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		Foreword from Dr. Terry Hébert

								

	
				Pharmacology is a critical subject for people in the healthcare professions. That is perhaps the most obvious statement ever made. However, when students are in front of us as teachers, they often have little appreciation for how important this subject really is. They’re thinking maybe they just need to remember it, pass the exam, and then forget it all as they get to the good stuff about learning how people in their professions think and act – consigning that “sciency” stuff to a textbook they can look up later. This is far from the reality of the situation, as pharmacokinetic and pharmacodynamic considerations are critical to the treatment of patients, evolve as patients get older and/or sicker and form the basis by which doctors and other healthcare professionals help assess new medicines and come to appreciate how they work and when they should be used and most importantly perhaps, at what dose.
 Marcel Romanick and Andrew Holt have approached this problem in perhaps the best way I have seen in a long time. They focus on core concepts, add pearls of clinical wisdom where necessary and present it in a way that is different than the average textbook. Thus the book can be used by new learners to the domain, but its design as “An ABC of PK/PD” makes it approachable years after the student has learned (and perhaps forgotten) other text books. It jogs the memory – presents the material in short snippets that captures their essence. It is an approachable resource that can be used effectively by anyone who wants to remember or relearn the essentials of pharmacology. To my mind it is perhaps the most timely such resource I have ever seen!
 When Andy asked me to write this foreword, I didn’t know what to expect upon looking at the book. After a few minutes of reading I thought this will be the easiest piece of writing I ever did. You open this book and you learn. That is a hard thing to get right with a subject this complicated. The authors do not dumb down the subject- they make it approachable. I teach these subjects too and I tell you, I will carry this book around with me wherever I go…
  
 Terry Hébert
 Professor, Department of Pharmacology and Therapeutics
 Assistant Dean, Biomedical Science Education
 McGill University
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		Introduction

								

	
				The earliest version of this manual was prepared over the Thanksgiving long weekend in 2015, in a shorter and much less-polished format, as a revision guide to accompany a second year Fall term lecture course on pharmacodynamics and pharmacokinetics, part of the B.Sc. Pharmacology program at the University of Alberta. Six months later, a decision was made to replace the pharmacodynamics/pharmacokinetics course with something more entertaining and less challenging. Rather than consign the guide to the dustbin, I adapted it substantially to accompany a shorter series of related lectures presented to first year medical students in the M.D. Foundations block. For many of the medical students, these lectures represented their first exposure to the subject of pharmacology, and although most quickly became comfortable with the key concepts through the lectures, it was felt that a “belt and braces” approach might be helpful in solidifying students’ understanding of principles that, ultimately, were intended to assist in reducing drug dosing errors and patient harm.
 A working familiarity with pharmacokinetics in particular is necessary if clinicians are to develop both confidence and competence in designing and modifying drug dosing regimens and interpreting clinical laboratory reports detailing drug concentration measurements in patients’ plasma or urine. Often the patients in question will have altered plasma protein levels, uraemia, hepatic insufficiency or reduced cardiac output, resulting in significant variations of a drug’s pharmacokinetic parameters from what might be considered a normal range, and necessitating calculation of personalised dosing rates, amounts and/or intervals. From predicting drug concentrations in plasma following termination of an IV infusion, to modifying a target concentration range for a drug highly bound to plasma albumin in a patient with an elevated unbound fraction, to deciding whether clearance or volume of distribution is the primary determinant of the concentration of drug in the plasma after a short infusion; the calculations and clinical decisions based upon  them are countless. That approaches taken to reach these decisions are often dependent upon the drug in question adds to the complexity of the process.
 This introductory guide, like the lectures it accompanies, seeks not to teach students the whole gamut of approaches used to reach clinical dosing decisions; even introductory textbooks of clinical pharmacokinetics provide flowcharts that simplify the process of selecting an approach and associated equations that are best-suited to specific clinical situations. Rather, the aim is to familiarise students with the core concepts of pharmacokinetics (and pharmacodynamics) underpinning all of these approaches, to develop an understanding in students that will allow them to have informed conversations with pharmacists about the drugs they prescribe and administer. The format of the guide also facilitates its use as a rapid reference through which students may remind themselves of concepts rusty through lack of use.
 Although this document was designed originally to serve as little more than an examination revision aid, it transpired that some medical students kept a digital copy of the guide on their phones or tablets, and during their clinical training, referred back to explanations and examples provided therein. Subsequently, I made a decision to create a more permanent digital reference guide that could be published as an Open Educational Resource. During the 18 months spent creating this eBook, the lecture time allotted to pharmacokinetics and pharmacodynamics in the M.D. Foundations block has been reduced by almost half, with the result that a significant portion of the book’s content is either now not covered at all in the lectures, or is covered in far less detail in the lectures than was previously the case. However, I chose not to remove content from the eBook to remain aligned with lecture content, as this would diminish the usefulness of the guide as a reference work.
 The guide is comprised of two sections, covering pharmacokinetics and pharmacodynamics, with each section containing an alphabetical listing of concepts and terms. Each listing offers a definition for the listed term or concept, and these are often followed by a more extensive explanation. Live links within the text take the reader to separate listings dedicated to related content, thereby providing a means to cross-reference material and understand context. Diagrams and graphs are used extensively to accompany text, while calculation examples are also offered where these might be helpful. For some entries, more in-depth background information is provided which might be of interest to students and which would facilitate a deeper understanding of a topic, but which is not critical. Indeed, the purpose of the guide’s content, like the lectures, is to develop a broad understanding of key principles that govern drug action, and much of the content is included not because it would be used routinely – or indeed, at all – in clinical practice, but because it enhances understanding of that content which is used routinely.
 Where appropriate, clinical relevance of a concept has been outlined in a “Clinical Context” box within an entry. Details and examples included therein were provided by Marcel Romanick, a Clinical Practice Leader within Pharmacy Services at Alberta Health Services; the information is thus current and very much on-point for those working directly with patients, and these contributions represent a valuable addition to the guide.
 Some of the more challenging concepts presented in lectures were explained, in part, through the use of analogies and animations which appealed to visual learners and which were widely popular among the students. Thus, many listings in this guide will include live links to short animated videos that have been prepared specifically for this project. The original animated files may be obtained from me, on request, and repurposed for inclusion in teaching content elsewhere.
 As the financial pressures on students grow to unmanageable levels, I chose to make this book freely-available as an Open Educational Resource. If you wish to express your gratitude, please do so by voting – always – for a government that understands the purpose of post-secondary education and that truly values and supports public education and public healthcare. If you wish to express your gratitude financially, please consider making a small donation to an indigenous charity, or to a charity that supports homeless persons, or that cares for sick or injured animals and birds.
 Finally, this eBook is a “living document”. Content will be modified and updated on an ongoing basis. At the time of first release, in the summer of 2023, many of the links to supplementary animated videos are not yet active, or have not yet been added to the text. Such deficiencies will be addressed over the coming months as preparation of the animations reaches completion.
 Dr. Andy Holt
 August 2023
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		A+B Intercept

