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INTRODUCTION biological, clinical, and longitudinal information to

simulate evolving health states and test patient-specific
Digital twins have been proposed as dynamic hypotheses. In contrast to a static risk score or a one-time
computational representations of individuals that integrate  predictive model, an idealized health digital twin is linked
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to an identifiable subject, incorporates multiple
information streams, and can be updated when new
observations become available [1]. This individual linkage
creates distinctive ethical questions concerning consent,
privacy, data ownership, representation,
accountability, and the consequences of acting on
computational predictions [2]. These issues are particularly
important in pharmacology because simulated exposure,
response, or toxicity may influence decisions with
immediate safety implications.

Precision pharmacology seeks to account for variability in

autonomy,

drug exposure and response by  integrating
pharmacokinetic,  pharmacodynamic,  physiological,
genomic, biomarker, disease-state, treatment, and

contextual information. Digital twins may provide a
conceptual framework for bringing these elements
together, but their value depends on more than
computational sophistication. Health digital twins intended
for precision medicine require suitable data architectures,
credible models, implementation pathways, and regulatory
interpretation that reflect their intended context of use [3].
A model that performs adequately for retrospective
exploration may not possess the evidentiary support
required for prospective therapeutic decision support.

The digital literature nevertheless remains
heterogeneous. The term has been applied to mechanistic
physiological models, virtual patients, virtual populations,
monitoring systems, artificial intelligence models, hospital
process simulations, and clinical decision tools with widely
different levels of individualization and validation.
Reviews of recent health digital twin developments have
identified persistent challenges involving data quality,
interoperability, model updating, transparency, external
validation, clinical integration, privacy, and governance
[4]. Consequently, the label “digital twin” does not itself
establish that a model is patient specific, dynamically
updated,  mechanistically  interpretable, clinically
validated, or suitable for therapeutic use.

An integrative pharmacological perspective is needed
because the principal components of a potential drug-
therapy digital twin are distributed across partially separate
scholarly  traditions. = Mechanistic and  systems
pharmacology address biological causality and treatment
response; physiologically based pharmacokinetic models
represent drug disposition within physiological systems;
population pharmacokinetic and pharmacodynamic
models quantify variability and support Bayesian updating;
virtual patients and virtual populations represent plausible
individual and population trajectories; and model-
informed precision dosing provides an operational
example of how quantitative models may support clinical
reasoning. This review therefore examines how these
components can be integrated responsibly, identifies the

twin
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boundaries separating digital twins from related
computational models, and evaluates the validation,
uncertainty, workflow, oversight, and governance
requirements that must be satisfied before patient-specific

simulations can support precision pharmacology.

Digital twins in precision pharmacology

Within precision pharmacology, a digital twin can be
defined as a patient-linked computational representation
that combines relevant biological mechanisms, drug
disposition, disease processes, response relationships, and
longitudinal observations for a specified predictive or
decision-support purpose. A precision-pharmacology twin
may operate across molecular, cellular, organ, and whole-
body scales, particularly when drug effects arise from
interactions among  electrophysiology, physiology,
pharmacokinetics, and disease mechanisms [5].
Cardiovascular digital twin scholarship illustrates how
clinical measurements, imaging, biomarkers, physiological
models, and repeated observations may be organized
within a patient-specific architecture, while also showing
that most proposed systems remain developmental rather
than validated therapeutic tools [6].

This definition distinguishes precision-pharmacology
twins from broader population, public-health, and health-
system A population represent
distributions, disease prevalence, or service demand,
whereas a pharmacological patient twin must preserve a
defensible connection between an individual’s data and a

twins. twin may

model of drug exposure or response. Digital twin concepts
have been described across scales ranging from
personalized medicine to precision public health, making
explicit scale and purpose essential for interpreting any
claimed twin [7]. A hospital workflow simulation,
population surveillance model, or general clinical
prediction algorithm may be valuable without constituting
a patient-specific pharmacological digital twin.

Digital twins should also be distinguished from static
virtual patients, virtual populations, and conventional
simulation models. A virtual patient may be an internally
coherent synthetic parameter set used to explore a model,
and a virtual population may be calibrated to reproduce
aggregate characteristics or variability. These constructs
become closer to digital twins only when they are
meaningfully matched to observed individuals, updated
through new patient information, and evaluated for a
clearly defined context of use. The health digital twin
literature demonstrates substantial variation in whether
systems include bidirectional data exchange, longitudinal
updating, mechanistic structure, individual calibration,
uncertainty assessment, or clinical validation [8]. These
dimensions should therefore be reported separately rather
than inferred from terminology.
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For precision pharmacology, digital twin status is best
treated as a graded property rather than a categorical
marketing label. At one end are generic mechanistic or
statistical models that represent a disease, drug, or
population. More advanced configurations incorporate
patient  covariates, therapeutic =~ drug monitoring
measurements, organ function, biomarkers,
pharmacogenomic information where supported, and
longitudinal ~ disease
pharmacological  twin
controlled updating, prediction
uncertainty measures, independent validation, an auditable
model history, and explicit human-review requirements.
Even then, the system would support rather than replace
pharmacological and clinical judgment, and its conclusions
would remain limited to the therapeutic questions for
which its models, data, and workflow have been evaluated.

observations. A mature

would additionally include

intervals or other

Integrative review approach

This article uses an integrative review approach to connect
evidence from digital health, clinical pharmacology,
pharmacometrics, systems pharmacology,
pharmacokinetic simulation, virtual patient research, and
therapeutic decision support. The review is not presented
as a systematic review, scoping review, or meta-analysis,
and no quantitative estimate of pooled effect is attempted.
Conceptual boundaries were established by separating
patient-focused = pharmacological ~ modeling  from
operational digital twins designed primarily for hospital
management, resource allocation, or organizational
process simulation, which constitute a related but distinct
evidence domain [9].

The search concepts encompassed digital twins in
medicine and pharmacology; quantitative systems
pharmacology; mechanistic disease modeling; virtual
patients and virtual populations; physiologically based
pharmacokinetic modeling; population pharmacokinetics;
pharmacokinetic-pharmacodynamic integration; model-
informed precision dosing; therapeutic drug monitoring;
individualized exposure, response, and toxicity simulation;

decision-support implementation; uncertainty; validation;
ethics; governance; and regulatory alignment. Because
digital twin terminology is fragmented across disciplines,
evidence was synthesized by functional characteristics
rather than by terminology alone. This approach is
consistent with literature showing that healthcare digital
twin publications vary markedly in definitions, technical
architectures, clinical domains, and claimed applications
[10].

