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Abstract 

Pharmacokinetic (PK) modeling traditionally relies on plasma drug concentration data to characterize systemic 

exposure and support dose selection during drug development. However, the pharmacological response of a drug 

is ultimately determined by its concentration at the site of action rather than in systemic circulation. Discrepancies 

between plasma and tissue concentrations arise due to physiological barriers, tissue binding, transporter activity, 

and local metabolic processes. Consequently, plasma concentrations may not adequately reflect 

pharmacologically relevant exposure in many therapeutic areas. Over the past two decades, increasing attention 

has been directed toward incorporating target site drug concentrations into pharmacokinetic and 

pharmacodynamic modeling frameworks. Advances in experimental techniques, including microdialysis, 

imaging-based approaches, and tissue sampling methods, have enabled direct measurement of drug 

concentrations in extracellular tissue compartments. These measurements have improved understanding of tissue 

distribution kinetics and have facilitated the development of more mechanistic pharmacokinetic models. 

Integrating target site concentration data into pharmacokinetic models enhances prediction of pharmacodynamic 

responses, improves translational accuracy between preclinical and clinical studies, and supports model-informed 

drug development. This narrative review discusses the conceptual basis of target site pharmacokinetics, 

experimental approaches for measuring tissue concentrations, and modeling strategies used to integrate target site 

exposure into pharmacokinetic frameworks. Applications across therapeutic areas including central nervous 

system disorders, oncology, infectious diseases, and inflammatory conditions are discussed. Challenges 

associated with target site measurements and future directions in quantitative pharmacology are also highlighted. 
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Introduction 

Pharmacokinetics (PK) is a cornerstone of drug 

discovery and development, describing the processes 

of absorption, distribution, metabolism, and 

elimination (ADME). Traditionally, PK analyses have 

relied heavily on plasma drug concentration data 

because blood sampling is relatively simple, 

minimally invasive, and reproducible across 

populations (1, 2). Plasma PK has therefore been 

widely used as a surrogate marker for predicting drug 

efficacy and safety. 

However, the pharmacological activity of most drugs 

is determined not by plasma concentrations but by the 

concentration of the drug at its site of action within 

tissues. The principle of pharmacodynamics (PD) 

dictates that drug–receptor interactions occur locally, 

about:blank
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and the magnitude of the pharmacological response 

depends on the drug concentration at that site. Plasma 

concentrations provide only an indirect estimate of 

systemic exposure and may not accurately represent 

drug concentrations in the extracellular fluid of target 

tissues (3). 

Several physiological and biochemical factors 

contribute to discrepancies between plasma and tissue 

concentrations. These include: 

1. Tissue permeability: Drugs must cross capillary 

membranes to reach tissues. Lipophilicity, 

molecular size, and ionization state influence 

permeability. 

2. Regional blood flow: Highly perfused organs 

(e.g., liver, kidney) may achieve rapid equilibrium, 

whereas poorly perfused tissues (e.g., cartilage, 

tumors) may exhibit delayed distribution. 

3. Transporter activity: Efflux and uptake 

transporters (e.g., P-glycoprotein at the BBB) can 

restrict or enhance tissue penetration (4). 

4. Protein binding: Binding to plasma and tissue 

proteins alters free drug availability. 

5. Local metabolism: Enzymatic activity within 

tissues can reduce effective concentrations. 

These factors are particularly relevant in tissues 

protected by biological barriers. For example, the 

blood–brain barrier (BBB) restricts drug penetration 

into the central nervous system (CNS), making plasma 

concentrations an unreliable indicator of brain 

exposure (5). Similarly, tumor tissues often exhibit 

abnormal vascular architecture and increased 

interstitial pressure, which significantly affect drug 

distribution within the tumor microenvironment (6). 

The limitations of plasma PK have prompted 

increasing interest in target site pharmacokinetics. 

Advances in experimental techniques, particularly 

microdialysis, have enabled direct measurement of 

unbound drug concentrations in tissue extracellular 

fluid. Because only the unbound fraction of a drug can 

diffuse across membranes and interact with biological 

targets, microdialysis provides valuable insight into 

pharmacologically relevant exposure (7). 