								

	
				[image: ]The intercept with the Y-axis of the plot of plasma concentration versus time data for a drug that follows two compartment kinetic behaviour. This (extrapolated) intercept with the Y-axis (concentration axis) is equal to the theoretical concentration of drug in the plasma at time = 0 if drug had mixed evenly throughout the central compartment but there had not yet been any distribution into tissues lying outside the central compartment, or any elimination from the body. In other words, the entire dose of the drug would still be present in the central compartment. Accordingly, the volume of the central compartment can be calculated from the dose (mg) divided by the A+B intercept value (mg/litre). For example, if a dose of 250 mg was administered IV and the A+B intercept was 9.4 mg/litre, the volume of the central compartment would be 26.6 litres.
 Typically, the volume of the central compartment includes the volume of the plasma itself, plus cellular water associated with tissues (e.g. blood vessel walls) that are in close contact with the blood and into which drug can partition almost instantly. For a drug that distributes very rapidly into at least some tissues, the contribution to the total volume of distribution from those tissues may be reflected in the calculated volume of the central compartment, which would be the sum of the plasma volume, the volume of cellular water in close proximity to blood vessels, and the volume of any tissues into which the drug distributes very rapidly. Tissues into which lipophilic drugs typically distribute rapidly include highly-vascularised tissues such as liver, kidney and brain.
 
