated by molecular recognition and not by the
intrinsic chemistry of the analyte.

4.2 Aptamer-based sensors

E-AB sensors are based on single-stranded nucleic
acid aptamers, which are selected in vitro to bind a
target with high affinity and selectivity.?” The
aptamer is attached to an electrode and contains a
redox reporter, which means that when the target
binds to the aptamer, there is a change in the electron
transfer at the sensor surface that results in a
measurable current change.’®*° This makes the
platform attractive for TDM as it is continuous,
direct and doesn't require enzymes, added reagents,
or batch processing. In reality, this means that the
sensor can report the change in concentration
continuously whenever the drug concentration is
changing, not after it has already occurred.>®>°

4.3 Microneedle platforms and interstitial fluid
monitoring

In oncology, the sensing matrix is of significance as
well. In frail, thrombocytopenic and neutropenic
patients, repeated venous sampling is not ideal, and
the device itself can become part of the clinical
burden. Microneedle systems provide a more
realistic alternative as they are minimally invasive
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and are able to access dermal interstitial fluid (ISF)
without the discomfort or infrastructure of repeated
venipuncture.**® The first-in-human evaluation of
real-time phenoxymethylpenicillin monitoring using
a microneedle biosensor was reported by Rawson et
al. (2019).%° Friedel et al. (2023) reported the first
real-time human molecular data collected with
microneedle-enabled  electrochemical  aptamer
sensors in dermal ISF.3° Their device demonstrated
clinically relevant lag times of approximately 20
minutes, much closer to dynamic monitoring than to
traditional, intermittent laboratory-based testing.

A major translational benefit of venetoclax may be
not only access to ISF but also a better estimate of
drug exposure, which can more accurately reflect the
pharmacologically active fraction. Studies of
vancomycin with aptamers have demonstrated that
E-AB sensors may report the free drug, as opposed
to total drug, which is clinically significant, as it is
the free fraction of drug that is available for target
binding and tissue effect.*'*? That makes ISF-based
sensing attractive for a highly protein-bound agent
like venetoclax. While there is existing evidence in
the biosensor and pharmacology fields favouring the
use of this technology for venetoclax TDM, it still
needs to be prospectively validated for routine use.
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4.4 The implantable approaches and future
feasibility.

Recent progress in biomedical engineering has
resulted in the realization of fully integrated
implantable electrochemical systems, which shows
that drug-monitoring can be integrated into highly
miniaturized sensor platforms.3®* But the situation
with AML is different when it comes to practical
translation. Patients treated with venetoclax are
often immunocompromised and may be at higher
risk of developing bloodstream and catheter-related
infections, especially those receiving
chemotherapy.** % Therefore, a completely
implantable intravascular sensor may be technically
appealing, but is likely less feasible than a
microneedle patch in this patient group. The
microneedle ISF route seems to be the more feasible
translation route in the current AML landscape.
Table 2 highlights the main features of the various
biosensor platforms, including their sensing
matrices, detection principles, strengths,
weaknesses, and clinical feasibility for monitoring
venetoclax in AML.

Table 2. Summary of biosensor modalities and their
advantages and limitations
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5. Continuous TDM with Al

Wearable sensors generate a stream of high-density
pharmacokinetic data, which is only clinically useful
if it can be translated to an interpretable dose
recommendation. This is where Al and MIPD serve
as the essential ‘computational layer’ that transforms
raw concentration signals into exposure estimates,
toxicology alerts, and dose recommendations.
Recent reviews of TDM highlight the use of Al and
machine learning for high-dimensional time-varying
and clinically noisy data, which is precisely the case
for continuous venetoclax monitoring.>*-¢
Essentially, MIPD combines prior knowledge with
patient-specific measurements through PopPK
models, then updates the estimate of an individual's
pharmacokinetic — parameters using Bayesian
methods.’” During a standard intermittent TDM
workflow, a single concentration is used to optimize
the previous model to estimate clearance (Cl), Vd,
and exposure for the next dosing interval. Though
that basic framework has already been proven to be
effective in routine precision dosing, the new
opportunity can continually update the model with
the latest data, rather than waiting until the next
isolated trough sample.>>8 This is where continuous
venetoclax sensing can shift the current approach
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Abbreviations: LC-MS/MS, liquid chromatography-
tandem mass spectrometry; TDM, therapeutic drug
monitoring; E-AB, electrochemical aptamer-based;
ISF, interstitial fluid; AML, acute myeloid leukemia

from retrospective adjustment to near-real-time
forecasting. Clinical variables such as weight, organ
function, and co-medication can also be included,
but the model becomes much more informative for
interpreting the sensor output as a time series rather
than a single measurement.>*