The integration of target site concentration data into 

PK/PD and PBPK models has transformed modern 

drug development. By incorporating tissue-level 

exposure, researchers can better characterize drug 

distribution processes, capture temporal dissociation 

between systemic exposure and pharmacological 

response, and improve translational accuracy between 

preclinical and clinical studies (8, 9). 

This review aims to provide a comprehensive 

overview of the role of target site concentration in 

pharmacokinetic modeling. We will discuss the 

conceptual framework, experimental techniques, 

modeling strategies, and applications across 

therapeutic areas. Case studies will illustrate how 

microdialysis and PBPK modeling have advanced our 

understanding of drug distribution. Finally, we will 

highlight challenges and future perspectives in this 

evolving field. 

1. Conceptual Basis of Target Site Concentration 

Target site concentration refers to the drug 

concentration at the specific biological location where 

the drug exerts its pharmacological effect. This site 

may be located within extracellular fluid, intracellular 

compartments, or membrane-bound receptor regions. 

The relationship between plasma concentration and 

target site concentration is governed by multiple 

physiological processes, and the time course of drug 

concentration in tissues may differ significantly from 

that observed in plasma (10). 

1.1 Extracellular vs. Intracellular Concentrations 

Drugs acting on extracellular receptors (e.g., 

neurotransmitter receptors) require sufficient 

concentrations in the interstitial fluid. Conversely, 

drugs targeting intracellular enzymes or nucleic acids 

must penetrate cell membranes, often requiring active 

transport or facilitated diffusion. Intracellular 

concentrations may be influenced by pH gradients, ion 

trapping, and organelle sequestration (11). 

1.2 Bound vs. Unbound Drug 

Only unbound drug molecules are pharmacologically 

active. Tissue binding can lead to drug accumulation, 

prolonging pharmacological effects even when plasma 

concentrations decline. For example, lipophilic drugs 

may accumulate in adipose tissue, creating a reservoir 

that slowly releases drug into circulation (12). 

1.3 Biological Barriers 

 Blood–Brain Barrier (BBB): Tight junctions 

and efflux transporters restrict CNS 

penetration. Drugs with poor BBB 

permeability may show high plasma levels but 

negligible brain exposure (13). 
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 Tumor Microenvironment: Abnormal 

vasculature, elevated interstitial pressure, and 

heterogeneous perfusion reduce drug 

penetration. This explains why plasma PK 

often overestimates tumor exposure (14). 

 Inflamed Tissues: Inflammation increases 

vascular permeability and blood flow, 

enhancing drug penetration into synovial fluid 

or infected tissues (15). 

1.4 Temporal Dissociation 

Drug concentrations at the target site may lag behind 

plasma concentrations due to distribution kinetics. 

This temporal dissociation is critical for PK-PD 

modeling, as pharmacological effects often correlate 

more closely with tissue concentrations than with 

plasma levels (16). 

1.5 Clinical Implications 

Understanding target site PK is essential for: 

 Dose optimization: Ensuring adequate tissue 

exposure without toxicity. 

 Drug development: Identifying compounds 

with favorable distribution profiles. 

 Personalized medicine: Accounting for 

patient-specific factors (e.g., transporter 

polymorphisms, disease-modified 

physiology). 

2. Experimental Techniques for Measuring 

Target Site Concentration 

Understanding drug concentrations at the site of action 

requires specialized experimental techniques. Plasma 

sampling alone cannot capture the complexity of tissue 

distribution, so researchers have developed methods to 

directly or indirectly quantify drug levels in tissues. 

Each technique has unique strengths and limitations, 

and their integration into pharmacokinetic modeling 

has advanced the field considerably. 

2.1 Microdialysis 

Microdialysis is widely regarded as the gold standard 

for measuring unbound drug concentrations in 

extracellular fluid. A probe with a semi-permeable 

membrane is inserted into the tissue of interest, 

allowing small molecules to diffuse into a perfusion 

fluid that is subsequently analyzed (17). 

Advantages: 

1. Measures pharmacologically active unbound drug 

fraction. 

2. Provides continuous sampling over time. 

3. Applicable to diverse tissues (brain, muscle, 

tumors, synovial fluid). 