	

			
			


		
	
		
			
	
		

		Absorption

								

	
				This is the movement of drug from the site of administration into the systemic circulation. After IV (or intra-arterial) administration, there is no absorption, as 100% of the drug is already in the systemic circulation. Most drugs are absorbed predominantly by passive diffusion across lipid bilayer cell membranes. Thus, in order to be absorbed, drugs generally must be lipid-soluble, and they won’t be well-absorbed if they are charged or polar. The Henderson-Hasselbalch equation predicts what proportion of a weak acid, or a weak base, will be in an uncharged form suitable for crossing cell membranes by passive diffusion, in a manner dependent on the local pH in which the drug finds itself. Weak acids exist in a predominantly uncharged form in the acidic stomach, and so are absorbed rapidly and extensively from the stomach. Weak bases exist predominantly in a charged form in the stomach, and so tend to be absorbed more extensively from the intestines where the pH is more neutral and a greater proportion of the drugs exist in an uncharged form. The more lipid-soluble a drug is, the faster it crosses lipid bilayer membranes by passive diffusion (as predicted by Fick’s Law of Diffusion) and so the faster it will be absorbed. Click here to view a short vodcast explaining how lipid solubility impacts the rate of drug absorption.
 Factors which impact passive diffusion of drugs across biological membranes affect both absorption and distribution of a drug, as well as some aspects of elimination. The processes of absorption and distribution together are referred to as drug disposition.
 Drugs may be absorbed by several other mechanisms, including filtration through pores or channels, passive transport (or facilitated diffusion) via a transporter protein down a concentration gradient, and active transport against a concentration gradient, often mediated by ATP-dependent transporter proteins. Filtration allows movement of polar or charged compounds across membranes, with filtration at Bowman’s capsule perhaps representing the best-known of these processes.
 Absorption from most administration sites simply involves the drug moving from the site of administration into the local blood supply – so-called parenteral routes of administration. However, following enteral administration, where the drug is absorbed through the walls of the GI tract and into the portal circulation, it must first pass through the liver before it reaches the systemic circulation. If the drug is a good substrate for liver enzymes, much of it may be lost to hepatic metabolism before it ever reaches the systemic circulation. This first pass metabolism reduces the amount of drug absorbed, and so reduces the bioavailability of the drug. Consequently, higher oral doses of such drugs may need to be administered in order that enough drug reaches the systemic circulation from where it can distribute to the tissues and exert a therapeutic effect. Drugs which are high hepatic extraction ratio drugs are good substrates for liver enzymes, and tend to have low oral bioavailability.
 Clinical Context
  Clinicians should have awareness of the degree to which a medication is absorbed and be mindful of specific patient factors that may influence the patient’s absorption. Patients may have impediments to absorption that include administration via feeding tubes with terminal placement beyond the location in the GI tract where medication absorption occurs, changes to gut integrity such as occurs in graft versus host disease in transplant patients, concomitant use of acid-suppressing medications, or even diet. For example, the absorption of tacrolimus, an important anti-rejection medication used in transplantation, may be reduced by around 25-40% if it is taken with a high fat meal. Dasatinib is a tyrosine kinase inhibitor (TKI) used to treat chronic myelogenous leukemia; when is taken with common acid-suppressing medications such as a proton pump inhibitor, its absorption may be reduced by up to 70%.
 It is also important to remember that absorption into the systemic circulation occurs with topically-administered products. Factors that disrupt the integrity or composition of the skin may lead to unanticipated systemic levels of topically-administered medications. For example, applying the anti-rejection medication tacrolimus as a topical cream to open sores covering large areas of a patient’s skin, to treat graft versus host disease (GvHD), has led to toxic systemic levels of tacrolimus. Applying dressings that cover transdermal fentanyl patches has necessitated administration of the antidote naloxone, according to case reports.
 We may also take advantage of an ability to limit systemic absorption of a medication through choice of administration route. For example, direct drug administration to the site of action, exemplified by the use of topically-inhaled β-agonists to treat asthma, or use of locally-applied topical steroid creams, achieve effective therapeutic drug concentrations locally while minimising the potential for systemic side-effects. This is also possible for some enterally-administered products.  For example, vancomycin is administered intravenously to treat a variety of resistant infections, but severe side-effects including nephrotoxicity and ototoxicity may result from this systemic exposure.  On the other hand, with a polar surface area of 530 Å2 and an oral bioavailability of zero, when used orally vancomycin can be administered at a standard dose to treat enterocolitis caused by C. difficile, as there is no absorption into the systemic circulation and the drug remains at the site of infection within the gut lumen.
 