This is especially relevant for venetoclax, as the
drug may be measured in interstitial fluid instead of
blood. The concentration of the drug in the sensing
matrix might be slightly delayed compared with the
systemic circulation.’’” The lag can be mapped,
corrected for sampling delay and the likely systemic
exposure over the next couple of hours or days can
be estimated using an Al-based Bayesian updating.
Continuous integration of sensor data in a validated
PopPK model does not replace pharmacometric
approaches, but rather complements and extends
MIPD.3%5%

The most sophisticated use of Al in the medical field
is the evolution of medical digital twins. In the field
of oncology, digital twins are becoming more
frequently called virtual patients that are updated
with clinical data to allow simulation of the disease
course and treatment effects rather than mere
observation.” Hernandez-Boussard et al. (2021)
suggested that digital twins could be a
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transformative approach to predictive oncology, and
in 2025, Zhang et al. directly implemented this
concept in the context of venetoclax-azacitidine
therapy in AML.>*%" Their mechanistic ordinary
differential equation (ODE) model predicted
neutropenia based on longitudinal neutrophil counts
and blast percentages, and they identified that
continual updating increased the model accuracy.
The study doesn't yet demonstrate that a full clinical
digital twin is ready for routine AML care. However,
it provides a proof of concept that the toxicity of
venetoclax can be modelled dynamically in a
patient-specific manner, and could be continuously
updated with sensor-derived data.>*%°

When paired with real-time venetoclax exposure
data, that digital twin can help to do more than just
provide an explanation of the past. It may be used to
assess future dosing situations, based on an estimate
of the potential consequences of reducing, delaying
or maintaining the prescribed dose. That is important
because in AML, it is not only a matter of whether
neutropenia will occur, but also whether a given
dosing schedule can maintain blast suppression
without prolonged marrow suppression. One way of
quantifying that trade-off could be a digital twin. 3+
Table 3 provides an overview of the major Al-
supported computational strategies that may support
continuous TDM and precision dosing, along with
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One step further to digital twins is reinforcement
learning (RL), which has been suggested in
oncology precision dosing to optimize treatment
decisions under uncertainty.®! Maier et al. (2021)
demonstrated the possibility of a combination of RL
and Bayesian data assimilation in MIPD in
oncology.®! Subsequent machine-learning reviews
of anticancer precision dosing highlighted RL-like
methods as emerging techniques for dose
individualization and exposure-related toxicity
control.2 RL agent could potentially be trained to
optimize the dosing for venetoclax therapy by
keeping the drug exposure concentration within a
desired therapeutic window while minimizing the
frequency of severe neutropenia and treatment
interruptions. That is a conceptual idea that will still
need careful prospective validation, but it is a logical
next step when continuous sensing and Bayesian
forecasting are available. From this point of view,
the future of continuous TDM could move beyond
passive monitoring to adaptive dose management,
where every dosage decision is continuously
adjusted using new patient information to maximise
efficacy and minimise toxicity.®!6?

their typical inputs, clinical applications and current
level of maturity in oncology.
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The section ‘Maturity Levels in Oncology’
discussed in Table III is an editorial synthesis based
on the current literature and has not been evaluated
using a formal scoring system.

Abbreviations: TDM, therapeutic drug monitoring;
AUC, area under the curve; ISF, interstitial fluid,;
PopPK, population pharmacokinetics; MIPD,
model-informed precision dosing; ML, machine
learning, MAP, maximum a posteriori, PK,
pharmacokinetic.
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Fig. 2. Comparison between conventional TDM and
future Al-enabled continuous precision dosing for
venetoclax in AML

Figure 2 illustrates the difference between the
existing intermittent TDM paradigm and a proposed
continuous monitoring strategy, that aims to enable
early treatment optimization and individualized
dosing.