Limitations: 

1. Invasive procedure requiring probe implantation. 

2. Recovery efficiency depends on probe calibration. 

3. Ethical constraints limit use in humans. 

Microdialysis has been instrumental in CNS drug 

development, where BBB penetration is critical. For 

example, studies with antiepileptic drugs 

demonstrated that brain extracellular fluid 

concentrations correlate more closely with therapeutic 

effects than plasma levels (18). 

2.2 Tissue Homogenization 

Traditional tissue distribution studies involve 

collecting tissue samples, homogenizing them, and 

quantifying drug content. While this provides total 

drug concentration, it does not distinguish between 

bound and unbound fractions (19). 

Advantages: 

1. Straightforward methodology. 

2. Provides absolute tissue drug content. 

Limitations: 

1. Overestimates pharmacologically relevant 

exposure. 

2. Requires invasive tissue collection. 

3. Cannot capture temporal dynamics. 

Despite limitations, homogenization remains useful in 

preclinical studies for assessing tissue accumulation 

and distribution patterns. 

2.3 Imaging-Based Techniques 

Non-invasive imaging methods such as positron 

emission tomography (PET) and single-photon 

emission computed tomography (SPECT) allow 

visualization of drug distribution in vivo (20). 

Radiolabeled drugs can be tracked, providing spatial 

and temporal information about tissue penetration. 

Advantages: 

1. Non-invasive and repeatable in humans. 

2. Provides whole-body distribution data. 

Limitations: 
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1. Requires radiolabeling, which may alter drug 

properties. 

2. Limited resolution for small tissue compartments. 

PET imaging has been particularly valuable in 

oncology, where radiolabeled chemotherapeutics 

reveal heterogeneous tumor penetration (21). 

2.4 Emerging Biosensors 

Recent advances in nanotechnology and biosensor 

development promise minimally invasive, real-time 

monitoring of tissue drug concentrations (22). 

Implantable sensors capable of detecting unbound 

drug molecules could revolutionize clinical 

pharmacokinetics by providing continuous data 

streams.

 

Figure 1: Conceptual framework illustrating the role of target site concentration in pharmacokinetic 

modelling 

 

 

3. Integration of Target Site Concentration into 

Pharmacokinetic Models 

The incorporation of tissue concentration data into 

pharmacokinetic models has led to more mechanistic 



Saivishal Daripellietal International Journal of Medical Science and Current Research (IJMSCR) 
 

 

 
Volume 9, Issue 1;January-February2026; Page No 600-611 
© 2026 IJMSCR. All Rights Reserved 
 

P
ag

e6
0

4
 

P
ag

e6
0

4
 

P
ag

e6
0

4
 

P
ag

e6
0

4
 

P
ag

e6
0

4
 

P
ag

e6
0

4
 

P
ag

e6
0

4
 

P
ag

e6
0

4
 

P
ag

e6
0

4
 

P
ag

e6
0

4
 

P
ag

e6
0

4
 

P
ag

e6
0

4
 

P
ag

e6
0

4
 

P
ag

e6
0

4
 

P
ag

e6
0

4
 

P
ag

e6
0

4
 

P
ag

e6
0

4
 

P
ag

e6
0

4
 

P
ag

e6
0

4
 

P
ag

e6
0

4
 

P
ag

e6
0

4
 

approaches that better capture drug distribution and 

pharmacological effects. 

3.1 Effect Compartment Models 

Effect compartment models introduce a hypothetical 

compartment representing the biophase where drug–

receptor interactions occur. The concentration in this 

compartment drives pharmacological response, 

accounting for delays between plasma exposure and 

effect (23). 

3.2 Intercompartmental Clearance Models 

These models explicitly describe drug transfer 

between plasma and tissue compartments using 

clearance parameters. They capture bidirectional 

exchange and allow simulation of tissue accumulation 

or restricted penetration (24). 

3.3 Receptor-Binding Models 

Advanced models incorporate receptor binding 

kinetics, target turnover, and drug–target complex 

dynamics. These mechanistic frameworks provide 

deeper insights into pharmacodynamics, particularly 

for biologics and targeted therapies (25). 

3.4 Systems Pharmacology Approaches 

Systems pharmacology integrates PK/PD with 

network biology, capturing interactions across 

multiple pathways. Incorporating tissue-level data 

enhances predictive accuracy for complex diseases 

such as cancer and neurodegeneration (26). 

