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ABSTRACT 
 

Pharmacogenomics can identify inherited differences in drug metabolism, transport, targets, and toxicity risk, but 

genotype is a stable biological descriptor rather than a complete representation of the patient’s current 

pharmacological state. A DNA result does not directly observe phenoconversion, inflammatory suppression of 

drug-metabolizing pathways, organ dysfunction, interacting medicines, medication-taking behavior, or the 

exposure actually achieved during therapy. This Perspective argues that precision dosing should preserve 

validated genotype information while repeatedly reconciling it with dynamic phenotype and exposure 

information. Evidence from pharmacogenomic guidelines, genotype–phenotype concordance studies, 

phenoconversion research, inflammatory pharmacology, drug–drug–gene interaction modeling, adherence 

science, and therapeutic drug monitoring supports the component distinctions, but not a universal integrated 

dosing algorithm. We therefore treat genotype as a durable prior, dynamic phenotype as a state-dependent 

modifier, and measured exposure as feedback that can confirm or challenge earlier expectations. The resulting 

approach is intentionally conditional: the value and weighting of each information layer depend on the drug, 

pathway, therapeutic index, treatment phase, assay, population, and clinical question. Precision dosing is 

consequently better framed as longitudinal evidence reconciliation than as a one-time translation from DNA to 

dose. 
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INTRODUCTION 

Pharmacogenomics has moved from association discovery toward clinically actionable prescribing for selected 

gene–drug pairs, yet its success can encourage an overly deterministic interpretation of what DNA provides. 

Genotype can identify inherited differences that remain relevant throughout life, but the pharmacological 

phenotype expressed at a particular treatment moment is also shaped by disease, concomitant therapy, organ 

function, behavior, and time [1]. This distinction does not weaken pharmacogenomics. It clarifies its proper 

inferential role. 

The clinical evidence base itself is heterogeneous. Some gene–drug relationships have sufficiently mature 

mechanistic, pharmacokinetic, safety, and implementation evidence to support prescribing recommendations, 
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whereas many genomic associations do not reach the same decision threshold [2]. Even within the genomic layer, 

routine testing may not capture rare, structural, regulatory, or otherwise incompletely characterized variation that 

contributes to drug-response diversity [3]. Thus, “genotype” should not be treated as an exhaustive measurement 

of inherited capacity, still less as a direct measurement of present-day drug handling. 

Importantly, prospective implementation evidence shows that pharmacogenetic guidance can improve care when 

testing is connected to validated recommendations and operational workflows [4]. The problem is therefore not 

whether genotype matters, but whether an inherited predictor should be treated as the final prescription after 

treatment begins. Precision-dosing approaches already provide a methodological precedent for combining 

baseline patient characteristics with pharmacokinetic or pharmacodynamic information as it becomes available 

[5]. Building on that distinction, this Perspective argues for a longitudinal interpretation in which genotype 

establishes a durable prior, current phenotype modifies that prior, and exposure evidence tests whether the 

resulting expectation remains clinically plausible. 

Genotype as a stable but incomplete predictor 

A useful precision-dosing architecture should begin by preserving what genotype does especially well: it supplies 

a stable signal that does not fluctuate with infection, short-term comedication, or adherence. For selected 

antidepressants, for example, CPIC recommendations translate CYP2D6, CYP2C19, and CYP2B6 genotypes into 

drug-specific prescribing considerations when the evidence is sufficiently mature [6]. In such settings, genotype 

can legitimately inform an initial dose, drug choice, or monitoring strategy before an individual concentration or 

treatment response is available. 

Stability, however, is not equivalent to sufficiency. The CYP2B6–methadone guideline illustrates a critical 

boundary: a reproducible pharmacokinetic association does not automatically establish that a genotype-based dose 

adjustment improves efficacy, safety, or another clinically relevant endpoint [7]. Precision dosing therefore 

requires separation of three questions that are often compressed into one: does a variant alter biological function, 

does that alteration change drug exposure or response, and is the effect large and reliable enough to justify a 

specific clinical action? 

Measured metabolic phenotype also demonstrates why genotype should be interpreted probabilistically rather 

than deterministically. In a multi-enzyme cocktail study, canonical diplotypes discriminated several CYP 

phenotypes, yet additional genetic factors and sex contributed to residual variation [8]. Real-world genotype–

phenotype concordance testing likewise found that predicted and measured CYP activity can diverge, with 

discrepancies not always explained by known medication effects [9]. Such discordance may arise from 

unmeasured genetic variation, environmental modulation, disease, assay limitations, or combinations of these 

factors. 

The same caution applies in therapeutically mature areas. Psychiatric pharmacogenomics contains clinically 

useful examples, but substantial heritable and nongenetic variability in treatment response remains unresolved 

[10]. A genotype result should therefore be treated as a durable prior about biological capacity, not as a 

contemporaneous assay of enzyme activity, adherence, systemic exposure, or clinical response. The prior may 

remain informative throughout treatment even when its observed phenotypic expression changes. 