 
  
  
 
	

			
			


		
	
		
			
	
		

		Acetylation

								

	
				A conjugation reaction carried out on drugs containing an amenable nitrogen atom by enzymes called N-acetyl transferases, predominantly N-acetyltransferase type 2 (NAT-2) in the liver and GI tract. An acetyl group is transferred from the carrier acetyl-CoA to a nitrogen on an amine, sulfonamide or hydrazine group. The acetylated metabolite is usually inactive, or has lost most of the activity of the parent drug.
 [image: Acetylation of the antibacterial sulfamethazine by NAT-2]Acetylation of the antibacterial sulfamethazine by NAT-2 N-Acetyltransferase enzymes are more usually involved in leukotriene biosynthesis but they can accept some drugs as substrates and acetylate them. The N-acetyl metabolites of some drugs – such as the sulfonamide antibacterials – may be less water-soluble than the parent drugs, and this can cause metabolites to precipitate in the kidneys as they are concentrated in the renal filtrate. This problem is more prevalent in so-called “fast acetylators”, a portion (around 50%) of the population that have high N-acetyl transferase activity. Due to a genetic polymorphism, the other 50% of the population are “slow acetylators” and precipitation of metabolites is less problematic.
 
	

			
			


		
	
		
			
	
		

		ADME

								

	
				Acronym for Absorption, Distribution, Metabolism and Elimination (or Excretion). Often the acronym DMPK (drug metabolism and pharmacokinetics) is used interchangeably with ADME.
 You may also encounter the acronym ADMET, which includes a term for Toxicity studies.
 
	

			
			


		
	
		
			
	
		

		Alpha (α) rate constant

								

	
				The first-order rate constant for the exponential distribution of drug from the plasma into the tissues. It can be found from the slope of the distribution portion of a two-compartment curve, or a hockey-stick curve, and the half-life for distribution for a two-compartment drug can be calculated from 0.693/α. It is a proportionality constant (similar to kel and β) with units of “per time” and indicates the proportion of remaining drug that will be distributed in unit time if the current rate of distribution is maintained. The span of the exponential curve describing first-order distribution lies between the A+B intercept and the B-intercept. A value for α from a two-compartment plasma concentration versus time curve can be obtained by manual curve-stripping, or through use of software.
 [image: ]The solid green line shows disposition of a two-compartment drug following an IV bolus injection. The two components of the green line are the distribution phase (blue dashed line) and the elimination phase (red dashed line). Both these phases are first-order exponential processes which, when plotted on a logarithmic axis (right Y-axis), generate straight lines. Note that the distribution (blue dashed) curve must be dropped such that the plateau becomes zero, rather than 4 (in this example) prior to calculating the natural logarithms of the plasma concentrations. The first order rate constants are equal to the slopes of the straight lines. The blue dotted line has a slope of 0.0462, yielding a value for alpha of 0.0462/min and thus a distribution half-life of ln2/0.0462 = 15 minutes. The red dotted line has a slope of 0.0115, yielding a value for beta of 0.0115/min and thus an elimination half-life of ln2/0.0115 = 60 minutes. 
	

			
			


		
	
		
			
	
		

		Apparent volume of distribution

								