Evidence extraction focused on the pharmacology question
addressed, model class, mechanistic content, input data,

patient-specific features, virtual patient or virtual
population construction, pharmacokinetic and
pharmacodynamic  functions, updating capability,

predicted output, uncertainty treatment, calibration and
validation approach, implementation context, governance
issues, and stated limitations. Particular attention was
given to distinguishing model verification and calibration
from external or prospective validation. The review also
separated technical performance from clinical utility
because a model may reproduce observed data without
demonstrating that its use improves therapeutic decisions
or patient outcomes. Conceptual healthcare digital twin
frameworks support organizing evidence according to data
inputs, computational representation, simulation function,
feedback processes, and intended clinical use [11].

The synthesis was conducted across six linked domains:
conceptual definition, mechanistic modeling, virtual

patient representation, pharmacokinetic simulation,
personalized  therapeutic  decision  support, and
translational governance. Evidence was interpreted

conservatively. A simulation was not considered clinically
useful solely because it was individualized; a virtual
population was not assumed to reproduce real-world
representativeness; and a digital twin label was not treated
as evidence of updating, validation, safety, or regulatory
readiness. Table 1 summarises the integrative review
approach, evidence domains, synthesis logic, and
interpretation boundaries used to evaluate digital twins in
precision pharmacology.

Table 1. Integrative Review Approach for Digital Twins in Precision Pharmacology: Evidence Domains, Search
Concepts, Inclusion Logic, Extraction Fields, Synthesis Themes, Validation Appraisal, and Interpretation Boundaries

Review . . . Synthesis Interpretation
Specification Purpose Evidence captured ¥ P
component output boundary
Connect Reviews,
. . evidence erspectives,
Original integrative .. Persp .
L. distributed methodological . )
review linking . . Narrative and Not a systematic
across articles, modeling . . .
. . conceptual, . . matrix-based review, scoping
Review design . disciplines applications, . .
methodological, . . . cross-domain review, or meta-
. without validation studies, . .
pharmacometric, and . . synthesis analysis
. . implying and bounded
translational literature Do . .
quantitative implementation
evidence pooling reports

-,
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Digital twins,

precision
pharmacology,
mechanistic modeling, .. .
& Capture Digital twin and . Use of the term
QSP, PBPK, . Function-based . . -
. literature that related digital twin” does
Core search population PK, . rather than . .
. may not use computational- not establish patient
concepts PK/PD, virtual . . label-based o
. . identical pharmacology . specificity or
patients, virtual terminolo constructs evidence map clinical maturity
populations, MIPD, gy
TDM, decision
support, validation,
governance
Evidence had to
inform drug exposure, General digital
drug response, Exclude Precision- health evidence was
. toxicity, disease—drug unrelated Patient-focused and ~ pharmacology-  included only when
Pharmacological . . . . . .
relevance interaction, engineering and drug-focused specific it supported
therapeutic operational modeling evidence conceptual implementation,
monitoring, or applications boundaries validation, or
pharmacological governance analysis
decision support
Biological
Systems g.
harmacolo mechanisms,
P .. 'gy, Identify physiological No single model
. mechanistic disease ; » .
Modeling models. PBPK complementary disposition, Layered model  class is assumed to
domains ) t, PK’ computational variability, architecture provide a complete
population PK, . .. .
. foundations exposure—response, digital twin
PK/PD, biomarker and P P J
- and safety
toxicity models )
representations
Individual parameter
Patient-specific Distinguish sets, population Synthetic
Patient calibration, avatars, observed distributions, Taxonomy of plausibility is not
. virtual patients, virtual  individuals from biomarkers, patient linkage equivalent to
representation . . . . ..
populations, synthetic covariates, and and updating clinical
longitudinal states representations repeated representativeness
observations
Demographics,
clinical variables, Additional data do
laboratory values, not automaticall
Y . Assess whether . . . .y
organ function, . Static and improve prediction
. . inputs can o . Data-to-model .
Data inputs biomarkers, TDM, . longitudinal patient . if parameters are
.. . support intended . . mapping . .
medication history, . information unidentifiable or
. personalization
omics or measurements are
pharmacogenomics unreliable
where supported
Exposure prediction,
response prediction, .. . . . .
P . .p . . Pharmacokinetic, Functional Simulation output is
. . toxicity-risk Clarify what the . . . .
Simulation . . pharmacodynamic,  classification of  not equivalent to a
R hypothesis, scenario model actually i . .
functions . . mechanistic, and twin therapeutic
testing, disease produces . e .
. uncertainty outputs capabilities recommendation
progression,
variability assessment
. . Model diagnostics,
Verification, . £ Successful
e Separate model independent e o
o calibration, internal . . Credibility and  calibration does not
Validation construction evaluation, . .
. checks, external . . readiness establish external
appraisal . . from evidence of  transportability, and s .
validation, prospective . . assessment validity or clinical
e . trustworthy use implementation e
validation, uncertainty . utility
evidence
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quantification,
workflow evaluation

Interface design,

. Evaluate Digital twin outputs
. uncertainty . Software, workflow, Bounded & P
Decision- . translation from .. should support
communication, human-factors, and decision-
support model output to . . rather than replace
. workflow fit, expert . implementation support .
appraisal . Lo professional . professional
review, auditability, . evidence framework .
. . reasoning judgment
override mechanisms
Privacy, consent,
ownership, Extend . e
e P . . . Governance Technical validity
accountability, bias, evaluation Ethical, legal, . L .
Governance . .. requirements alone is insufficient
. cybersecurity, change beyond organizational, and .
appraisal L . . and research for responsible
control, post- predictive lifecycle issues o - .
priorities clinical adoption
deployment performance
monitoring
Conclusions are
Comparison of Produce a . limited to the
. . Cross-cutting Conceptual . .
. evidence patterns, unified . . reviewed evidence
Integrative . L. .. findings from all architecture .
. limitations, validation precision- . and do not imply
synthesis . model and and synthesis
gaps, barriers, and pharmacology L . regulatory approval
. . application domains map . .
future needs interpretation or routine clinical
readiness
Mechanistic modeling and virtual patients comprehensive model. Systems pharmacology may

Mechanistic modeling provides the causal and
physiological substrate required for a digital twin to do
more than associate patient features with outcomes.
Quantitative systems pharmacology models can represent
interacting  pathways, cellular processes, disease
mechanisms, drug targets, biomarkers, and treatment
effects, whereas physiologically based pharmacokinetic
models describe drug absorption, distribution, metabolism,
and excretion through anatomically and physiologically
structured compartments. Virtual populations generated
from QSP models can explore mechanistic heterogeneity,
but their construction requires disciplined parameter
selection, calibration targets, distributional constraints, and
checks against population-level observations [12].
Translational QSP guidance similarly emphasizes that
mechanistic richness must be aligned with the
pharmacological question, available evidence, and
intended use rather than pursued as an end in itself [13].

