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Learning Objectives
1. Define Pharmacokinetics & Pharmacodynamics

2. Identify pharmacokinetic/pharmacodynamic approaches, terminology, and parameters

3. Recognize and develop endpoints for pharmacokinetic/pharmacodynamic modeling

4. Identify barriers to molecularly targeted drug development
5. Understand practical considerations in design of pharmacokinetic studies in clinical protocols
Introduction to Pharmacokinetics and Pharmacodynamics


Antineoplastic chemotherapeutic agents have the lowest therapeutic indices of commonly used classes of drugs1.  The distinction between drug and poison is very small.  Thus, pharmacologically rational approaches are crucial to avoiding disastrous outcomes.  


A drug is any pure chemical substance that alters a normal physiologic process when administered to an organism.  To study how drugs work, pharmacologists have mystified the process by creating complex terms to describe relatively simple concepts.  These terms include pharmacokinetics and pharmacodynamics.   There are four possible outcomes following drug administration.  These outcomes include:
· Efficacy without toxicity
· Efficacy with toxicity
· Toxicity without efficacy
· Neither toxicity nor efficacy
Pharmacokinetic and pharmacodynamic modeling incorporated into clinical trial design can be used to optimize the best outcome for drug therapy2.


Pharmacokinetics (PK) is the mathematical study of drug disposition (absorption, distribution, metabolism, and excretion).  In trite terms, PK studies what the body does to the drug.  Pharmacodynamics (PD) is the study of the dose-response relationship (the core principle of pharmacology), which is often represented as a Sigmoid Emax Model described by the Modified Hill Equation:

E = (Emax x PKH) ÷ (PK50H + PKH)

where E = effect, Emax = maximal effect,  PK = chosen PK parameter, PK50 = parameter value at 50% of maximal effect, and H = Hill’s constant.  Again in trite terms, PD studies what the drug does to the body.  


The greatest risk reduction in drug development in the past 10-15 years is due to the incorporation of PK analyses earlier in the process3.  This has resulted in greater predictive power for successful drugs.  Almost all Phase 1 studies for new drugs will incorporate some sort of pharmacokinetic measures in the protocol.  This data is used in pharmacokinetic / pharmacodynamic modeling with data from subsequent studies in order to determine the best use of the drugs (interactions, combinations, schedule, etc.).  It is important to have a basic understanding of the relevant terms, both in the collection as well as the analysis of the data.  


The most important PK parameters include Volume of distribution (Vd), Clearance (CL), Area Under the concentration x time Curve (AUC), and half-life (t½).   The relationships for each are shown below:

1. Volume of distribution



Vd = Amount of drug in the body (dose) / Concentration

2. Clearance



CL = Rate of elimination / Concentration

3. Area Under the Curve (integrated as a function of time)


AUC = Concentration x Time

4. Half-life



t½ = Volume of Distribution x ln(2) / Clearance 

Other important parameters include peak plasma concentration (Cmax), bioavailability (F), Duration above a threshold concentration, free drug vs. total drug, cumulative dose, and bioactivation to an active metabolite.  

Linear Pharmacokinetic Models


Drugs with linear (first order) pharmacokinetics have several important properties.  The key feature is that the rate of change depends only on the current drug concentration:

dC/dt = -kC

The half-life remains constant regardless of concentration.  This means that AUC is not affected by changes in drug administration schedules4.  For example, the AUC after a 60 mg/m2 bolus dose of doxorubicin equals the total AUC for three daily (or weekly) bolus doses of 20 mg/m2.  
Nonlinear Pharmacokinetic Models


Nonlinear (zero order) pharmacokinetic models imply that some aspect of the pharmacokinetic behavior of the drug is saturable. Classic examples include ethanol and phenytoin.  In the case of saturable metabolism (5-FU, Taxol), Higher doses can result in decreased clearance.  For this kinetic behavior, when the dose is increased, there will be a greater than proportional increase in plasma drug concentration and the elimination half-life will increase.  This could be potentially dangerous because the drug remains at high levels in the body for longer period of time.  In the case of saturable absorption or reabsorption (methotrexate, cisplatin), higher doses may result in a decreased proportional AUC.  With these type of kinetics, lengthening infusion times may result in an increased plasma concentration since a constant amount of drug is eliminated per unit time, vs. a constant fraction in linear pharmacokinetics.  For further discussion, see Ratain and Plunkett4.
PK/PD Modeling