Phenoconversion 

Phenoconversion provides the clearest conceptual reason to separate inherited genotype from current functional 

phenotype. A systematic review identified inhibitors, inducers, smoking, aging, cancer, and inflammation among 

factors capable of shifting measured CYP activity away from genotype-predicted status [11]. The direction and 

magnitude of these shifts are not uniform across enzymes, drugs, or patients, and their clinical consequences are 

not equally established. Phenoconversion should therefore be understood as a state-dependent mismatch requiring 

explanation, not as a single correction factor. 

Experimental work also shows that genotype can condition the consequences of a dynamic modifier without fully 

determining them. In human liver microsomes, CYP2C19 inhibitors produced broadly comparable relative 

inhibition across genotype groups, while the resulting phenotypic classifications differed because baseline activity 

differed [12]. Genotype can thus define metabolic reserve or starting position, whereas the expressed phenotype 

depends on what acts on that reserve. 

Prospective human phenotyping makes the temporal distinction more concrete. In genotyped healthy volunteers, 

CYP2C19 inhibitor exposure produced frequent shifts in metabolic phenotype even though DNA was unchanged 

[13]. Those transitions were inhibitor- and genotype-dependent and should not be generalized as population 
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prevalence estimates. Their importance lies instead in demonstrating that the pharmacological state relevant to 

dosing can change after a genetic result has been established. 

Formal drug–drug–gene interaction models reach a compatible conclusion from another direction. Joint models 

of genotype and enzyme inhibition show that the two information classes cannot always be treated as independent 

additive inputs [14]. The exact integration rule remains model- and pathway-specific, but the inferential 

requirement is clear: when a dynamic modifier is strong enough to alter expressed function, genotype should 

remain part of the explanation without being mistaken for the current phenotype itself. 

Organ function and inflammation 

Inflammation is a particularly important source of dynamic phenotype because it can alter drug-metabolizing 

enzymes and transport systems without changing germline sequence. Clinical and molecular evidence indicates 

that inflammatory states can suppress several ADME pathways, with especially consistent evidence for CYP3A4 

and more variable effects across other enzymes and disease contexts [15]. Cytokine concentration, disease 

severity, tissue context, and methodological design all influence the observed effect, preventing a universal 

inflammation-to-dose conversion. 

Mechanistic work in three-dimensional human liver spheroids reinforces that inflammatory regulation is pathway-

specific rather than a uniform reduction in “metabolism.” IL-1β, IL-6, and TNFα produced different patterns of 

ADME-gene regulation, including substantial changes in selected CYP and conjugation pathways [16]. These 

results support biological plausibility for inflammatory phenoconversion, but they remain mechanistic evidence 

and cannot by themselves specify an individual clinical dose. 

Clinical data show why the distinction matters. Among patients receiving voriconazole, greater inflammatory 

burden was associated with higher dose-corrected exposure and a weaker correspondence between CYP2C19 

genotype and apparent metabolic activity [17]. The study is drug- and context-specific, yet it demonstrates the 

practical problem: a genotype that was correctly measured can become a poorer description of current drug 

handling during an altered disease state. 

Organ dysfunction introduces a related but broader source of variation. A proof-of-concept study in renal 

impairment used circulating molecular information to inform individualized PBPK representations of hepatic 

ADME capacity [18]. The approach is not established for routine dosing, but it illustrates an emerging principle: 

organ-function effects may involve changing functional pathway expression that is not encoded in germline 

genotype. Precision dosing should therefore distinguish stable inherited capacity from current physiological 

capacity and should resist collapsing both into one “patient factor.” 

Drug–Drug Interactions 

Drug–drug interactions challenge genotype-only interpretation because interacting medicines can change the 

expression of genetically determined metabolic capacity after the initial prescription. PBPK analysis of 

simvastatin demonstrated that combinations of transporter and enzyme genotypes with perpetrator drugs can 

generate exposure patterns that differ across drug–drug–gene scenarios [19]. Such models are not substitutes for 

prospective clinical validation, but they show why a genotype-based recommendation may require reassessment 

when the medication environment changes. 

Dynamic modifiers can also coexist. PBPK work integrating inflammatory signaling with CYP inhibition 

demonstrated that disease-related suppression and a perpetrator drug can act on the same metabolic pathway in 

the same clinical interval [20]. A medication list therefore cannot be interpreted independently of disease state, 

and an inflammatory marker cannot automatically be interpreted independently of co-medication. The clinically 

relevant object is the current functional state produced by their combination. 

Recent synthesis of drug–gene and drug–drug–gene interactions similarly emphasizes that chemical inhibition or 

induction and inherited variation must be interpreted jointly, while acknowledging that many combinations lack 

validated clinical recommendations [21]. The practical implication is not that every interaction requires a new 

dose, but that the confidence attached to a genotype-conditioned expectation should change when a plausible 

modifier is introduced, removed, intensified, or resolved. 

A useful reconciliation rule is therefore conditional. If genotype, expected functional phenotype, and medication 

context remain concordant, the genomic prior can retain substantial weight. If a strong inhibitor, inflammatory 

state, or interacting pathway creates a plausible mismatch, the current phenotype should be reconsidered rather 

than forcing the observation back into the original genotype category. Controlled phenoconversion and 

interaction-modeling evidence support the general possibility that a dynamic modifier can change exposure state 

after genotype is known [13, 19, 20]; the exact dose consequence remains drug-, pathway-, and evidence-specific. 
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Narrative prose makes these interaction states difficult to compare because the same genotype can have different 

interpretive meaning under different functional contexts. Table 1 therefore separates the evidence state, justified 

inference, reassessment trigger, and unresolved question without converting them into an unsupported numerical 

score. 