	
				The definition of the apparent volume of distribution (AVD) is “the apparent volume of plasma that would contain the total body content of the drug at a concentration equal to that in the plasma”. As such, AVD (sometimes referred to simply as the volume of distribution, VD) is a theoretical volume that provides an indication of the extent to which a drug distributes from the bloodstream into tissues and organs. In essence, the AVD value represents an indirect means of expressing the proportion or ratio of an administered drug dose that remains in the plasma at equilibrium, with AVD inversely-related to the percentage of a dose that remains in the plasma at equilibrium. Calculated volumes may bear no relation to physiological volumes associated with part or all of the body, and may be very much larger than a patient’s total body volume. However, by expressing extent of distribution as a volume term, rather than in a manner that is based on drug concentration, the approach remains independent of dose, for most drugs, and the value for AVD is typically independent of the dose of drug administered. It is necessary to know a drug’s AVD in order to calculate the amount of drug present in the body that remains to be excreted, or to determine a loading dose.
 Click here to view a short vodcast offering a simple, largely qualitative explanation of how AVD is determined and how AVD varies with increasing extent of distribution.
 One-compartment drugs
 The AVD is nominally obtained by dividing the dose of a drug administered by the theoretical concentration in the plasma after distribution is complete, but before any drug has been eliminated. In other words, all the drug is still in the body, and it has reached an equilibrium between the blood and the tissues. For a one-compartment drug, this theoretical concentration (referred to as Cp0, or concentration in the plasma at time = 0) is obtained from the intercept with the Y-axis (concentration axis) of a plot of drug concentration in the plasma versus time. The intercept is obtained by back-extrapolating the fitted curve to the Y-axis, a process facilitated by plotting data on a logarithmic scale so that data resulting from the single exponential process (elimination) appear linear.
 As a result of rapid drug movement between the plasma and tissues, the percentage of drug in the body that is located in the plasma remains constant from the point when equilibrium is reached until all drug has been cleared from the body, regardless of how rapidly drug is administered into, or is cleared from, the bloodstream. In other words, the AVD remains constant. The initial volume of distribution is equal to the central compartment volume, and is also equal to the terminal volume of distribution. The following equations are both acceptable for calculating AVD for a one-compartment drug, and would be expected to yield similar or identical values.
 [image: ]
 Two-compartment (or multi-compartment) drugs
 The equivalent process to calculate AVD for a two-compartment drug would use the B-intercept of a hockey-stick plot, in place of Cp0. However, determining AVD for a two-compartment drug in this manner results in calculation of what is referred to as an extrapolated AVD (AVD extrap), which often over-estimates AVD (in that multiplying the concentration of drug in the plasma by AVD could significantly over-estimate the amount of drug present in the body). In fact, as a result of the slower movement of a two-compartment (or multi-compartment) drug between plasma and tissues, AVD can have different values, and subtly-different meanings, depending upon the point in time at which AVD is determined. As such, there are several approaches to calculating AVD for a two- (or multi-) compartment drug, with AVD extrap representing the least-useful of these. Of more value, clinically, are the non-compartmental volume of distribution (AVD area, also referred to as AVD beta) and the volume of distribution at steady state (AVD SS).
 Click here to view a vodcast demonstration of the differences between AVD area and AVD SS.
 If a drug is infused into plasma until a steady-state concentration is reached, there is neither net movement of drug between plasma and tissues nor net movement of drug into or out of the body. At that point, the ratio of drug concentration in the tissues to drug concentration in the plasma would have reached a constant value, and dividing total drug in the body by drug concentration in the plasma would yield a value for AVD SS. If drug infusion is then terminated, the concentration of drug in the plasma will initially fall more rapidly than that in the tissues. The lag in redistribution of drug from tissues back to plasma persists such that a new position of pseudo-equilibrium is reached, with a new, higher ratio of drug concentration in the tissues to drug concentration in the plasma. This ratio again remains constant as drug concentrations fall in both compartments. At any point after pseudo-equilibrium is reached, dividing total drug in the body by drug concentration in the plasma would yield a value for AVD area, which is typically a little larger than the AVD SS.
 If total body clearance for a drug is relatively low, the lag caused by redistribution of drug from tissues to plasma is small, and the AVD area is similar in magnitude to the AVD SS. However, high clearance rates, simulated in hydraulic models by increasing the flow rate of the tap flushing fresh water through the central compartment, can cause a marked increase in the ratio of drug concentration in the tissues to drug concentration in the plasma, and under those circumstances, AVD area can be markedly higher than the AVD SS. The larger impact of clearance on AVD area explains the larger reduction in AVD area that occurs in renal insufficiency, compared with the more modest effects on AVD SS.
 Determination of AVD area can be achieved through applying either of the equations below to patient data, and is quite straightforward.
 [image: ]
 Since the AVD area is determined under pseudo-equilibrium conditions where drug elimination from the plasma and slow redistribution from the tissues lead to a lag that increases the tissue:plasma ratio of drug, the AVD area is the correct value to use to address clearance-related questions such as that of how much drug remains to be eliminated from the body. In contrast, the AVD SS is determined, by definition, when infusion and clearance rates are identical, and there is no net clearance of drug. As such, the AVD SS is the value that should be used to calculate a loading dose (if administered orally, bioavailability must be accounted for, if less than 100%):
 [image: ]
 In this scenario, a bolus dose (or a series of bolus doses, or a brief infusion) equal in total to the entire amount of drug that would be present in the body at steady state with repeated dosing is administered over a relatively short time period prior to commencing a maintenance dosing regimen, in order to achieve an effective therapeutic concentration of drug as quickly as possible. This may be useful when administering an antibiotic to treat a severe or life-threatening infection.