4. Pharmacokinetic–Pharmacodynamic (PK–PD) 

Modeling 

PK–PD modeling links drug exposure to 

pharmacological response. Traditional models often 

rely on plasma concentrations, but incorporating target 

site concentrations significantly improves predictive 

accuracy. 

4.1 Traditional PK-PD Models 

These models assume plasma concentration drives 

pharmacological effect. While useful, they fail to 

capture delays or discrepancies caused by tissue 

distribution (27). 

4.2 Target Site–Driven PK–PD Models 

By integrating tissue concentration data, models can 

more accurately predict onset, intensity, and duration 

of drug effects. For example, antibiotics show better 

correlation between tissue concentrations and bacterial 

kill rates than plasma levels (28). 

4.3 Case Examples 

 CNS Drugs: Brain extracellular fluid 

concentrations measured via microdialysis 

correlate with seizure control in epilepsy 

models (29). 

 Oncology: Tumor tissue concentrations 

predict therapeutic response more reliably than 

plasma PK (30). 

 Anti-Inflammatory Drugs: Synovial fluid 

concentrations explain prolonged efficacy 

despite declining plasma levels (31). 

4.4 Translational Modeling 

Incorporating target site PK into translational models 

bridges preclinical and clinical studies. This improves 

dose selection, reduces attrition, and enhances patient 

outcomes (32). The comparison of plasma-driven and 

target site-driven PK-PD models is represented in 

Table 1.

 

Table 1: Comparison of plasma-driven vs. target site-driven PK-PD models. 

Feature Plasma-driven PK-PD Target site-driven PK–PD 

Driving concentration Plasma Tissue extracellular fluid 

Accuracy Moderate High 

Delay capture Limited Explicit 

Translational relevance Lower Higher 

Applications General PK–PD CNS, oncology, anti-infective 
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5. Role in Physiologically Based Pharmacokinetic 

(PBPK) Modeling 

Physiologically based pharmacokinetic (PBPK) 

models provide a mechanistic framework for 

predicting drug distribution across organs and tissues. 

These models incorporate anatomical and 

physiological parameters such as organ volumes, 

blood flow rates, and membrane permeability. 

Traditionally, PBPK models have relied on plasma 

concentration data for validation, but the inclusion of 

target site concentration data significantly enhances 

their predictive accuracy (33). 

5.1 Structure of PBPK Models 

PBPK models are compartmental representations of 

the body, with each compartment corresponding to a 

specific organ or tissue. Drug distribution is modeled 

based on physiological parameters and 

physicochemical properties of the drug. Incorporating 

tissue-level data allows for more accurate simulation 

of drug penetration into restricted compartments such 

as the brain or tumors (33). 

5.2 Validation with Tissue Data 

Target site concentration data obtained from 

microdialysis or imaging studies provide critical 

validation points for PBPK models. For example, CNS 

PBPK models incorporating microdialysis-derived 

brain extracellular fluid concentrations have improved 

predictions of antiepileptic drug exposure (34). 

5.3 Applications in CNS and Oncology 

 CNS Drugs: PBPK models incorporating 

BBB permeability and transporter activity 

predict brain exposure more accurately than 

plasma-based models (32). 

 Oncology: Tumor-specific PBPK models 

account for abnormal vasculature and 

interstitial pressure, improving simulation of 

chemotherapeutic distribution (30). 

6. Applications in Drug Development 

Target site pharmacokinetics has broad applications 

across therapeutic areas. By integrating tissue-level 

data, drug developers can optimize dosing strategies, 

improve translational accuracy, and reduce attrition 

rates. 

6.1 Central Nervous System (CNS) Drugs 

Drug development for CNS disorders faces challenges 

related to limited brain penetration. Plasma 

concentrations often fail to predict therapeutic 

efficacy. Microdialysis studies have shown that 

unbound brain extracellular fluid concentrations 

correlate more closely with pharmacological activity 

(34). Incorporating these data into PBPK models 

enhances dose optimization for antiepileptic and 

antidepressant drugs. 