Table 1. Reconciling genotype-conditioned expectations with changing interaction states during precision 

dosing 

Current 

inference state 
Interpretation Boundary Validation 

Scientific 

anchor 

Genomic evidence 

Current functional interpretation 

Dynamic modifier 

Unresolved precision-dosing question 

Population 

or clinical 

boundary 

Reassessment 

trigger 

Proposed 

concordant 

baseline 

Genomic evidence 
Actionable genotype is established for the specific gene–drug pair 

Current functional interpretation 
Functional state is consistent with the genotype-conditioned 

expectation 

Dynamic modifier 
No major pathway modifier identified 

Unresolved precision-dosing question 
How much weight should the stable genotype retain once new 

functional evidence appears? 

Applies only 

where the 

gene–drug 

relationship 

is clinically 

validated 

Addition or 

removal of a 

relevant 

inhibitor, 

inducer, or 

major disease-

state modifier 

Proposed 

inhibitor-

conditioned 

discordance 

Genomic evidence 
Genotype remains valid but no longer describes the whole current 

state 

Current functional interpretation 
Expressed activity is plausibly lower or otherwise shifted from 

baseline 

Dynamic modifier 
Mechanistically relevant inhibitor or interacting drug 

Unresolved precision-dosing question 
Is the interaction large enough to justify dose change, extra 

monitoring, or only reinterpretation? 

Depends on 

inhibitor 

strength, 

pathway 

contribution, 

dose, timing, 

and 

alternative 

clearance 

routes 

Change in 

interacting-drug 

dose, 

discontinuation, 

or new evidence 

of functional 

recovery 

Proposed multi-

modifier state 

Genomic evidence 
Genomic baseline coexists with more than one dynamic influence 

Current functional interpretation 
Current phenotype cannot be attributed confidently to a single 

modifier 

Dynamic modifier 
DDI plus inflammation, organ dysfunction, or another overlapping 

state 

Unresolved precision-dosing question 
Which modifier is decision-dominant, and can their effects be 

separated reliably? 

Evidence is 

especially 

context- and 

model-

dependent 

Appearance or 

resolution of one 

modifier, or 

discordant 

clinical/exposure 

evidence 

Proposed 

unresolved 

discordance 

Genomic evidence 
Genotype and expected phenotype do not match, but no sufficient 

explanation is established 

Current functional interpretation 
Functional state is uncertain rather than automatically reclassified 

Dynamic modifier 
Possible unmeasured DDI, disease effect, assay limitation, or 

incomplete genomic explanation 

Unresolved precision-dosing question 
What additional functional evidence is needed before changing the 

dose? 

Requires 

pathway-

specific 

investigation 

Repeated 

discordance or 

clinically 

consequential 

change 

The same logic is easier to recover visually when genotype, functional phenotype, and dynamic modifiers remain 

separate rather than being collapsed into one interaction arrow. Figure 1 therefore places a central reconciliation 

boundary between what is inherited and what is currently expressed. 
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Figure 1. When a valid genotype becomes an incomplete description of current drug-metabolizing state 

Adherence and time-varying exposure 

Genotype can remain correct while delivered drug exposure changes for a simpler reason: the prescribed regimen 

is not always the regimen that is taken. Modern adherence methodology distinguishes initiation, implementation, 

and persistence rather than treating adherence as a binary trait [22]. Each phase creates a different uncertainty. A 

prescription may never be initiated, doses may be taken inconsistently after initiation, or therapy may be 

discontinued before the clinician assumes it has ended. None of these states is encoded in DNA. 

This matters because unrecognized nonadherence can be misread as unusual pharmacokinetics, poor drug 

response, or unexplained interindividual variability [23]. Conversely, a clinician should not infer nonadherence 

merely because an exposure or response appears unexpected. Medication-taking behavior is one competing 

explanation among pharmacokinetic, pharmacodynamic, disease-related, interaction-related, and measurement 

explanations. Precision dosing therefore requires an explicit exposure-history question before biological 

discordance is attributed to genotype or phenotype. 

Dynamic information is not automatically useful simply because it changes over time. Pharmacometric work on 

time-varying covariates warns that causal position and temporal ordering matter: a variable can be a cause of 

exposure change, a mediator of treatment effect, a consequence of prior dosing, or a correlate that should not be 

adjusted for in the same way [24]. The proposed framework must therefore distinguish a reassessment trigger 

from a justified dose modifier. 

Table 2 is needed because medication-taking states differ in what is known, what remains uncertain, and what 

action is defensible before a concentration or response measurement is interpreted. 