 Determining a value for AVD SS from patient data is rather less straightforward than for other forms of AVD, and is not discussed further here. Nevertheless, students should be familiar with the term, and its meaning, as this is arguably the most clinically-useful form of AVD. In this regard, many literature sources will provide values specifically for AVD SS.
 General comments
 The more extensively the drug distributes to tissues, the lower the remaining concentration of drug in the plasma, and so the larger the (apparent) volume in which the entire dose of drug appears to have been dissolved. Therefore, a large AVD (e.g. 500 litres, and potentially several thousand litres) indicates that the drug has accumulated extensively in the tissues (and is therefore probably a very lipophilic drug), while a value of around 10 litres suggests that most of the drug has remained in the plasma – probably as a result of high plasma protein binding. A very low volume of distribution can also be observed for a charged or extremely polar drug that is administered by IV injection or infusion and that is unable to distribute to an appreciable extent from the plasma because of its polarity. An example of a drug class that behaves in this way would be aminoglycoside antibiotics. Due to its low lipophilicity, an IV dose of an aminoglycoside remains largely in the plasma and is eliminated rapidly and extensively by the kidneys, making these drugs ideal for treating serious urinary tract infections. In contrast, an oral dose is poorly absorbed from the GI tract, and a PO dosing regimen is thus effective for “sterilising” the GI tract prior to GI surgery.
 Though an AVD of around 35 litres may appear to suggest that most of the dose has distributed throughout body water, such an observation would rather indicate that similar proportions of drug remain unbound (to plasma proteins) in the blood, and unbound (to tissue proteins) or unsequestered (by fat), in the tissues. When a calculated AVD has a volume similar to that of a physical body compartment, this is often coincidental.
 The factors that contribute to the numerical value for AVD can be better understood if the form of an equation that contains these factors is considered.
 [image: ]
 VP and VT refer, respectively, to the volume of the plasma (approximately 4 litres) and the volume of total body water minus the plasma volume (approximately 30-35 litres). The factor in parentheses contains terms for fu, the fraction of drug unbound in the plasma, and fuT, the fraction of drug unbound in the tissues. “Bound” can be loosely defined to mean that the drug is not immediately available in an aqueous environment to interact with target proteins, enzymes or transporters, or to diffuse through cell membranes. As such, drug bound in the plasma would typically be bound to soluble plasma proteins, although binding to other components of the cell wall is also possible, while drug bound in the tissues could be bound to proteins (target proteins or non-specific binding to other proteins) or is unavailable as a result of significant partitioning into fat.
 The equation can’t be used to determine AVD in a patient, because it is not feasible to determine a value for the fuT term. Rather, it serves simply to assist in understanding the factors contributing to AVD.
 It should be apparent that the value for AVD is equal to the plasma volume (4 litres), plus the total body water volume (30-35 litres) multiplied by the factor in parentheses. Thus, if fu is small compared with fuT (in other words, drug is highly bound to plasma proteins but is not highly bound to proteins in tissue and also has not partitioned extensively into fat) then the term in parentheses will have a value lower than 1 and AVD will lie between 4 litres and 34-39 litres. Alternatively, if the drug has partitioned very extensively into fat such that fuT is much smaller than fu, even if the drug is highly bound to plasma proteins (for example, fu is 0.05 and fuT is 0.002) then the term in parentheses is a value much higher than 1 (in this example, 25) and so AVD would equal 4 litres + (30 litres × 25), or around 754 litres. This illustrates why a high level of plasma protein binding does not mean AVD must be small. In this regard, it is necessary to know both a drug’s AVD and the degree to which it binds to plasma proteins in order to form a fuller understanding of the drug’s disposition in the body.
 The terms present in this equation demonstrate the importance of a patient’s plasma protein levels, and of their body fat content, to their personalised value for AVD for a particular drug. It is also important that plasma volume and total body water volume can impact the value for AVD quite markedly. Since these volumes can change substantially in clinical conditions such as septic shock, or following IV fluid infusion to address hypotension, or with renal and cardiac pathologies that lead to oedema, then AVD for drugs with a small volume of distribution can be altered accordingly, often leading to inadequate or unexpectedly high drug concentrations in the plasma. In contrast, the effect on AVD for lipophilic drugs is small, since the vast majority of drug in the body exists outside the plasma, and even a significant change of the concentration of unbound drug in the plasma would be quickly nullified by drug moving between plasma and adipose tissue.
 Click here to view a short vodcast on drug properties impacting the numerical value of AVD.
 Clinical Context
  Changes in volume of distribution can be important considerations in dosing of medications and monitoring treatment outcomes. Understanding whether a medication distributes from the circulation predominantly into the extracellular fluid, into fatty tissue, or whether it distributes into both may be helpful in dosing and monitoring your patients. With antimicrobial medications, for which drug concentrations at the site of infection can be critically important, fluid shifts can be an important factor to consider in monitoring patient improvement. Compare, for example, an obese, fluid-overloaded congestive heart failure (CHF) patient with a non-fluid-overloaded non-obese patient, both treated with vancomycin to treat a severe infection such as septic arthritis caused by methicillin-resistant S. aureus (MRSA).  The obese, fluid-overloaded patient would likely require loading doses to reach effective drug concentrations quickly, and would require higher doses to achieve target levels.  As vancomycin distributes extensively to extracellular fluid, but far less extensively to body fat, the fluid-overloaded patient would require a higher dose of vancomycin per kilogram of bodyweight to maintain effective target trough levels where they are measured – in the blood.  It is important that vancomycin concentrations in the blood are maintained above a minimum effective concentration for the duration of the treatment period. Vancomycin has the advantage of having serum levels readily available to monitor this patient.
 