6.2 Oncology 

Tumor tissues exhibit complex microenvironments 

that influence drug penetration. Plasma PK often 

overestimates tumor exposure due to restricted 

vascular permeability and elevated interstitial pressure 

(30). Microdialysis measurements of 

chemotherapeutics such as doxorubicin have revealed 

substantial variability in tumor penetration across 

patients, explaining differences in treatment outcomes 

(14). 

6.3 Anti-Infective Therapy 

For antimicrobial drugs, relevant exposure occurs at 

the site of infection rather than in plasma. Lung tissue 

concentrations are more predictive of efficacy in 

pulmonary infections, while synovial fluid 

concentrations are critical in joint infections (7). 

Microdialysis-informed PBPK models have improved 

antibiotic dosing strategies in critically ill patients. 

6.4 Inflammatory Diseases 

Drug distribution into inflamed tissues such as 

synovial fluid determines therapeutic efficacy for anti-

inflammatory drugs. Microdialysis studies with 

diclofenac demonstrated prolonged tissue 

accumulation, explaining sustained pharmacological 

activity despite declining plasma levels (8). 

6.5 Personalized Medicine 

Target site PK supports personalized dosing by 

accounting for patient-specific factors such as 

transporter polymorphisms, disease-modified 

physiology, and co-morbidities. Integrating tissue-

level data into PBPK models enables individualized 

therapy (17). Applications of target site 

pharmacokinetics across therapeutic areas are 

represented in Table 2. 
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Table 2: Applications of target site pharmacokinetics across therapeutic areas. 

Therapeutic Area Challenge Role of Target Site PK Outcome 

CNS BBB restricts 

penetration 

Brain extracellular fluid 

measurement 

Improved dose optimization 

Oncology Tumor 

microenvironment 

Tumor microdialysis Better prediction of treatment 

outcomes 

Anti-infective Site-specific infection Tissue-level antibiotic PK Enhanced efficacy 

Inflammatory Tissue binding, 

inflammation 

Synovial fluid PK Prolonged activity 

Personalized 

medicine 

Patient variability PBPK with tissue data Individualized dosing 

 

7. Case Studies Demonstrating Target Site PK 

Case studies illustrate the practical utility of target site 

pharmacokinetics in drug development. 

Case Study 1: Antibiotic Target Site Exposure in 

Soft Tissue Infections 

Microdialysis studies with cefpirome and cefodizime 

revealed that tissue concentrations were 20-40% lower 

than plasma levels, highlighting the limitations of 

plasma PK (35). PBPK models incorporating these 

data improved predictions of antibiotic distribution in 

infected tissues, guiding dose optimization. 

Case Study 2: Brain Microdialysis for CNS Drug 

Distribution 

Carbamazepine, an antiepileptic drug, was studied 

using brain microdialysis. Results showed that 

unbound brain extracellular fluid concentrations 

correlated with seizure control, while plasma levels 

did not (36). Incorporating these data into PBPK 

models improved translational accuracy. 

Case Study 3: Tumor Microdialysis in Oncology 

Doxorubicin penetration into tumor tissues was 

assessed using microdialysis. Tumor extracellular 

concentrations were substantially lower than plasma 

levels due to restricted vascular permeability (37). 

Variability across patients explained differences in 

treatment outcomes, supporting individualized dosing 

strategies. 

Case Study 4: Synovial Microdialysis in Anti-

Inflammatory Drug Research 

Diclofenac distribution into synovial fluid was studied 

using microdialysis. Results showed prolonged tissue 

accumulation, explaining sustained pharmacological 

activity despite declining plasma concentrations (38). 

PBPK models incorporating synovial tissue 

compartments refined dosing intervals. The Table 3 

represents summary of case studies for target site 

pharmacokinetics.

 

Table 3: Summary of case studies demonstrating target site pharmacokinetics 

Case Study Drug Target Site Key Findings 

Soft tissue 

infections 

Cefpirome, 

Cefodizime 

Skeletal muscle, 

subcutaneous tissue 

Tissue concentrations 20–40% 

lower than plasma 

CNS drug 

distribution 

Carbamazepine Brain extracellular fluid Brain concentrations correlated 

with efficacy 

Oncology Doxorubicin Tumor extracellular fluid Tumor penetration highly variable 
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Anti-

inflammatory 

Diclofenac Synovial fluid Tissue accumulation prolonged 

activity 

 

8. Challenges and Limitations 

Despite the clear advantages of measuring target site 

concentrations, several challenges remain that limit 

widespread adoption in clinical pharmacology. 