Table 2. Decision states for medication-taking history before attributing time-varying exposure to biology 

Initiation uncertain  |  Implementation variable  |  Persistence uncertain 

Proposed decision state Initiation uncertain Implementation variable Persistence uncertain 

Information currently 

available 

Prescription and intended 

regimen are known 

Treatment has been initiated, but 

dose-taking is inconsistent or 

incompletely observed 

Earlier treatment use is 

documented, but continuation 

is unclear 
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Main unresolved 

uncertainty 

Whether treatment was 

actually started 

Frequency, timing, and duration 

of missed or delayed doses 

Whether the patient is still 

exposed to the intended 

regimen 

Permissible 

interpretation or action 

Verify initiation before 

interpreting lack of effect 

as pharmacological 

failure 

Reconstruct the dosing history 

with the best available source; 

avoid immediate biological 

reclassification 

Establish whether therapy has 

continued before escalating 

or changing dose 

Reassessment trigger 

First credible evidence of 

medication use or 

continued absence of use 

Change in medication-taking 

pattern or emergence of clinically 

important discordance 

Confirmed discontinuation, 

restart, or regimen change 

Consequence for 

genotype-based dosing 

Genotype remains 

relevant but cannot 

explain exposure to a 

drug that was not taken 

Unexpected response cannot be 

assigned confidently to genotype 

or intrinsic phenotype 

A stable genotype does not 

imply stable exposure across 

treatment interruptions 

Medication use appears consistent 

Proposed decision state 
Medication use appears 

consistent 
  

Information currently 

available 

Available history 

supports ongoing use at 

the intended regimen 

  

Main unresolved 

uncertainty 

Residual measurement 

error and unobserved 

deviations 

  

Permissible 

interpretation or action 

Retain adherence as a 

lower-priority competing 

explanation while 

evaluating biological and 

interaction factors 

  

Reassessment trigger 

New discrepancy 

between expected and 

observed treatment 

course 

  

Consequence for 

genotype-based dosing 

Genotype-conditioned 

expectations become 

more interpretable, but 

are still not sufficient 

alone 

  

Therapeutic drug monitoring 

Therapeutic drug monitoring adds an information class that genotype cannot supply: an observation of exposure 

achieved under the patient’s current dose, physiology, interacting medicines, and medication-taking history. In 

therapeutic areas with qualified concentration or exposure targets, TDM can be combined with population 

pharmacokinetic models and patient covariates to estimate individual parameters and update subsequent doses 

[25]. The methodological advantage is feedback. A baseline prediction can be tested against what actually 

happened. 

The distinction among information layers remains important. Pharmacogenomics, TDM, and emerging functional 

measurements such as liquid-biopsy-derived ADME signals do not answer the same question [26]. Genotype 

describes inherited potential; a functional assay may characterize current pathway activity; a concentration 

describes the exposure realized after dose delivery and disposition. None should automatically replace the others. 

Their usefulness depends on assay quality, sampling time, pathway contribution, therapeutic index, and whether 

an exposure–response relationship is sufficiently established to support action. 

Prospective oncology experience illustrates the temporal value of repeated measurement. Serial TDM of oral 

targeted therapies identified underexposure at different treatment points and enabled interventions addressing 

dose, medication-taking behavior, interacting factors, or administration conditions in a subset of patients [27]. 

The study does not establish universal clinical benefit for all targeted therapies, but it demonstrates a key principle 
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for precision dosing: the relevant exposure state can evolve during treatment and can reveal information 

unavailable at baseline. 

TDM also helps adjudicate competing explanations, although it does not resolve them automatically. A low 

concentration may reflect rapid clearance, an interacting inducer, reduced absorption, missed doses, sampling 

error, or an inappropriate target. A high concentration may reflect reduced clearance, inhibition, organ 

dysfunction, inflammatory phenoconversion, or timing. The concentration is therefore evidence about realized 

exposure, not a diagnosis of why that exposure occurred. Precision dosing should use it to update the prior 

interpretation and determine what additional evidence is needed. 

At this stage, the argument has moved from a static genotype to a sequence of increasingly current observations: 

inherited capacity, expressed functional state, treatment context, medication-taking history, and measured 

exposure. The next analytical task is to specify how these information classes should be integrated without treating 

every new variable as equally reliable or equally causal. 

Integrating static and dynamic information 

The central precision-dosing problem is not a shortage of patient information but deciding what each information 

class means at a particular clinical moment. Model-informed precision dosing provides an established 

methodological family for combining baseline covariates with measured drug concentrations, biomarkers, and 

other patient characteristics as treatment progresses [28]. Its relevance here is methodological rather than 

evidentiary proof of the framework proposed in this Perspective. Existing MIPD approaches demonstrate that 

dosing need not remain fixed after an initial prediction, but the validity of any update depends on the model, 

target, population, sampling design, and quality of the incoming information. 

This distinction becomes especially important when the therapeutic target itself is uncertain. Population 

concentration ranges are useful summaries but need not identify the optimal exposure for every individual, 

particularly when pharmacodynamic response, toxicity, disease activity, or other biomarkers differ between 

patients [29]. A concentration can therefore confirm that a patient achieved an expected exposure without proving 

that the exposure is optimal. Genotype, phenotype, concentration, and clinical response should be treated as 

sequentially related but analytically distinct evidence classes. 