6. Proposed translational framework

A conceptual framework is proposed in Figure 1,
which will demonstrate how the various
technologies could be integrated in practice for
continuous venetoclax monitoring in AML.
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Fig. 3. Conceptual framework for continuous
venetoclax monitoring and adaptive precision
dosing in AML

(a) Data acquisition

This process starts with a minimally invasive
microneedle patch, which is sterilised and placed in
the dermis. The continuous sensing design features
an aptamer layer that reaches into the dermal
interstitial fluid and interacts with the drug in real
time, with the electrode transducing the target
binding into an electrochemical readout. The recent
studies reveal that microneedle-enabled
electrochemical aptamer system could realize real-
time molecular monitoring in dermal interstitial
fluid, showing its potential for translational
biosensing.*® The same reasoning could be
applicable in the venetoclax setting to continuously
capture a pharmacologically meaningful exposure
signal, instead of one delayed plasma snapshot. This
is an inference based on the literature available on
biosensors, but it is consistent with the existing use
of continuous molecular sensing in humans.*°

(b) Signal processing

A wearable potentiostat would then perform high-
frequency electrochemical interrogation, and after
filtering out the background noise, it would allow
the target-related current to be separated from the
nonspecific drift. This is not just for recording a
waveform; it is about capturing the binding-related
signal over a longer period to utilize in downstream
modelling. Continuous aptamer-based sensing is
especially appealing due to the ability to repeat
measurements without requiring extra reagents,
which would be ideal for long-term monitoring in an
outpatient setting.>

(c) Secure data transmission

The electrochemical signal produced by the
wearable potentiostat needs to be securely sent to the
downstream clinical decision-support infrastructure.
In practice, the portable reader would communicate
with a secure receiver, like a smartphone or a
dedicated gateway via short-range wireless
protocols like Bluetooth, and then the data would be
transmitted to a hospital server or to a cloud-based
analytics platform via secure channels. The
literature on mHealth and wireless body area
networks constantly highlights the need for access
control, authentication, privacy authorization, and
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Figure 3 depicts the proposed framework that
integrates continuous TDM with computational
decision support while maintaining human oversight
to enable individual venetoclax dose adjustments.
The framework is a conceptual model designed to
direct future research and clinical translation, and is
not clinically validated. It becomes clinically
meaningful when the continuous signal is translated
into a suitable pharmacometric interpretation that
aids personalized dosing. MIPD approaches are
specifically designed to read complex, longitudinal
and clinically variable data to guide individualized
dosing decisions.??

secure key management in continuously monitored
health systems, especially when sensitive patient
information is shared via resource-constrained
wearable devices.®>% This transmission layer works
as a liaison between the sensing device and the
precision-dosing pharmacometric layer. It allows
longitudinal data flow without compromising data
integrity, confidentiality and patient privacy.

(d) Al interpretation and clinical action

Once the validated electrochemical measurements
are securely transmitted to the clinical decision-
support platform, they will enter the computational
layer responsible for pharmacometric interpretation
and individualized dose optimization. MIPD
combines information from previous PopPK studies
with Bayesian updating to translate a new patient
measurement into an individualised estimate of
parameters and prediction of dose. According to
recent reviews, this approach is an exciting way
forward in precision medicine, as dosing can be
adjusted based on new information without having
to wait for a new dosing cycle or a subsequent lab
result.? With a continuous venetoclax monitoring
system, the model would provide continuous
recalibration of exposure estimates, instead of
relying on a single trough measurement. The same
computational layer will then be used to translate the
interstitial fluid signal to a predicted systemic
exposure profile with a multi-compartment PK
model. Continuous data can be utilized to develop
personalized exposure profiles and forecast the risk
of safe versus excessive drug exposure.

A digital twin can offer an additional layer of
decision support to this oversight. Recent digital
twin research within AML has shown that the
model's predictive power increased as it was
continually updated with new patient information.>*
In the proposed framework, continuous PK data
would be incorporated into the digital twin, helping
to understand drug exposure throughout treatment,
as well as changes in bone marrow reserve and
disease burden. If the model indicates that a new
azole antifungal increases exposure to venetoclax,
the dashboard might show the predicted toxicity
curve before the onset of serious neutropenia. It
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would provide a much richer view of what is going
on inside the patient.>*

(c) Clinical decision support & human oversight
The final decision should be made by the clinician,
even in a very automated system. In the foreseeable
future, the most realistic system is not a completely
autonomous closed-loop controller, but a human-in-
the-loop system. In that design, the digital system
would issue an alert, summarize the predicted risk,
and provide a dose recommendation, but it would be
up to the oncologist to decide whether to act on it.
Clinicians can maintain control over treatment
decisions by considering clinical symptoms,
laboratory findings, bone marrow recovery,
infection status, and other competing risks before
making dose modifications.