 
  
  
 
	

			
			


		
	
		
			
	
		

		Area under the curve

								

	
				[image: ]Plasma concentrations following administration of identical doses of a drug to an individual by IV (blue) and PO (red) routes. AUC values (from t=0 to infinity) were determined with graphing software as 77.9 mg/l h (IV) and 39.7 mg/l h (PO), yielding an oral bioavailability for this drug in this individual of (39.7/77.9) = 51%. This usually refers to the area under the curve (AUC) for a graph of plasma concentration versus time. The units of AUC are the Y-axis units (units of concentration) multiplied by the X-axis units (units of time); for example, (mg/l)h or (µg/ml)min. There are several ways to calculate AUC, including through use of software, or manually by applying the trapezoidal rule or by a cut-and-weigh technique.
 It may be necessary to determine a drug’s AUC in order to calculate oral bioavailability (discussed below), or to determine the non-compartmental apparent volume of distribution (AVD area).
 In a single individual, the AUC is proportional to the proportion of the dose of drug that is absorbed into the systemic circulation, and the actual value is impacted by the amount of the drug that is absorbed, and by how rapidly it is then removed. As such, a comparison of an IV dose with a PO dose of the same drug in the same individual on two different occasions will provide two AUC values that allow determination of oral bioavailability (from AUCPO/AUCIV). This is because the drug is removed with similar clearance values regardless of the route by which it is administered and the only significant difference between areas under the two curves would be caused by differences in the amount of drug absorbed into the circulation. In the same way, AUC for the same dose of the same drug by the same route in an individual may change if ADME parameters change for the drug in that individual – e.g. altered bioavailability due to a change in Clint for a high extraction ratio drug, altered clearance due to a change in Clint for a low extraction ratio drug, etc. In the latter example of altered clearance, note that AUC values for PO and IV administration routes in that individual would both change to a similar degree and so bioavailability would not be substantially affected (see example calculation box).
 Example calculation
  Drug X is cleared entirely by hepatic metabolism and is a low extraction ratio drug. ClT for drug X is 5 l/h. After an IV dose of 500 mg, the AUC is 100 (mg/l)h (from Cl=Dose/AUC). A 500 mg PO dose gives an AUC of 50 (mg/l)h. Oral bioavailability (F) is therefore 50/100 = 50%. If the patient now drinks grapefruit juice and Clint is reduced by 80% then clearance is reduced to 1 l/h. As a result, the AUC following an IV dose of 500 mg increases to 500 (mg/l)h and the AUC following a PO dose increases to 250 (mg/l)h. But bioavailability would not have changed as it would now equal 250/500 = 50%.
 
 
 In an intravenous repeated dosing regimen that has reached a steady state concentration, the average concentration in the plasma can be calculated from the AUC between two consecutive doses, divided by the time interval between doses. This average concentration typically lies slightly closer to the trough concentration than to the peak concentration, with this tendency becoming more marked as the time interval between doses becomes larger.
 [image: ]A drug with an elimination rate constant of 0.2/h and an apparent volume of distribution of 250 litres is administered by IV injection once (red trace) or at intervals of 4 hours until steady state is reached (the blue trace shows a period of 24 hours following attainment of steady state). The red hatched area represents AUC from t=0 to t=∞, while the blue hatched area represents AUC over the 4 hour period between two consecutive doses. The grey dashed line shows the average steady state concentration, which is 0.5 mg/litre in this example. Peak and trough concentrations are 0.726 and 0.326 mg/litre, respectively, and the average concentration thus lies closer to the trough concentration, at a point 56.5% below the peak concentration and 43.5% above the trough concentration. At steady state, it stands to reason that the amount of drug lost from the body between consecutive doses is identical to the amount of drug administered in each dose. As such, the AUC between two consecutive doses at steady state should be similar to the AUC from t=0 to t=∞ (AUC0-∞) after a single IV dose of the drug (because one full dose of the drug is also lost from the body in such a scenario), assuming the size of the dose is the same in both cases, and assuming there has been no change in drug clearance (as a result of a change in intrinsic clearance, for example) during chronic drug dosing required to reach steady state. This is illustrated in the figure on the right, where the areas highlighted in red and blue hatching are identical in size. Under the entry for clearance, it is shown that total body clearance, ClT, may be calculated from ClT = Dose/AUC0-∞. Based on the discussion above, it should be apparent that it is also possible to calculate total body clearance if the AUC between two consecutive doses of drug is known, since this value should be similar to AUC0-∞. The equation then becomes ClT = Dose/AUC0-τ, where t=0 represents the time at which the first of two consecutive doses is given, and t=τ represents a later time at which the subsequent dose is administered, with the dosing interval being equal to τ.
 