Tacrolimus provides a practical illustration of how static and dynamic information can coexist within a dosing 

model. Population pharmacokinetic models frequently incorporate CYP3A5 alongside body size and other clinical 

covariates, while Bayesian forecasting subsequently uses patient-specific concentration data to update individual 

parameter estimates [30]. The example should not be generalized mechanically beyond tacrolimus. Its importance 

is architectural: genotype can enter the model as a durable covariate without being treated as the final estimate of 

clearance after treatment has begun. 

The resulting hierarchy is not simply “newer data override older data.” Genotype may remain highly reliable as 

an inherited descriptor even when its current phenotypic expression is modified. A functional phenotype may be 

more temporally current but assay-dependent. A concentration is directly observed but reflects the combined 

effects of dose delivery, absorption, distribution, metabolism, elimination, sampling time, and adherence. A 

biomarker may be biologically close to response yet insufficiently validated for dose selection. TDM and MIPD 

therefore support iterative updating, while individualized response targets emphasize that exposure alone may not 

complete the decision [25, 28, 29]. 

The proposed interpretation is consequently evidence-reconciliation rather than evidence replacement. When 

genomic prediction, current phenotype, dosing history, measured exposure, and clinical response align, 

confidence in the present dosing hypothesis increases. When they diverge, the first question should be which 

information class is being contradicted. A low concentration after an actionable genotype does not invalidate the 

genotype; it challenges the expectation that the genotype, current phenotype, administered dose, adherence, and 

interacting conditions jointly predicted the observed exposure. Precision dosing becomes more defensible when 

discordance is localized before a corrective action is chosen. 

Narrative description alone obscures the different causes of discordance and the different corrective tests they 

require. Table 3 therefore begins with the misleading pattern itself and separates its plausible origin from the 

evidence needed to resolve it. 
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Table 3. Exception-first triage of misleading genotype–phenotype–exposure patterns before dose revision 

Decision point 
Observable 

signature 

Plausible discordance source 

Competing interpretation 

Corrective evidence 

Residual consequence 

Proposed discordance state 

Genotype predicts altered metabolism, but exposure is unremarkable 

Before changing 

an initially 

genotype-

informed 

regimen 

Concentration 

or response 

falls within the 

expected 

clinical range 

Plausible discordance source 
Compensating pathways, limited pathway contribution, adherence pattern, dose 

selection, or current phenotype differing from genotype prediction 

Competing interpretation 
The pharmacogenetic effect may be biologically real but not decision-dominant in 

the present state 

Corrective evidence or test 
Confirm treatment history, interacting drugs, sampling validity, and where justified 

functional phenotype 

Residual consequence after clarification 
Retain genotype as a background risk descriptor without forcing an unnecessary 

dose change 

Proposed discordance state 

Genotype predicts ordinary metabolism, but exposure is unexpectedly high 

When toxicity 

risk or excessive 

concentration 

emerges 

Higher-than-

expected 

exposure 

despite an 

apparently non-

risk genotype 

Plausible discordance source 
Inhibition, inflammation, organ dysfunction, reduced clearance through another 

pathway, or administration error 

Competing interpretation 
Hidden genetic variation or assay error 

Corrective evidence or test 
Review comedications and organ state; repeat exposure measurement; consider 

pathway-specific functional assessment 

Residual consequence after clarification 
Dynamic phenotype may temporarily outweigh genotype for current dose 

interpretation 

Proposed discordance state 

Genotype and measured phenotype disagree 

When 

functional 

testing becomes 

available 

Metabolic 

activity differs 

from genotype-

predicted 

category 

Plausible discordance source 
Phenoconversion, incomplete genomic ascertainment, assay limitations, disease 

state, or interacting drug 

Competing interpretation 
Stable constitutive discordance rather than reversible phenoconversion 

Corrective evidence or test 
Repeat or orthogonally validate phenotype and assess modifiers 

Residual consequence after clarification 
Dose interpretation remains conditional until the source of discordance is resolved 

Proposed discordance state 

Exposure is unexpectedly low despite a plausible genotype–phenotype match 

Before 

escalating dose 

Concentration 

below the 

expected target 

or previous 

patient value 

Plausible discordance source 
Nonadherence, reduced absorption, induction, administration conditions, timing 

error, or inaccurate target 

Competing interpretation 
Intrinsically high clearance 

Corrective evidence or test 
Reconstruct dose history and sampling time; evaluate interacting factors and repeat 

measurement where justified 

Residual consequence after clarification 
Dose escalation should follow explanation of delivered exposure rather than 

genotype alone 

Proposed discordance state 

Exposure appears appropriate but clinical response is inadequate 
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Before 

assuming 

pharmacokinetic 

failure 

Concentration 

is compatible 

with the 

intended range 

but efficacy is 

insufficient or 

toxicity persists 

Plausible discordance source 
Pharmacodynamic variability, inappropriate population target, disease progression, 

or non-PK mechanism 

Competing interpretation 
Exposure target remains valid but response is individually atypical 

Corrective evidence or test 
Evaluate response biomarkers, disease state, endpoint validity, and alternative 

treatment hypotheses 

Residual consequence after clarification 
Precision dosing may require reconsideration of the therapeutic target, not merely 

the dose 

Figure 2 compresses the same argument into a layered architecture in which genomic evidence remains stable 

while phenotype, clinical modifiers, delivered exposure, and observed response can change across treatment time. 