7. Technical, ethical, and regulatory challenges
While the concept of continuous electrochemical
sensing and Al-based dosing is appealing, multiple
challenges must be addressed to make this approach
part of routine AML care. The main difficulty is not
in the availability of each component, but in
achieving reliable integration of them in a complex
clinical environment where accuracy, timeliness and
patient safety are all essential.®”-*8 In practice, the
biggest challenge for translation is to ensure the
sensor platform, predictive model, and clinical
decision-support system work seamlessly together
as a whole and can make real-world clinical
decisions, not just show feasibility in the lab.327
7.1 Analytical validity and real-time accuracy
One of the biggest technical challenges is
biofouling. When electrochemical sensors are
inserted into biological fluids, proteins, lipids, salts,
and cells can deposit on the sensor surface and, over
time, cause the signal to become distorted.®® Recent
reviews of antifouling electrochemical sensing have
highlighted that nonspecific adsorption is still a
significant problem that can lead to reduced
sensitivity, increased measurement drift, and
reduced sensor lifetime, particularly in in vivo
applications.®®’ The aptamer itself can also be
susceptible to enzymatic degradation in the same
environment, as natural DNA-based probes are still
susceptible to cellular nuclease attack in
physiological media. Due to this reason, in vivo
signal degradation appears as a multifaceted
problem that is exacerbated by surface fouling,
target access limitations, and  chemical
instability.”!7?

Protection of the sensor surface and the nucleic acid
recognition element is necessary to make a multi-
day wearable device feasible. Anti-fouling
strategies, especially zwitterionic polymer coatings,
have consistently been demonstrated to suppress
non-specific adsorption on biomedical surfaces,
implants and biosensors, indicating their potential to
sustain  sensor  functionality in  vivo.”*”’
Concurrently, xenonucleic acid (XNA) based
technologies have the potential to further enhance
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the longevity of EA sensors by minimizing signal
drift caused by the nucleases in biological fluids.”
While these strategies appear promising, they still
need to be extensively validated in human biological
matrices before they can be used clinically.

7.2 Calibration and reproducibility

A second barrier is calibration. In analytical
chemistry, calibration is the process of comparing a
measurement system to a reference standard to
convert the signal into a reliable value. This is easy
in the lab, but is more difficult when the sensor is
intended to operate without manual adjustment for
days on a patient.””’! A venetoclax patch for guiding
treatment must not only detect venetoclax binding
events, but it must also have a sufficiently stable
relationship between current and concentration, and
that should not drift outside an acceptable range.
Therefore, calibration and drift correction are
considered as important design issues, rather than
minor technical issues.’*”'  Small temporal
variations in sensor performance can be tolerated as
long as computational methods distinguish true
biological signals from artefacts caused by the
ageing of the sensor and variability of the
measurement. The strengths of MIPD and Al-based
signal processing are that they can account for
missing data, signal noise, and variability in
physiology, but they need to be rigorously calibrated
and externally validated.?>7¢

7.3 Barriers to implementation in low-resource
settings

The third challenge is about accessibility. The
current conventional venetoclax TDM relies on LC-
MS/MS, specialised laboratory procedures, and
skilled laboratory staff. Published analytical
methods mentioned that LC-MS/MS is highly
informative, but also has cost and technical
challenges that hamper wide use, particularly
outside highly resourced centres.”’ Even if the patch
itself were eventually made at a lower cost, there
would still be a need for software, secure data
handling, and a good analytics pipeline. That is, the
device is just one component of the ecosystem;
cloud services, server infrastructure, and support
software are also part of the implementation
burden, 326778

Highly centralized systems can present adoption
challenges in  resource-limited  hospitals,
exacerbating the gap in healthcare. A more realistic
translation model would be some localized or edge-
based computing, where a core analysis could still
take place even if the internet connection was
unreliable or specialist support was not available.
This interpretation is based on implementation
literature and has not been directly tested in the
context of venetoclax, but is based on known
limitations of computational and laboratory
resources.*>¢’

7.4 Data privacy and regulatory approval
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Lastly, there are significant privacy and regulatory
concerns.  Continuous  monitoring  generates
sensitive health data that is transmitted wirelessly or
stored in the cloud, and falls within the broader
framework of health information protection.”” For
example, the Health Insurance Portability and
Accountability Act (HIPAA) Privacy Rule sets
standards for the protection of health information in
the United States and requires safeguarding for the
use, disclosure and security of health information.®
Consequently, a secure system needs to be included
during the design of venetoclax monitoring systems,
not just applied at the end of development.3%3!