A pharmacological digital twin architecture may therefore
combine multiple model classes rather than rely on a single

ISSN (Online) 2249-6084 (Print) 2250-1029

represent causal disease and drug-action mechanisms;
PBPK may provide individual or population exposure
predictions; population pharmacokinetics may quantify
variability and update individual parameter estimates; and
PK/PD models may connect exposure to biomarkers,
efficacy-related endpoints, or toxicity hypotheses.
Credibility depends on transparent assumptions, parameter
provenance, documentation, control,
reproducibility, and procedures for model reuse and
modification [14]. Applied QSP work using systems-based
twins has demonstrated how mechanistic virtual
populations may be used to investigate heterogeneous
dose-response  patterns and candidate predictive
biomarkers, although such analyses remain hypothesis-
generating and do not by themselves establish clinical
decision utility [15]. Figure 1 illustrates a conceptual
digital twin architecture for precision pharmacology,
linking patient-specific data, mechanistic modeling, virtual
patients,  pharmacokinetic  simulation,
assessment, and clinical oversight.

version

uncertainty
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Figure 1. Conceptual Digital Twin Architecture for Precision Pharmacology

Alt-text description

A conceptual architecture diagram showing patient data
flowing into mechanistic models, virtual patient
simulation, pharmacokinetic and pharmacodynamic
prediction, calibration, uncertainty assessment, validation,
decision-support boundaries, clinician oversight, and
feedback updating.

Virtual patients and virtual populations occupy different
positions within this architecture. A virtual patient may
represent one internally consistent parameter set, while a
virtual ~ population comprises multiple plausible
parameterizations selected to reproduce specified
aggregate characteristics. Neither construct should be
assumed to correspond to an observed individual unless
explicit patient matching and updating have been
performed. Verification, validation, and uncertainty
quantification are therefore necessary to evaluate
numerical correctness, structural assumptions, parameter
uncertainty, model-form uncertainty, and performance
within a stated context of use [16]. Pharmacometric avatars
provide a useful intermediate concept because they can
generate plausible individual profiles from population
models, but their interpretation remains dependent on the

underlying model, construction algorithm, and intended
application [17].

Patient-specific calibration converts a generic or
population model into an individualized representation by
conditioning parameters or latent states on observed
information. Depending on the application, relevant data
may include demographics, body size, organ function,
genotype, biomarkers, disease severity, treatment history,
drug concentrations, adherence information, and
longitudinal  clinical =~ measurements.  Rare-disease
applications have shown how patient-matched QSP twins
may supplement interpretation of limited trial observations
by linking disease mechanisms, biomarkers, treatment
effects, and pharmacokinetic exposure, while remaining
dependent on model assumptions and available calibration
data [18]. Longitudinal updating could strengthen such
representations by allowing new observations to revise
parameter estimates and forecasts, but repeated updating
also introduces risks involving measurement error,
unstable feedback, model drift, and false precision. Table
2 maps mechanistic modeling and virtual patient
components relevant to digital twins for precision
pharmacology.

Table 2. Mechanistic Modeling and Virtual Patient Components in Digital Twins for Precision Pharmacology: Systems
Models, PBPK Models, PK/PD Integration, Virtual Populations, Biomarker Inputs, Patient-Specific Calibration,
Uncertainty, and Validation Requirements