 
Figure 2. Updating dosing confidence when stable genomic priors encounter changing functional and 

exposure evidence 

A genotype–phenotype–exposure dosing framework 

The synthesis developed above supports a proposed genotype–phenotype–exposure dosing framework in which 

dosing is treated as a sequential state-estimation problem. Adaptive-dosing methodology provides a conceptual 

precedent for choosing later actions on the basis of an updated patient state rather than repeating an unchanged 

baseline decision [31]. The framework proposed here does not require reinforcement learning or any particular 

computational platform; its central requirement is that each dosing decision distinguish durable information from 

state-dependent information. 

The first layer is the genomic prior. A validated genotype may influence initial drug or dose selection when the 

gene–drug evidence is actionable. Its weight should depend on the quality of the gene–drug relationship, not on 

the mere availability of a genetic result. Genomic information remains relevant after therapy begins because a 

phenoconverted patient does not acquire a new germline genotype. 

The second layer is the dynamic functional state. Phenoconversion, inflammation, interacting drugs, organ-

function changes, and other modifiers may shift the phenotype expressed at the treatment moment. These 

modifiers should not automatically trigger dose adjustment. They should alter confidence in the baseline 

expectation and, where justified, prompt functional or exposure reassessment. 
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The third layer is delivered and observed exposure. Dose history, adherence, administration conditions, and TDM 

determine whether the predicted pharmacokinetic state is consistent with what the patient actually experiences. 

Unexpected exposure should trigger diagnostic reconciliation rather than reflexive escalation or reduction. 

A fourth, clinically necessary layer is response interpretation. Exposure may be appropriate while efficacy or 

toxicity remains atypical. In that state, further dose manipulation may be less informative than reassessing the 

pharmacodynamic target, disease process, endpoint, or treatment choice. The framework therefore stops short of 

treating concentration normalization as synonymous with therapeutic success. 

The proposed decision rule is deliberately qualitative: retain stable evidence that remains valid, update state-

dependent evidence when the patient changes, investigate discordance before attributing causality, and revise dose 

only when the combined information is sufficiently decision-relevant. The relative weighting of these layers must 

be validated separately for individual drugs and populations. No universal ordering can be justified in which 

genotype, phenotype, concentration, or response always dominates every other information source. 

Clinical workflow 

Translation requires more than assembling measurements. Pharmacogenomic clinical decision support already 

demonstrates that genomic information must be stored, interpreted, delivered at an actionable point, and linked to 

appropriate recommendations within the clinical workflow [32]. The proposed extension is to make the same 

workflow capable of recognizing when the assumptions underlying the original genotype-conditioned 

recommendation may no longer hold. 

Operational implementations show that structured pharmacogenomic information can be represented within 

electronic health records and connected to configurable decision logic [33]. A dynamic precision-dosing workflow 

would need additional time-stamped inputs rather than a permanently static alert: medication additions and 

discontinuations, relevant changes in organ function or inflammatory state, adherence information where credible, 

therapeutic drug concentrations, and response observations. The technical feasibility of storing genomic 

information does not establish the validity of any particular integration rule. 

The clinical workflow should therefore distinguish at least three moments. At initialization, validated genotype 

and baseline clinical characteristics can influence the first dosing decision. At reassessment, a new interacting 

drug, major disease-state change, suspected nonadherence, unexpected concentration, toxicity, or inadequate 

response can trigger review of whether the current phenotype and exposure remain compatible with the original 

expectation. At revision, the dose should change only when the source of discordance is sufficiently understood 

and the proposed action is supported for that drug and context. 

Existing implementation evidence shows that actionable pharmacogenomic information has value only when it is 

delivered through a usable clinical process [4, 32, 33]. The additional reassessment architecture proposed here 

remains unvalidated. Its purpose is to prevent a successful pharmacogenomic implementation from becoming 

static after the first prescribing decision. The future test is therefore not whether a health system can display 

genotype, phenotype, concentration, and clinical state on the same screen, but whether a specified integration rule 

improves dosing decisions and patient outcomes compared with existing care. 

CONCLUSION  

DNA can provide durable and clinically important information about drug handling and response, but durability 

should not be mistaken for contemporaneous completeness. Genotype does not directly observe phenoconversion, 

inflammation, organ dysfunction, interacting medicines, medication-taking behavior, achieved exposure, or 

changing pharmacodynamic response. These processes operate on different biological and temporal levels and 

should not be collapsed into a single genotype-derived label. 

This Perspective proposes that precision dosing treat genotype as a stable prior, dynamic phenotype as a state-

dependent interpretation of current functional capacity, and exposure and response measurements as feedback 

capable of confirming or challenging earlier expectations. Discordance should trigger explanation before dose 

revision, because the unexpected observation may originate from biology, medication use, interactions, organ 

state, measurement error, target selection, or model inadequacy. 