The regulatory pathway is also complex. This would
actually operate as a combination product, which
includes a physical sensing device coupled with
software that interprets the signal and provides
dosing information. The Food and Drug
Administration (FDA) guidance acknowledges that
software with an independent medical function
could be considered SaMD and includes regulatory
guidance for device software functions and
Al/Machine Learning (ML)-enabled medical
devices.®”788! Consequently, the level of evidence
required would be far greater than for a basic assay.
Before such a system would be utilized in clinical
practice with AML, developers would have to
demonstrate analytical validity, clinical utility,
performance  under  operating  conditions,
cybersecurity  protection, and safe human
oversight.®”76

8. Future research directions

A staged validation strategy will be necessary to
advance the pathway from proof of concept to
routine clinical care. The first priority for venetoclax
monitoring is not necessarily clinical deployment,
but the demonstration of stable, specific, and
reproducible monitoring chemistry in a biologically
relevant environment. Continuous EA sensing has
successfully progressed beyond theory. A
microneedle-enabled platform has demonstrated
real-time molecular monitoring in human dermal
interstitial fluid, and subsequent studies have
extended this approach to antibiotic monitoring,
such as vancomycin and gentamicin, in wearable
microneedle formats. While these studies suggest
the feasibility of continuous small-molecule sensing,
there is still more work to be done with venetoclax-
specific translation, 303182

8.1 Preclinical development & validation studies
The next preclinical step is to develop a high-
affinity, highly selective aptamer specific for
venetoclax, followed by evaluation of its affinity in
undiluted serum and interstitial fluid-like matrices,
as well as in buffer. This is important since the in
vivo sensing environment is chemically cluttered
and subject to signal drift. The literature of published
microneedle aptamer sensors has demonstrated that
continuous sensing of dermal interstitial fluid is
possible in human subjects, but also highlights the
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challenges of matrix effects, signal stability, and
surface fouling in translation.’3! An important next
step will be evaluation in large-animal models to
determine insertion characteristics, tolerability, and
foreign-body responses in tissue environments more
similar to those in humans. This is in line with
current microneedle development strategies, which
assess microneedle penetration capacity, safety, and
wearability prior to human trials.3334

8.2 Clinical trials and interdisciplinary
collaboration

The initial human validation should be
observational. The outputs from the wearable
sensors should be validated against LC-MS/MS
measurements under standard care conditions for
agreement, lag time and analytical accuracy before
having an impact on treatment decision. This
approach is in line with current development of
wearable sensors and with MIPD strategies that rely
on validated data for clinical decision making.3%3?
After establishing analytic validity, a prospective
randomized study is required to evaluate and
compare standard empiric venetoclax therapy with
Al-assisted, continuous TDM. Key clinical
outcomes would be severe neutropenia, cycle
delays, burden of infection, hospitalisation and
retention of remission quality, including MRD
negativity if applicable. A successful trial would
have to demonstrate that the system is technically
accurate and it enhances clinically meaningful
outcomes without compromising disease control.
Getting there will involve tight collaboration
between the hematologists, biosensor engineers,
pharmacometricians, and data scientists, since the
platform is not only about chemistry and medicine,
but also includes software and implementation
science as well >3

9. Conclusion

Although venetoclax has revolutionised the
treatment of AML, the drug remains challenging to
use due to its complex pharmacokinetics, DDIs, and
toxicity. The reliance on occasional sampling
provides only a small-scale idea regarding exposure
and fails to provide the dynamic picture of changes
in concentrations in a delicate haematological
environment. Wearable microneedle-integrated
electrochemical aptamer sensors could be a potential
platform for continuous monitoring, and real-time
ISF sensing has been demonstrated for selected
small molecules in humans. Together with Al,
Bayesian pharmacokinetic modelling, and digital-
twin reasoning, this continuous signal opens the
door to a vision of a true closed-loop precision
dosing framework for AML. Even though there are
still challenges to overcome like sensor stability,
biofouling, calibration drift, regulatory approval and
extensive prospective validation, the future of
venetoclax monitoring appears to be moving
towards a shift from sparse sampling toward
continuous characterization of drug exposures. If
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this bridge is successfully constructed, it can offer a

better means of toxicity control while maintaining

antileukemic effects and bringing AML therapy

closer to real-time precision oncology goals
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