Core
Patient- Validation Integrative
Modeling pharmacol Required Modeling R . . . g .
. . specific requireme Failure risk synthesis
component ogy input data function
. relevance nt role
question
Which Patient Structural Omitted .
. . Pathway, Represents oo . Provides the
biological states or plausibility, =~ mechanisms, .
cellular, causal or . . e disease-
L. processes . . selected sensitivity ~ nonidentifiabil
Mechanistic N tissue, semi- N analvsis it process
disease model & . biomarker, mechanistic P . Y L . Y . foundation
disease . may be calibration,  oversimplified
. natural- disease R . for
progression . . individualiz and disease .
history, and dynamics . . therapeutic
and ed independent dynamics
=
&
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treatment intervention outcome scenario
response? data checks testing
Context-of-
Target . use
. g Covariates . .
How does a biology, qualificatio .
. and Excessive Connects
L. drug perturb pathway Links drug . n, . )
Quantitative . . o . biomarkers . complexity, mechanism,
Interacting kinetics, action to predictive .
systems . . . . may parameter biomarkers,
biological biomarkers, multiscale . checks, .
pharmacology . . personalize compensation, response, and
systems exposure, biological . parameter ..
model . mechanisms . g i1 weak data toxicity
across disease-state, effects . identifiabilit
or baseline support hypotheses
scales? and response y, and
states .
data uncertainty
assessment
Mass-
Anatomy,
hysiolo Physiolo, balance
How do phy £y Y 2 checks, Incorrect
dru orean organ arameter hysiolo
g function, Simulates function, pa . s &y,
. . properties . verification, uncertain .
Physiologically enzyme and absorption, genotype, . Supplies the
and o comparison parameters, .
based . transporter distribution, and . mechanistic
. physiology . . . . . with and
pharmacokinet . information,  metabolism, interacting . exposure
. determine . observed extrapolation
ic model physicochem and drugs may . layer
plasma and . . concentratio beyond
. ical excretion be .
tissue . e . ns, and verified
0 properties, individualiz external opulations
exposure? .
P and clinical ed scenario bop
PK data .
testing
Goodness-
Dosing of-fit Sparse
How does histories, Estimates . evaluation, sampling, .
. . Bayesian . . . Supplies a
drug concentration typical . simulation- biased i
. . updating . statistical-
Population exposure -time parameters, based covariates,
. . can produce . . . . pharmacomet
pharmacokinet vary measurement  variability, individual diagnostics,  misspecified ric
ic model between s, covariates, and . forecasting variability, Lo .
. . . posterior . individualizat
and within  and residual- covariate . performanc  and incorrect .
. . . estimates . ion layer
patients? error relationships e, and dosing
information external histories
validation
Temporal
PK predictive Incorrect
observations, . checks, exposure—
How does . . Individual . P
biomarkers, Links endpoint response Connects
. exposure PK and 1 .
Pharmacokinet response or exposure or validation, assumptions, drug
. relate over . response
ic— . safety effect-site external surrogate exposure
time to . . parameters . . .
pharmacodyna . endpoints, concentratio evaluation, endpoint with
. biomarkers, . may be . .
mic model treatment n to dynamic . and misuse, and therapeutic
response, or . estimated or . .. . .
.. timing, and outcomes prospective timing Interpretation
toxicity? . updated . . .
disease assessment  misspecificati
information where on
appropriate
. . Comparison
How may Enzyme, Simulates Patient v&ll)ith Unmodeled
co- transporter, perpetrator—  medication observed mechanisms, Extends the
Drug-drug administere  physiological victim history and interaction uncertain twin to
interaction d agents , dosing- interactions  physiology . adherence, treatment-
. studies and
model alter schedule, and and time- can define and context
. . . o complex-
exposure or interaction varying individual regimen polypharmacy effects
response? data effects scenarios & . complexity
testing
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What Plausibility
. . Coherent
trajectory is . checks and Supports
. parameter . High only . o
plausible . Simulates an comparison . individual
set, baseline L when . Treating a .
for one . individual . with . scenario
. . . state, disease . meaningfull . synthetic . .
Virtual patient internally . trajectory . withheld o testing while
. characteristic y linked to . individual as a .
consistent under model observation . clarifying
s, and . an observed real patient .
model- assumptions . s when representatio
treatment patient . ..
defined enari patient nal limits
o scenario
individual? matched
How can Population- .
. Parameter . P o Nonunique
plausible . Generates distribution .
.. distributions, . Represents populations, Supports
heterogeneit . multiple s checks, . . .
correlations, . variability implausible heterogeneity
. y and plausible subgroup .
Virtual . prevalence o but not . parameter , uncertainty,
R population . . individuals . evaluation, .. .
population information, . necessarily combinations, and trial-
outcomes matching . . and . .
and identifiable . and poor simulation
be . aggregate . independent
calibration ; patients o subgroup analyses
represented . evidence calibration
constraints coverage
? targets
Analytical .
Can . .y. Measurement Provides a
) . Links Enables validity, .
biomarkers  Longitudinal . error, bridge
. . measured updating temporal .
. inform biomarkers, . .. biomarker between
Biomarker- . biomarkers when predictive o
. hidden exposure, . ) . nonspecificity observed
linked . . with biomarkers validation, .
. . disease disease, and L. , and patient state
simulation mechanistic are and
states, outcome . . surrogate and
. . or latent sufficiently  incremental . .
response, or information . . overinterpretat ~ mechanistic
. model states  informative -value . .
toxicity? ion prediction
assessment
Identifiabili
ty
Which Patient assessment,
. . Converts
model covariates, posterior .
. .. . generic
parameters ~ measurement Estimates Central to predictive Overfitting, models into
. . or states are s, priors, patient- individualiz checking, parameter
Patient-specific . : . bounded
. . consistent model specific ed and compensation, . . . .
calibration . . . . individualize
with the constraints, states or representati separation and data d
individual’s and parameters on of leakage .
. . . . . representatio
observation calibration calibration
.. ns
s? objectives from
evaluation
data
Time-
stamped .
.p Forecasting
dosing, Sequential futu
. equentia . on future .
How should concentration d . Defining . Feedback Distinguishes
Bayesian observation . . .
new s, o feature of a instability, dynamic
. . . . estimation, . s, temporal .
Longitudinal observation  biomarkers, dat dynamically librati stale data, twins from
. ata . calibration, .
updating s revise the organ S linked . measurement one-time
. . . assimilation, . stability .
twin and its function, patient . error, and patient
L .. or state testing, and . . .
predictions? clinical . model - model drift simulations
updating drift
events, and
assessment
adherence
information
How Parameter, Propagates Enables Coverage, False
uncertainis  measurement  uncertainty patient- calibration, .. Establishes
. . . e e precision and .
Uncertainty the , hnumerical, nto specific risk sensitivity omission of responsible
quantification predicted model-form, predicted communicat analysis, interpretation
. . model-form .
exposure, and scenario outcomes ion and and stress . boundaries
. . . uncertainty
response, or uncertainty and abstention testing
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safety confidence
signal? bounds
Which Identifiabili
parameter Calibration Estimates May ty checks, Overfitting,
values make datasets, parameters personalize Cross- nonunique Establishes
Model the model priors, or selects baseline validation, solutions, and  the evidence-
calibration consistent constraints, plausible states and and reuse of to-model
with and objective virtual individual posterior evaluation connection
relevant functions subjects trajectories predictive data
evidence? assessment
Prespecitied .
P . Hidden
Does Tests endpoints, Separates
Independent . . sample .
performanc . transportabil Essential subgroup internal
. observations . . overlap,
e persist in . ity, before analysis, . model
External . not used in . S selective o
L. independent robustness,  patient-level  calibration . plausibility
validation . model .. reporting, and
patients, and clinical assessment, from
S development . . poor
institutions, o generalizabil reliance and dataset- . transferable
. or calibration . . transportabilit
or settings? ity shift performance
evaluation ’
Does the . .
Prospectively Evaluates Prespecified
model .
function collected real-time protocol, Workflow Represents a
u . . . .
Prospective safely and patient data, prediction, Highest comparator,  confounding, necessary
validation Y predefined usability, relevance human- alert fatigue, stage toward
usefully .. .
where within its workflow, safety, and for clinical factors overreliance, bounded
available intended and clinical decision translation ~ assessment, and local-only clinical
future review consequence and safety validity utility
utul o
rocedures s monitorin
workflow? P &

Pharmacokinetic simulation

Pharmacokinetic simulation provides a central quantitative
layer through which a digital twin may translate patient
characteristics into hypotheses about drug exposure.
Model-informed precision dosing has developed from
population pharmacokinetics, Bayesian forecasting,
therapeutic drug monitoring, and exposure—response
analysis, yet its limited routine adoption demonstrates that
model availability alone is insufficient. Persistent barriers
include inconsistent clinical evidence, fragmented
workflows, limited interoperability, variable professional
expertise, software constraints, unclear responsibilities,
and uncertain regulatory pathways [19]. Within a digital
twin framework, pharmacokinetic simulation should
therefore be treated as one component of a broader
evidence and decision process rather than as an
autonomous optimization mechanism.