The proposed framework is not a validated universal dosing algorithm, and no fixed weighting among genotype, 

phenotype, exposure, and response can presently be justified across drugs and populations. Its value is instead as 

an evidence-boundary architecture: preserve what genomic information establishes, update what clinical state can 

change, and require new observations to earn their influence on the dosing decision. Precision pharmacotherapy 
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is therefore better conceived as longitudinal reconciliation of stable and dynamic evidence than as a complete 

prescription written once from DNA. 

ACKNOWLEDGMENTS: None 

CONFLICT OF INTEREST: None 

FINANCIAL SUPPORT: None 

ETHICS STATEMENT: None 

REFERENCES 

1. Pirmohamed M. Pharmacogenomics: Current status and future perspectives. Nat Rev Genet. 2023;24(6):350-

62. doi:10.1038/s41576-022-00572-8 

2. Roden DM, McLeod HL, Relling MV, Williams MS, Mensah GA, Peterson JF, et al. Pharmacogenomics. 

Lancet. 2019;394(10197):521-32. doi:10.1016/S0140-6736(19)31276-0 

3. Lauschke VM, Zhou Y, Ingelman-Sundberg M. Pharmacogenomics beyond single common genetic variants: 

The way forward. Annu Rev Pharmacol Toxicol. 2024;64:33-51. doi:10.1146/annurev-pharmtox-051921-

091209 

4. Swen JJ, van der Wouden CH, Manson LEN, Abdullah-Koolmees H, Blagec K, Blagus T, et al. A 12-gene 

pharmacogenetic panel to prevent adverse drug reactions: An open-label, multicentre, controlled, cluster-

randomised crossover implementation study. Lancet. 2023;401(10374):347-56. doi:10.1016/S0140-

6736(22)01841-4 

5. Mizuno T, Dong M, Taylor ZL, Ramsey LB, Vinks AA. Clinical implementation of pharmacogenetics and 

model-informed precision dosing to improve patient care. Br J Clin Pharmacol. 2022;88(4):1418-26. 

doi:10.1111/bcp.14426 

6. Bousman CA, Stevenson JM, Ramsey LB, Sangkuhl K, Hicks JK, Strawn JR, et al. Clinical 

Pharmacogenetics Implementation Consortium (CPIC) guideline for CYP2D6, CYP2C19, CYP2B6, 

SLC6A4, and HTR2A genotypes and serotonin reuptake inhibitor antidepressants. Clin Pharmacol Ther. 

2023;114(1):51-68. doi:10.1002/cpt.2903 

7. Robinson KM, Eum S, Desta Z, Tyndale RF, Gaedigk A, Crist RC, et al. Clinical Pharmacogenetics 

Implementation Consortium guideline for CYP2B6 genotype and methadone therapy. Clin Pharmacol Ther. 

2024;116(4):932-8. doi:10.1002/cpt.3338 

8. Böhm R, Bruckmueller H, Oswald S, Hübenthal M, Kaehler M, Ehmke L, et al. Phenotype-genotype 

correlation applying a cocktail approach and an exome chip analysis reveals further variants contributing to 

variation of drug metabolism. Clin Pharmacol Ther. 2024;116(1):204-16. doi:10.1002/cpt.3270 

9. Ing Lorenzini K, Desmeules J, Rollason V, Bertin S, Besson M, Daali Y, et al. CYP450 genotype-phenotype 

concordance using the Geneva micrococktail in a clinical setting. Front Pharmacol. 2021;12:730637. 

doi:10.3389/fphar.2021.730637 

10. Jukic M, Milosavljević F, Molden E, Ingelman-Sundberg M. Pharmacogenomics in treatment of depression 

and psychosis: An update. Trends Pharmacol Sci. 2022;43(12):1055-69. doi:10.1016/j.tips.2022.09.011 

11. Klomp SD, Manson ML, Guchelaar HJ, Swen JJ. Phenoconversion of cytochrome P450 metabolism: A 

systematic review. J Clin Med. 2020;9(9):2890. doi:10.3390/jcm9092890 

12. de Jong LM, Boussallami S, Sánchez-López E, Giera M, Tushuizen ME, Hoekstra M, et al. The impact of 

CYP2C19 genotype on phenoconversion by concomitant medication. Front Pharmacol. 2023;14:1201906. 

doi:10.3389/fphar.2023.1201906 

13. Abouir K, Exquis N, Gloor Y, Daali Y, Samer CF. Phenoconversion due to drug-drug interactions in 

CYP2C19 genotyped healthy volunteers. Clin Pharmacol Ther. 2024;116(4):1121-9. doi:10.1002/cpt.3378 

14. Viviani R, Berres J, Stingl JC. Phenotypic models of drug-drug-gene interactions mediated by cytochrome 

drug-metabolizing enzymes. Clin Pharmacol Ther. 2024;116(3):592-601. doi:10.1002/cpt.3188 

15. Dalgård Dunvald AC, Järvinen E, Mortensen C, Stage TB. Clinical and molecular perspectives on 

inflammation-mediated regulation of drug metabolism and transport. Clin Pharmacol Ther. 2022;112(2):277-

90. doi:10.1002/cpt.2432 



Morales et al.                                                        Int. J. Pharm. Res. Allied Sci., 2025, 14(3): 124-135 
 