These mathematical PK models can be used to correlate drug effects and develop graphical and mathematical representations of pharmacodynamics.  PK variability is an important consideration when evaluating toxicity5, 6.  One example of how this variability can affect patient outcomes is the administration of high-dose Taxol.  Jamis-Dow et al showed that 24 hr infusion of 250 mg/m2 Taxol resulted in steady-state plasma concentrations of 0.85 ( 0.21M7.  Patients at either end of the bell curve are at risk for either decreased efficacy or enhanced myelosuppression.  Non-linear PK/PD modeling of Taxol-induced neutropenia has also been used to show how this toxicity is directly related to the duration of plasma concentrations of Taxol above 0.05 M8.  Interestingly, the non-linear characteristics of Taxol appear to be due to the presence of the Cremophor vehicle used in Taxol administration.  Abraxane, a new albuminized nano-particle formulation of paclitaxel contains no Cremophor.  When administered in this formulation, the kinetics of paclitaxel are linear9 as opposed to non-linear with standard Taxol10.  This may have significant clinical implications for enhancing paclitaxel efficacy with reduced toxicity.

PK/PD models can also be useful for analyzing the effects of genetic variation on drug response (pharmacogenomics).  UDP-glucuronosyltransferase (UGT) is a key enzyme in the metabolism of SN-38, the active metabolite of irinotecan.  Severe, unexpected toxicity is commonly observed in patients receiving irinotecan.  Genetic polymorphisms in the promoter region of UGT can markedly alter the activity of this enzyme.  Analysis of absolute neutrophil count as a PD endpoint in patients receiving a standard dose of irinotecan showed that patients with the “7/7” genotype variant of the UGT1A1 promoter had a 50% prevalence of Grade 4 neutropenia at this dose11.  For further discussion of PK/PD modeling there are a number of excellent reviews12-15.
Molecularly Targeted Drugs


Recently, cancer drug development has shifted from an empirical, compound-based approach to a more rational, target-based approach.  Goals of the target-based approach include enhanced efficacy, selectivity, reduced toxicity, and faster path to market.  Trial designs are shifting from MTD-based objectives to targeting of biological endpoints16, 17.  One example of this approach is a class of drugs targeting the epidermal growth factor receptor (EGFR).  Newly approved or nearly-approved drugs in this class include cetuximab (Erbitux), a competitive inhibitor that prevents receptor dimerization; the small molecule reversible tyrosine kinase inhibitors gefitinib (Iressa) and erlotinib (Tarceva); and the irreversible duel EGFR/erbB2 inhibitor GW572016 (lapatinib).  


Pharmacodynamic modeling with the EGFR inhibitors is challenging because, unlike with the related her2/neu inhibitor trastuzumab, response to EGFR inhibitors does not appear to be dependent on the level of EGFR expression in the tumor.  Mechanisms that mediate resistance to anti-EGFR therapies include EGFR mutations, activation of redundant pathways, up-regulation of angiogenesis, constitutive activation of downstream signaling factors, and ligand-independent activation of EGFR18.  Lessons learned from this class of drugs can be applied to other molecularly targeted agents.  

Molecularly targeted agents often tend to be highly potent (e.g. bortezomib), and often administered orally, meaning that highly sensitive analytical methods are required to detect and measure plasma concentrations19.  Predicting toxicities of a single target is difficult when the target of interest is relatively upstream in a signaling pathway.  Dosing regimens are difficult to determine because traditional MTD-based dose selection may occur at doses far exceeding what is necessary for optimal biologic effect.  Also, no drug is truly “specific”, and inhibition of related enzymes may have unpredictable clinical effects.  (Sometimes this is fortuitous such as with imatinib mesylate or sorafenib).  Drug delivery is probably the most crucial aspect that is often overlooked.  No drug can be effective if it doesn’t reach the receptor.  
Practical Tips


In any complex study involving human subjects, practical considerations should not be overlooked.  The financial costs and human opportunity costs of PK/PD studies in cancer chemotherapeutic clinical trials are extremely high.  The following tips are offered:  Never ask for “PK” unless you are prepared to deal with the result.  Capture adequate data (4-5 half lives) when possible, without exsanguinating the patient.  Seek statistical advice early rather than late.  Be realistic in setting PK schedules, keeping in mind the time required to start and stop infusions, as well as the impact of late-night sampling timepoints on patients and staff.  Lastly, ensure that your precious blood and tissue samples are handled, shipped, and labeled properly.
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