Individualized pharmacokinetic interpretation requires an
appropriate model, reliable patient measurements, explicit
therapeutic objectives, computational infrastructure, and a
clearly bounded clinical context. Contemporary model-
informed precision dosing frameworks emphasize that
model qualification, data quality, Bayesian updating,
uncertainty assessment, and implementation design must
be considered together before individual predictions are
used to support treatment decisions [20]. Bedside
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translation also raises scientific challenges involving
sparse or mistimed samples, uncertain adherence, changing
physiology, population-model transportability, and the
validity of pharmacodynamic targets [21]. A digital twin
that generates a precise exposure estimate from incomplete
or unreliable inputs may therefore communicate greater
certainty than the underlying evidence warrants.
Physiologically based pharmacokinetic modeling offers a
mechanistic approach to individualization by representing
organ volumes, tissue composition, blood flows, enzymes,
transporters, renal and hepatic function, and drug-specific
physicochemical properties. Systematic assessment of
individualized PBPK models has shown that incorporating
patient measurements can improve prediction only when
those measurements meaningfully identify influential
physiological or biochemical parameters [22]. The
addition of patient-specific variables is not inherently
beneficial when parameter effects are weak, correlated, or
poorly measured. PBPK models can also be linked with
quantitative systems toxicology to examine how variability
in exposure may influence mechanistic safety hypotheses,
but such outputs remain conditional predictions rather than
demonstrations of individual safety [23].
Pharmacogenomic factors, drug—drug interactions, organ
impairment, disease-related physiological changes, and
longitudinal therapeutic drug monitoring may further
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refine exposure simulations when their effects are
supported by evidence. PBPK network models can
represent interacting medicines, genotype-dependent
metabolism, transporter activity, and physiological
variation within the same mechanistic structure [24].
Models of renal impairment similarly demonstrate how
altered organ function can be incorporated into exposure
prediction, although credible application requires
comparison with observed pharmacokinetic data across

relevant levels of impairment [25]. These approaches may
help define plausible exposure scenarios, identify
monitoring needs, and clarify sources of variability, but
they should not be converted directly into dose
recommendations without validated therapeutic targets,
qualified models, and professional review. Table 3
summarises pharmacokinetic simulation domains that
connect digital twins with precision pharmacology and
personalized therapeutic interpretation.

Table 3. Pharmacokinetic Simulation Domains for Digital Twins in Precision Pharmacology: Exposure Prediction,
PBPK Simulation, Population Pharmacokinetics, PK/PD Integration, Therapeutic Drug Monitoring, Drug—Drug
Interaction Simulation, Organ Function Modeling, and Decision Boundaries

Inout Clinical H
. . npu . . . e 3. uman
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boundary
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treatment available, and  intervals treatment population reliabilit supported
scenario? uncertainty change assessment Y populations
assumptions
Mechanisti
Anatomical, c . .
. . . Verification Incorrect
physiological  predictions Expert
How do i of system and . system
hvsiolo R of Mechanistic dru review of arameters
Physiologically Py gy biochemical, absorption, detail does g physiologic P o
and drug . . O parameters, uncertain
based . physicochemi  distributio not al .
. properties mass-balance . tissue
pharmacokinet . cal, enzyme, n, guarantee assumption e
.. . jointly . . checks, and partitioning,
ic simulation : transporter, metabolis  patient-level s and
determine .. external . and
. .. and clinical m, accuracy .. intended .
disposition? . clinical unverified
PK excretion, . context .
. . . comparison extrapolation
information and tissue
exposure
Typical
. PK . Sparse
Concentratio Population Goodness-of- P .
. parameters . . .. sampling,
n-time data, associations  fit evaluation, Clinical
How does . N . . . model-
dosing o should not simulation- review of . .
. exposure . variability . selection bias,
Population history, . be based covariate
. vary . estimates, . . . unrecorded
pharmacokinet covariates, . interpreted diagnostics, relevance
A between and . covariate . adherence,
ics s residual-error as forecasting and
within effects, . . and
. structure, and deterministic assessment, posterior .
patients? . and . oo unsuitable
sampling g patient and external plausibility .
. . individual . oy population
information . predictions validation .
posterior priors
estimates
How does PK profiles, Dynamic A modeled Temporal Expert Surrogate
Pharmacokinet . P v . p . . P . gA
ic exposure biomarkers, exposure— association predictive interpretatio endpoint
relate to clinical response does not checks, n of misuse,
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Personalized therapeutic decision support

Personalized therapeutic decision support represents the
point at which digital twin outputs may begin to influence
clinical reasoning. Precision dosing has been described as
a process that combines quantitative models, patient
characteristics, measured drug concentrations,
pharmacodynamic evidence, and professional
interpretation to reduce avoidable variability in exposure
[26]. This process is fundamentally different from
autonomous treatment selection. A clinically responsible
system should present the assumptions, patient data, model
provenance, predicted range, uncertainty, and relevant
alternatives while preserving the clinician’s ability to
reject, defer, or request further evaluation.

Therapeutic drug monitoring offers a practical pathway for
linking  longitudinal  patient  observations  with
individualized model updating. In antimicrobial therapy,
population pharmacokinetic models and Bayesian
forecasting can combine concentration measurements with
dosing histories, organ function, pathogen information,
and pharmacokinetic—pharmacodynamic targets to support
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exposure interpretation [27]. Such integration resembles a
restricted pharmacological twin because the patient
representation changes when new measurements become
available. Nevertheless, the quality of the output remains
dependent on accurate sampling times, validated assays,
correct medication histories, model suitability, and
clinically credible exposure targets.

Evidence that individualized modeling improves clinical
outcomes is less mature than evidence that it can improve
exposure estimation. Randomized studies of individualized
antimicrobial dosing have shown benefits for selected
pharmacokinetic target-attainment measures and some
clinical outcomes, but findings vary across medicines,
populations, interventions, and endpoints [28]. This
variability supports a cautious interpretation: a successful
model prediction does not automatically demonstrate that
a decision-support intervention safety or
therapeutic effectiveness. Clinical utility must be evaluated
separately through appropriately designed prospective
studies that account for workflow, competing

improves
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interventions, user behavior, treatment complexity, and
patient-important outcomes.

