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Population Pharmacokinetics

Introduction to Bayesian Theory (in the context of Population
Pharmacokinetics)

Overview of Bayesian Theory:

e Bayesian theory is a statistical approach based on Bayes’ Theorem, which updates the
probability of a hypothesis as more evidence or information becomes available.
In pharmacokinetics, Bayesian methods are used to combine prior knowledge about drug
behavior with individual patient data to estimate pharmacokinetic (PK) parameters more
accurately.

Bayes’ Theorem (Mathematical Foundation):

Bayes’ Theorem is defined as:

P(D16)-P(6)

P(O1D)= P(D)

Where:

> P(6 | D)= Posterior probability (updated belief after observing data)
> P(D | 0)=Likelihood of the data given parameter 6

> P(0)=Prior probability (initial belief before data)

> P(D)=Marginal likelihood or evidence (normalizing constant)

e In PopPK, Brepresents pharmacokinetic parameters like clearance (CL), volume of distribution
(V), half-life, etc., and Dis the concentration-time data from the patient.

Relevance in Population Pharmacokinetics:

e Population pharmacokinetics studies how drug concentrations vary among individuals in a
population, considering variability due to age, weight, organ function, genetics, disease states,
etc.

Bayesian methods allow estimation of individual pharmacokinetic parameters by:

o Starting from a population model (prior)
o Incorporating individual data (concentration measurements)

o Producing individualized predictions (posterior estimates)

Components of Bayesian PK Models

1. Prior Information (Population Data):

» Derived from previous clinical trials, literature, or population PK models.

» Represented as distributions of parameters (e.g., mean and variance of clearance).
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Likelihood (Individual Data):

» Measured drug concentrations from a specific patient.

» Describes how probable these observations are for different values of PK parameters.

Posterior Distribution (Updated Estimate):

» Combines prior and likelihood to refine the estimate of PK parameters for an individual
patient.

» Leads toindividualized drug dosing.

Advantages of Bayesian Approach in PopPK:

Personalized Dosing: Adjusts drug dosing based on actual patient response.

Efficient Use of Sparse Data: Requires fewer blood samples to estimate individual PK
parameters.

Model-Based Feedback: Integrates both population-level and patient-specific data.

Improves Therapeutic Drug Monitoring (TDM): Especially useful for narrow therapeutic index
drugs (e.g., vancomycin, aminoglycosides).

Example Use Case: Vancomycin TDM

Step 1: Use a population PK model as prior (e.g., typical CL and V)
Step 2: Measure a few plasma concentrations in the patient

Step 3: Apply Bayesian software (e.g., NONMEM, Pmetrics)

Step 4: Estimate the patient’s individual CL and V

Step 5: Adjust dosing to reach target AUC or Cmin

Application in Pharmacokinetics

In pharmacokinetics (PK), Bayesian inference allows for individualization of drug dosing.

Here's how it works step-by-step:

1. Prior Information: This comes from population-level data—typically derived from earlier
clinical trials or studies. For example, we might know the average clearance of a drugin
adults is 5 L/hr with a standard deviation of 1 L/hr.

New Data Collection: When an individual patient receives a drug, blood samples are taken
and drug concentrations are measured.

Likelihood Estimation: Based on the pharmacokinetic model, we can compute how likely
itis to observe these concentrations given a certain clearance value for the patient.

Posterior Estimation: By applying Bayes’ Theorem, we combine the prior population
distribution with the individual’s measured data to generate a posterior distribution of the
patient's PK parameters.

This process is often referred to as Bayesian forecasting or Bayesian therapeutic drug monitoring

(TDM).
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Adaptive Method or Dosing with Feedback

Definition and Concept:

e Adaptive dosing (or dosing with feedback) refers to an approach where a drug dose is
continuously or periodically adjusted based on observed patient data, often using Bayesian
updating.

Rather than sticking to fixed dosing regimens, adaptive methods tailor the dosing based on
how the patient's body is actually handling the drug.

Steps in Adaptive Dosing:

1. Initial Dosing Based on Population Model:

» Start with a dose derived from standard PopPK models (based on patient’s age, weight,
renal function, etc.)

. Drug Concentration Measurement:
» Obtain plasma or serum levels at specific time points (e.g., trough levels, peak levels).

. Pharmacokinetic Parameter Estimation:

» Use Bayesian updating to estimate the patient’s individual PK parameters (e.g.,
clearance, volume of distribution).

. Dose Adjustment:

» Calculate a new dose that will achieve the desired therapeutic target (e.g., AUC, Cmax,
Cmin).

. Repeat Cycle:

» Continue measuring levels and adjusting dose as necessary.

This loop creates a feedback control system that adjusts dosing in real time or at regular
intervals.

Mathematical and Model Framework:

e Relies on nonlinear mixed-effects models to account for both fixed effects (average population
behavior) and random effects (individual variability).

e Bayesian adaptive control algorithms use these models to:
o Predict future concentrations
o Compare to target levels

o Suggest adjusted doses

Types of Adaptive Dosing

1. Model-Based Adaptive Dosing: Uses pharmacokinetic/pharmacodynamic (PK/PD) models to
predict drug concentrations and effects.
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Empirical Adaptive Dosing: Relies more on clinical judgment and observed outcomes (e.g.,
symptom relief, toxicity) without formal modeling.

Bayesian Adaptive Dosing: Incorporates prior PK knowledge and updates patient-specific
predictions using Bayes’ theorem.

Clinical Applications of Adaptive Dosing:

1.

2
3.
4

Antibiotics: Vancomycin, aminoglycosides (to avoid nephrotoxicity or subtherapeutic levels)

. Anticoagulants: Warfarin (to maintain INR within target range)

Immunosuppressants: Tacrolimus, cyclosporine (to prevent rejection while avoiding toxicity)

. Anti-cancer agents: Methotrexate, 5-FU (for individualized chemotherapy)

Benefits:

Increases probability of achieving therapeutic targets.
Reduces risk of toxicity or treatment failure.
Enhances patient safety and treatment efficacy.

Minimizes trial-and-error in dose selection.

Challenges:

Requires infrastructure for rapid drug level measurement.
Need for specialized software and trained personnel.

Implementation costs in some clinical settings.

Advantages

Improved Efficacy: Maintains drug concentrations in the therapeutic range.

Reduced Toxicity: Helps avoid overdosing in patients with altered drug metabolism or
elimination.

Personalization: Tailors therapy based on individual characteristics (renal function, age, body
weight, genetic factors).

Example Workflow in a Clinical Setting:

Initial Dose: Based on average population PK model.

First TDM Sample: Collected after a few doses.

Bayesian Feedback: PK software uses the sample to refine the patient's PK parameters.
Adjusted Dose: New dose is calculated to hit target AUC or Cmin.

Ongoing Monitoring: Further samples used to maintain control.
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