8.1 Technical Complexity 

Microdialysis requires surgical implantation of 

probes, which can be technically demanding and 

invasive. Probe calibration and recovery efficiency 

must be carefully validated to ensure accurate 

measurements (5). Imaging-based techniques, while 

non-invasive, require radiolabeling that may alter drug 

properties. 

8.2 Ethical Considerations 

Human studies involving invasive tissue sampling 

raise ethical concerns. Microdialysis in the brain or 

tumors is limited to specific clinical contexts, such as 

neurosurgery or oncology trials, where sampling can 

be justified (36). 

8.3 Translational Challenges 

Species differences in physiology and drug 

metabolism complicate extrapolation from animal 

models to humans. For example, transporter 

expression at the BBB varies across species, affecting 

CNS penetration (39). 

8.4 Regulatory Barriers 

Regulatory agencies have traditionally relied on 

plasma PK for dose selection. Incorporating tissue-

level data into regulatory submissions requires 

standardized methodologies and validation 

frameworks (40). 

8.5 Data Integration 

Integrating heterogeneous data from microdialysis, 

imaging, and biosensors into PK/PD models is 

complex. Harmonization of methodologies and 

computational approaches is needed to ensure 

consistency (41). 

9. Future Perspectives 

Advances in technology and computational modeling 

promise to overcome current limitations and expand 

the role of target site pharmacokinetics. 

9.1  Biosensors and Nanotechnology 

Implantable biosensors capable of real-time 

monitoring of unbound drug concentrations could 

revolutionize clinical pharmacokinetics. 

Nanotechnology-based sensors may provide 

minimally invasive, continuous data streams (42). 

9.2  Artificial Intelligence (AI) and Machine 

Learning 

AI-assisted modeling can integrate complex datasets 

from plasma, tissue, imaging, and genomics. Machine 

learning algorithms can identify patterns and predict 

tissue distribution, enhancing model-informed drug 

development (43). 

9.3  Systems Pharmacology 

Systems pharmacology integrates PK/PD with 

network biology, capturing drug effects across 

multiple pathways. Incorporating tissue-level data 

enhances predictive accuracy for complex diseases 

such as cancer and neurodegeneration (44). 

9.4  Personalized Medicine 

Target site PK supports individualized dosing by 

accounting for patient-specific factors such as 

transporter polymorphisms, co-morbidities, and 

disease-modified physiology. PBPK models 

incorporating tissue data enable precision medicine 

approaches (45). 

9.5  Regulatory Evolution 

Regulatory agencies are increasingly recognizing the 

value of model-informed drug development. 

Incorporating target site PK into regulatory 

frameworks will improve dose selection and 

therapeutic outcomes (46). 

10. Conclusion 

Accurate characterization of drug concentrations at 

pharmacological target sites is essential for 

understanding therapeutic efficacy and safety. Plasma 

pharmacokinetics, while valuable for systemic 

exposure, often fails to reflect drug levels in tissues 

where pharmacological effects occur. Microdialysis, 

imaging, and tissue sampling provide direct 

measurements of tissue concentrations, enabling 
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integration into PK/PD and PBPK models. These 

approaches improve prediction of therapeutic 

response, enhance translational accuracy, and support 

model-informed drug development. 

Applications across CNS disorders, oncology, 

infectious diseases, and inflammatory conditions 

demonstrate the utility of target site PK. Case studies 

highlight how microdialysis-informed PBPK models 

optimize dosing strategies and explain variability in 

treatment outcomes. Challenges remain, including 

technical complexity, ethical constraints, and 

translational barriers. However, advances in 

biosensors, AI-assisted modeling, and systems 

pharmacology promise to overcome these limitations. 

Incorporating target site PK into regulatory 

frameworks will further enhance drug development 

efficiency and patient outcomes. 

Ultimately, bridging systemic exposure and 

pharmacological response through target site 

pharmacokinetics represents a paradigm shift in 

quantitative pharmacology. Continued innovation in 

experimental techniques and modeling methodologies 

will ensure that drug development becomes more 

precise, predictive, and patient-centered. 
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