135 

16. Klöditz K, Tewolde E, Nordling Å, Ingelman-Sundberg M. Mechanistic, functional, and clinical aspects of 

pro-inflammatory cytokine mediated regulation of ADME gene expression in 3D human liver spheroids. Clin 

Pharmacol Ther. 2023;114(3):673-85. doi:10.1002/cpt.2969 

17. Klomp SD, Veringa A, Alffenaar JWC, de Boer MGJ, Span LFR, Guchelaar HJ, et al. Inflammation altered 

correlation between CYP2C19 genotype and CYP2C19 activity in patients receiving voriconazole. Clin 

Transl Sci. 2024;17(7). doi:10.1111/cts.13887 

18. Rostami-Hodjegan A, Al-Majdoub ZM, von Grabowiecki Y, Yee KL, Sahoo S, Breitwieser W, et al. Dealing 

with variable drug exposure due to variable hepatic metabolism: A proof-of-concept application of liquid 

biopsy in renal impairment. Clin Pharmacol Ther. 2024;116(3):814-23. doi:10.1002/cpt.3291 

19. 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 

20. Lenoir C, Niederer A, Rollason V, Desmeules JA, Daali Y, Samer CF. Prediction of cytochromes P450 3A 

and 2C19 modulation by both inflammation and drug interactions using physiologically based 

pharmacokinetics. CPT Pharmacometrics Syst Pharmacol. 2022;11(1):30-43. doi:10.1002/psp4.12730 

21. Russell LE, Claw KG, Aagaard KM, Glass SM, Dasgupta K, Nez FL, et al. Insights into pharmacogenetics, 

drug-gene interactions, and drug-drug-gene interactions. Drug Metab Rev. 2025;57(3):272-90. 

doi:10.1080/03602532.2024.2385928 

22. Dima AL, Allemann SS, Dunbar-Jacob J, Hughes DA, Vrijens B, Wilson IB. Methodological considerations 

on estimating medication adherence from self-report, electronic monitoring and electronic healthcare 

databases using the TEOS framework. Br J Clin Pharmacol. 2023;89(7):1918-27. doi:10.1111/bcp.15375 

23. Le Flohic E, Vrijens B, Hiligsmann M. The impacts of undetected nonadherence in phase II, III and post-

marketing clinical trials: An overview. Br J Clin Pharmacol. 2024;90(8):1984-2003. doi:10.1111/bcp.16089 

24. Goulooze SC, Snelder N. Time-varying covariates, overadjustment bias and mediation in 

pharmacokinetic/pharmacodynamic modeling. CPT Pharmacometrics Syst Pharmacol. 2024;13(8):1285-8. 

doi:10.1002/psp4.13200 

25. Wicha SG, Märtson AG, Nielsen EI, Koch BCP, Friberg LE, Alffenaar JW, 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 

26. Ingelman-Sundberg M, Molden E. Therapeutic drug monitoring, liquid biopsies or pharmacogenomics for 

prediction of human drug metabolism and response. Br J Clin Pharmacol. 2025;91(6):1569-79. 

doi:10.1111/bcp.16048 

27. Groenland SL, van Eerden RAG, Westerdijk K, Meertens M, Koolen SLW, Moes DJAR, et al. Therapeutic 

drug monitoring-based precision dosing of oral targeted therapies in oncology: A prospective multicenter 

study. Ann Oncol. 2022;33(10):1071-82. doi:10.1016/j.annonc.2022.06.010 

28. Minichmayr IK, Dreesen E, Centanni M, Wang Z, Hoffert Y, Friberg LE, et al. Model-informed precision 

dosing: State of the art and future perspectives. Adv Drug Deliv Rev. 2024;215:115421. 

doi:10.1016/j.addr.2024.115421 

29. Polasek TM, Peck RW. Beyond population-level targets for drug concentrations: Precision dosing needs 

individual-level targets that include superior biomarkers of drug responses. Clin Pharmacol Ther. 

2024;116(3):602-12. doi:10.1002/cpt.3197 

30. Hoffert Y, Dia N, Vanuytsel T, Vos R, Kuypers D, Van Cleemput J, et al. Model-informed precision dosing 

of tacrolimus: A systematic review of population pharmacokinetic models and a benchmark study of software 

tools. Clin Pharmacokinet. 2024;63(10):1407-21. doi:10.1007/s40262-024-01414-y 

31. Tosca EM, De Carlo A, Ronchi D, Magni P. Model-informed reinforcement learning for enabling precision 

dosing via adaptive dosing. Clin Pharmacol Ther. 2024;116(3):619-36. doi:10.1002/cpt.3356 

32. Smith DM, Wake DT, Dunnenberger HM. Pharmacogenomic clinical decision support: A scoping review. 

Clin Pharmacol Ther. 2023;113(4):803-15. doi:10.1002/cpt.2711 

33. Hall BT, Eken E, Cavallari LH, Duarte JD, Wiisanen KW, Cicali EJ, et al. Implementing pharmacogenomics 

clinical decision support: A comprehensive tutorial on how to integrate the Epic Genomics Module. Clin 

Pharmacol Ther. 2025;117(6):1670-81. doi:10.1002/cpt.3599 