Implementation barriers extend across model validation,
software interoperability, professional
education, staffing, and organizational
responsibility. Reviews of bedside model-informed
precision dosing have identified both facilitators and

engineering,
governance,

obstacles involving evidence credibility, workflow
alignment, regulatory expectations, training, local
leadership, and multidisciplinary collaboration [29].

Available software platforms also differ in supported
models, user interfaces, transparency, data exchange,
reporting, and clinical integration [30]. Routine-care
experience with a model-informed platform for busulfan
demonstrates that individualized modeling can be
incorporated into a bounded specialist workflow, but such
experience remains drug specific, population specific, and
institution dependent [31]. Digital twin outputs should
consequently support structured clinical reasoning within
defined boundaries rather than replace the judgment of
clinicians, clinical pharmacologists, pharmacists, or
therapeutic drug monitoring services.

Integrative synthesis
The integrative evidence indicates that a precision-
pharmacology digital twin is not a single model but a

coordinated lifecycle of data acquisition, patient
representation, simulation, validation, interpretation,
updating, and governance. Ethical evaluation must

therefore extend across the entire lifecycle, including the
acquisition and reuse of patient data, the construction of
computational representations, the generation of
predictions, and the allocation of responsibility when
outputs influence care [32]. Consent, privacy, data
ownership, bias, access, cybersecurity, accountability, and
the right to challenge or override computational
conclusions are not secondary concerns; they shape
whether a technically credible model can be used
responsibly.

Across the reviewed domains, mechanistic models
contribute causal and physiological structure, virtual
patients represent plausible individualized states,
pharmacokinetic models estimate drug exposure, and
PK/PD models connect exposure with response or toxicity
hypotheses. Health digital twin scholarship in life science
and pharmacology increasingly treats these components as

an interconnected research and care infrastructure rather
than as isolated algorithms [33]. The principal scholarly
contribution of the digital twin concept is therefore
integrative: it emphasizes continuity between patient data,
mechanistic reasoning, model updating, uncertainty, and
the context in which predictions are interpreted.

Artificial intelligence may strengthen this infrastructure by
assisting multimodal data integration, representation
learning,  parameter  estimation,
computationally intensive models, anomaly detection, and
generation of candidate virtual populations. Generative
methods may also help explore plausible patient
trajectories or trial scenarios, but they introduce additional
problems involving data provenance, reproducibility,
hallucinated structure, distributional bias, interpretability,
and validation [34]. Hybrid systems should not allow data-
driven components to obscure mechanistic assumptions or
create the appearance of biological credibility without
evidence.

emulation of

A central conceptual distinction remains the relationship
among a virtual patient, a virtual population, a causal
disease model, and a digital twin. Virtual patients may be
synthetic model realizations, and virtual populations may
reproduce aggregate constraints without corresponding to
actual individuals. Causal disease models can represent
treatment mechanisms without being patient specific. A
stronger digital twin claim requires defensible patient
linkage, longitudinal updating where relevant, a specified
predictive purpose, uncertainty communication, and
validation proportional to the consequences of use [35].
This distinction prevents in silico experiments from being
interpreted as direct substitutes for clinical trials or clinical
observation.

Taken together, the evidence supports a staged
interpretation of readiness. Generic models support
mechanistic understanding; calibrated virtual populations
support heterogeneity analysis; patient-conditioned
models support individualized hypotheses; dynamically
updated systems support longitudinal prediction; and
externally and prospectively evaluated interfaces may
support bounded clinical decisions. Progress between these
stages requires stronger evidence rather than a change in
terminology. Table 4 presents the integrative synthesis of
digital twin opportunities, limitations, validation gaps,
implementation barriers, and future research priorities in
precision pharmacology.

Table 4. Integrative Synthesis of Digital Twins for Precision Pharmacology: Mechanistic Modeling, Virtual Patients,
Pharmacokinetic Simulation, Personalized Decision Support, Validation Gaps, Workflow Barriers, Governance Needs,
and Future Research Priorities

Future
Synthesis Main Evidence Main Validation Implementat  Governanc research
theme contribution pattern limitation gap ion barrier e need . .
priority
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Figure 2 presents the integrative synthesis map for digital
twins in precision pharmacology, connecting mechanistic
modeling, virtual patients, pharmacokinetic simulation,

personalized decision support, validation gaps, and future

research priorities.

Integrative Synthesis Map of Digital Twins for Precision Pharmacology
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Future work should begin with standardized terminology
and transparent maturity criteria. A model should not be
described as a patient digital twin merely because it
predicts an individual outcome or contains patient
covariates. Meta-level evaluation of health digital twin
research indicates that most applications remain early in
development and continue to face limitations involving
clinical validation, interoperability, data quality,
scalability, ethics, and organizational implementation [36].
Reporting frameworks should therefore specify the
represented patient, data sources, temporal linkage, model
components, updating method, prediction purpose,
uncertainty, validation evidence, workflow role, and
degree of clinical influence.

Technical progress will require greater convergence
among pharmacometrics, systems pharmacology, PBPK,
causal disease modeling, artificial intelligence, and
biomedical data infrastructure. Future quantitative
pharmacology has been envisioned as increasingly
integrative, computational, collaborative, and connected to
clinical development and individualized therapy [37]. In
practical terms, this requires interoperable longitudinal
records, reliable medication histories, standardized
therapeutic drug monitoring data, multimodal biomarkers,
pharmacogenomic information where clinically supported,
reproducible model repositories, and methods that
propagate uncertainty across linked components. Hybrid
approaches should be evaluated against simpler models to
determine  whether additional complexity yields
meaningful gains in calibration, transportability,
interpretability, or clinical usefulness.

The field also requires stronger definitional discipline
within QSP and related mechanistic modeling. A QSP
model may provide the biological core of a digital twin, but
it should not receive that designation without defensible
patient matching, a mechanism for incorporating new
observations where appropriate, a specified predictive
purpose, uncertainty assessment, and validation aligned
with intended use [38]. Research priorities should include
external and prospective validation, patient-feedback loops
through therapeutic monitoring, safety-aware abstention,
human-factors studies, auditability, equity assessment,
model-drift detection, post-implementation surveillance,
regulatory alignment, and explicit procedures for model
revision or retirement. Initial clinical investigations should
focus on narrowly bounded pharmacological questions for
which data quality, model credibility, therapeutic targets,
and professional oversight can be evaluated rigorously.

CONCLUSION

Digital twins offer an integrative framework for
connecting mechanistic modeling, virtual patients, virtual
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populations, pharmacokinetic simulation,
pharmacodynamic interpretation, therapeutic  drug
monitoring, and personalized decision support. Their
potential contribution to precision pharmacology lies not
in replacing clinical judgment but in organizing patient-
specific evidence and computational hypotheses within
explicit validation and decision boundaries. Responsible
translation requires reliable longitudinal data, transparent
mechanistic assumptions, appropriate calibration, external
and prospective evaluation, uncertainty communication,
interoperable workflows, human oversight, ethical
governance, and lifecycle monitoring. Virtual patients
should not be equated with observed individuals,
pharmacokinetic predictions should not be treated as proof
of therapeutic benefit or safety, and digital twin
terminology should not be used as a substitute for
demonstrated credibility. Progress depend on
narrowly defined contexts of use in which each component,
the integrated system, the clinical interface, and the
consequences of use can be assessed independently and
collectively.

will

Acknowledgments: None
Conflict of interest: None
Financial support: None
Ethics statement: None

REFERENCES

[1] Bjornsson B, Borrebaeck C, Elander N, Gasslander T,
Gawel DR, Gustafsson M, et al. Digital twins to
personalize medicine. Genome Med. 2019;12(1):4.
doi:10.1186/s13073-019-0701-3

[2] Bruynseels K, Santoni de Sio F, van den Hoven J.
Digital twins in health care: Ethical implications of an
emerging engineering paradigm. Front Genet.
2018;9:31. doi:10.3389/fgene.2018.0003 1

[3] Venkatesh KP, Raza MM, Kvedar JC. Health digital
twins as tools for precision medicine: Considerations
for computation, implementation, and regulation. NPJ
Digit Med. 2022;5(1):150. doi:10.1038/s41746-022-
00694-7

[4] Sun T, He X, Li Z. Digital twin in healthcare: Recent
updates and challenges. Digit Health.
2023;9:20552076221149651.
doi:10.1177/20552076221149651

[5] Yang PC, Jeng MT, Yarov-Yarovoy V, Santana LF,
Vorobyov 1, Clancy CE. Toward digital twin
technology for precision pharmacology. JACC Clin

wWww.eijppr.com

104



International Journal of Pharmaceutical and Phytopharmacological Research (elJPPR) | February 2026 | Volume 16 | Issue 1 | Page 88-106
Santiago Morales, Digital Twins for Precision Pharmacology: An Integrative Review of Mechanistic Modeling, Virtual Patients, Pharmacokinetic

Simulation, and Personalized Therapeutics

Electrophysiol.
doi:10.1016/j.jacep.2023.10.024

[6] Coorey G, Figtree GA, Fletcher DF, Snelson VI,
Vernon ST, Winlaw D, et al. The health digital twin to
tackle cardiovascular disease—a review of an
emerging interdisciplinary field. NPJ Digit Med.
2022;5(1):126. doi:10.1038/s41746-022-00640-7

[7] Kamel Boulos MN, Zhang P. Digital twins: From
personalised medicine to precision public health. J
Pers Med. 2021;11(8):745. d0i:10.3390/jpm11080745

[8] Katsoulakis E, Wang Q, Wu H, Shahriyari L, Fletcher
R, Liu J, et al. Digital twins for health: A scoping
review. NPJ Digit Med. 2024;7(1):77.
doi:10.1038/s41746-024-01073-0

[9] Elkefi S, Asan O. Digital twins for managing health
care systems: Rapid literature review. J Med Internet
Res. 2022;24(8). doi:10.2196/37641

[10]Machado TM, Berssaneti FT. Literature review of
digital twin in healthcare. Heliyon. 2023;9(9).
doi:10.1016/j.heliyon.2023.€19390

[11]Vallée A. Digital twin for healthcare systems. Front
Digit Health. 2023;5:1253050.
doi:10.3389/fdgth.2023.1253050

[12]Rieger TR, Allen RJ, Bystricky L, Chen Y, Colopy
GW, Cui Y, et al. Improving the generation and
selection of virtual populations in quantitative systems
pharmacology models. Prog Biophys Mol Biol.
2018;139:15-22.
doi:10.1016/j.pbiomolbio.2018.06.002

[13]Bai JPF, Earp JC, Pillai VC. Translational quantitative
systems pharmacology in drug development: From
current landscape to good practices. AAPS J.
2019;21(4):72. doi:10.1208/s12248-019-0339-5

[14]Cucurull-Sanchez L, Chappell MJ, Chelliah V,
Cheung SYA, Derks G, Penney M, et al. Best practices
to maximize the use and reuse of quantitative and
systems pharmacology models: Recommendations
from the United Kingdom Quantitative and Systems
Pharmacology Network. CPT Pharmacometrics Syst
Pharmacol. 2019;8(5):259-72.
doi:10.1002/psp4.12381

[15] Susilo ME, Li CC, Gadkar K, Hernandez G, Huw LY,
Jin JY, et al. Systems-based digital twins to help
characterize clinical dose-response and propose
predictive biomarkers in a phase I study of bispecific
antibody mosunetuzumab in NHL. Clin Transl Sci.
2023;16(7):1134-48. doi:10.1111/cts.13501

[16] Viceconti M, Pappalardo F, Rodriguez B, Horner M,
Bischoff J, Musuamba Tshinanu F. In silico trials:
Verification, validation and uncertainty quantification
of predictive models used in the regulatory evaluation
of biomedical products. Methods. 2021;185:120-7.
doi:10.1016/j.ymeth.2020.01.011

2024;10(2):359-64.

S
T

ISSN (Online) 2249-6084 (Print) 2250-1029

[17] Chasseloup E, Hooker AC, Karlsson MO. Generation
and application of avatars in pharmacometric
modelling. J  Pharmacokinet =~ Pharmacodyn.
2023;50(5):411-23. doi:10.1007/s10928-023-09873-9

[18]Kaddi C, Tao M, Bergeler S, George K, Geerts H, van
der Graaf PH, et al. Quantitative systems
pharmacology-based  digital approach
supplements clinical trial data for enzyme replacement
therapies in Pompe disease. Clin Pharmacol Ther.
2025;117(2):579-88. doi:10.1002/cpt.3498

[19]Darwich AS, Ogungbenro K, Vinks AA, Powell JR,
Reny JL, Marsousi N, et al. Why has model-informed

twins

precision dosing not yet become common clinical
reality? Lessons from the past and a roadmap for the
future. Clin Pharmacol Ther. 2017;101(5):646-56.
doi:10.1002/cpt.659

[20] Darwich AS, Polasek TM, Aronson JK, Ogungbenro
K, Wright DFB, Achour B, et al. Model-informed
precision  dosing:  Background, requirements,
validation, implementation, and forward trajectory of
individualizing drug therapy. Annu Rev Pharmacol
Toxicol. 2021;61:225-45.  doi:10.1146/annurev-
pharmtox-033020-113257

[21]Keizer RJ, ter Heine R, Frymoyer A, Lesko LJ,
Mangat R, Goswami S. Model-informed precision
dosing at the bedside: Scientific challenges and
opportunities. CPT Pharmacometrics Syst Pharmacol.
2018;7(12):785-7. doi:10.1002/psp4.12353

[22]Fendt R, Hofmann U, Schneider ARP, Schaeffeler E,
Burghaus R, Yilmaz A, et al. Data-driven
personalization of a physiologically based
pharmacokinetic model for caffeine: A systematic
assessment. CPT Pharmacometrics Syst Pharmacol.
2021;10(7):782-93. doi:10.1002/psp4.12646

[23] Tylutki Z, Mendyk A, Polak S. Physiologically based
pharmacokinetic-quantitative systems toxicology and
safety modeling approach applied to predict the
variability of amitriptyline pharmacokinetics and
cardiac safety in populations and in individuals. J
Pharmacokinet Pharmacodyn. 2018;45(5):663-77.
doi:10.1007/s10928-018-9597-6

[24] Wojtyniak JG, Selzer D, Schwab M, Lehr T.
Physiologically based precision dosing approach for
drug-drug-gene interactions: A simvastatin network
analysis. Clin Pharmacol Ther. 2021;109(1):201-11.
doi:10.1002/cpt.2111

[25]1Zhou L, Tong X, Sharma P, Xu H, Al-Huniti N, Zhou
D. Physiologically based pharmacokinetic modelling
to predict exposure differences in healthy volunteers
and subjects with renal impairment: Ceftazidime case
study. Basic Clin Pharmacol
2019;125(2):100-7. doi:10.1111/bept. 13209

Toxicol.

wWww.eijppr.com

105




International Journal of Pharmaceutical and Phytopharmacological Research (elJPPR) | February 2026 | Volume 16 | Issue 1 | Page 88-106
Santiago Morales, Digital Twins for Precision Pharmacology: An Integrative Review of Mechanistic Modeling, Virtual Patients, Pharmacokinetic

Simulation, and Personalized Therapeutics

[26]Polasek TM, Shakib S, Rostami-Hodjegan A.
Precision dosing in clinical medicine: Present and
future. Expert Rev Clin Pharmacol. 2018;11(8):743-6.
doi:10.1080/17512433.2018.1501271

[27]Wicha SG, Mairtson AG, Nielsen EI, Koch BCP,
Friberg LE, Alffenaar JWC, et al. From therapeutic
drug monitoring to model-informed precision dosing
for antibiotics. Clin Pharmacol Ther.
2021;109(4):928-41. doi:10.1002/cpt.2202

[28]Sanz-Codina M, Bozkir HO, Jorda A, Zeitlinger M.
Individualized antimicrobial dose optimization: A
systematic review and meta-analysis of randomized
controlled trials. Clin  Microbiol  Infect.
2023;29(7):845-57. doi:10.1016/j.cmi.2023.03.018

[29] Dibbets AC, Koldeweij C, Osinga EP, Scheepers HCJ,
de Wildt SN. Barriers and facilitators for bringing
model-informed precision dosing to the patient’s
bedside: A systematic review. Clin Pharmacol Ther.
2025;117(3):633-45. doi:10.1002/cpt.3510

[30] Kantasiripitak W, Van Daele R, Gijsen M, Ferrante M,
Spriet I, Dreesen E. Software tools for model-
informed precision dosing: How well do they satisfy
the needs? Front Pharmacol. 2020;11:620.
doi:10.3389/fphar.2020.00620

[31]Shukla P, Goswami S, Keizer RJ, Winger BA,
Kharbanda S, Dvorak CC, et al. Assessment of a
model-informed precision dosing platform use in
routine clinical care for personalized busulfan therapy
in the pediatric hematopoietic cell transplantation

population.  Front  Pharmacol.  2020;11:888.
doi:10.3389/fphar.2020.00888
ISSN (Online) 2249-6084 (Print) 2250-1029 S

[32]1Huang PH, Kim KH, Schermer M. Ethical issues of
digital twins for personalized health care service:
Preliminary mapping study. J Med Internet Res.
2022;24(1). doi:10.2196/33081

[33] Venkatesh KP, Brito G, Kamel Boulos MN. Health
digital twins in life science and health care innovation.
Annu Rev Pharmacol Toxicol. 2024;64:159-70.
doi:10.1146/annurev-pharmtox-022123-022046

[34]Bordukova M, Makarov N, Rodriguez-Esteban R,
Schmich F, Menden MP. Generative artificial
intelligence empowers digital twins in drug discovery
and clinical trials. Expert Opin Drug Discov.
2024;19(1):33-42.
doi:10.1080/17460441.2023.2273839

[35]Moingeon P, Chenel M, Rousseau C, Voisin E, Guedj
M. Virtual patients, digital twins and causal disease
models: Paving the ground for in silico clinical trials.
Drug Discov Today. 2023;28(7):103605.
doi:10.1016/j.drudis.2023.103605

[36]Ringeval M, Etindele Sosso FA, Cousineau M, Paré
G. Advancing health care with digital twins: Meta-
review of applications and implementation challenges.
J Med Internet Res. 2025;27. doi:10.2196/69544

[37]Mentré F, Friberg LE, Duffull S, French J,
Lauffenburger DA, Li L, et al. Pharmacometrics and
systems pharmacology 2030. Clin Pharmacol Ther.
2020;107(1):76-8. doi:10.1002/cpt.1683

[38]Feigelman J. What is a digital twin in QSP, and are we
doing it right? CPT Pharmacometrics Syst Pharmacol.
2026;15(3). doi:10.1002/psp4.70229

wWww.eijppr.com

106