	

			
			


		
	
		
			
	
		

		Beta (β) rate constant

								

	
				The first-order rate constant for the exponential elimination of a two-compartment drug from the plasma. It can be found from the slope of the elimination portion of a two-compartment curve (i.e. the straight handle of the hockey stick on a hockey stick curve), which may be facilitated by extrapolating the straight handle of a hockey-stick curve back to the Y-axis, or from the half-life of elimination for a two-compartment drug (from 0.693/half-life). The example  shows how to obtain the value of β from the slope of elimination data plotted on a logarithmic Y-axis.
 [image: ]Plotting plasma concentrations of a two-compartment drug following IV bolus administration yields a “hockey stick plot” when a logarithmic concentration axis is used. Calculating the slope of the handle of the hockey stick, corresponding to the terminal elimination phase after distribution is complete, yields a value for the first-order elimination rate constant, beta. The elimination half life in this example would be ln2/0.0116, or 60 minutes. Note that data are plotted on a natural logarithm axis. If instead a base 10 logarithmic axis was used, the rate constant would be equal to the slope multiplied by -2.303. This process for obtaining a first order rate constant from a semi-logarithmic plot may also be used with one-compartment data. β is a proportionality constant (similar to kel and α) with units of “per time” and indicates the proportion of remaining drug that will be eliminated in unit time (or, similarly, the proportion of the total apparent volume in which the drug is distributed that will be cleared of drug in unit time) if the current rate of elimination is maintained.
 While both β and kel are concerned with elimination of drug from the central compartment, β is typically smaller (i.e. yields a longer half life) than an equivalent kel value, because β, but not kel, is impacted by the slow redistribution of drug from the tissues back into the plasma. With a one-compartment drug, redistribution back into the plasma is very rapid and so the elimination from the plasma is able to work as fast as it wants to, without any brake being put on the process due to slow redistribution from the tissues. It is this slow redistribution that also causes a lag leading to the increased tissue:plasma drug concentration ratio observed during the terminal elimination phase, and the value for a drug’s non-compartmental apparent volume of distribution (AVD area) being larger than  that for its steady-state apparent volume of distribution (AVD SS).
 
	

			
			


		
	
		
			
	
		

		B-Intercept

								

	
				The intercept with the Y-axis of the elimination portion of a plot of plasma concentration versus time data for a drug that follows two compartment kinetic behaviour. This (theoretical) value on the Y-axis (concentration axis) is nominally equal to the theoretical concentration of drug in the plasma at time = 0 if drugdistribution was complete (i.e. if distribution occurred instantaneously) but there had not yet been any elimination from the body. In other words, the entire dose of the drug is distributed between plasma and tissues and we have reached an equilibrium, but no drug has yet been lost to elimination.
 An apparent volume of distribution value can be calculated from the dose divided by the B-intercept. This AVD value (for a two compartment drug) is referred to as the extrapolated apparent volume of distribution (AVD extrap) which typically over-estimates the volume to the extent that, clinically, this value is not very useful.
 The over-estimation results from the fact that during the terminal elimination phase, the slow redistribution of drug from tissues back to plasma increases the tissue:plasma concentration ratio from that existing at steady state, so that drug in the body appears to be distributed throughout a larger total volume. As a result, unchanged clearance of a larger apparent volume corresponds to a smaller elimination rate constant (β), which is reflected in a reduced slope for the terminal elimination portion. Back-extrapolation of this reduced-slope line to the Y-axis at t=0 yields an intercept (B-intercept) that is anomalously low, confirming the high estimate, from Dose/B, of AVD.
 [image: ]
 As an illustration of this phenomenon, if a dose of 500 mg was administered IV and the B-intercept was 4mg/litre (see figure), the calculated AVD extrap would be 125 litres. The AUC of the concentration versus time plot, calculated with graphing software from the same data plotted on a linear concentration axis (inset), is 533.1 mg/l min. With a value for β calculated from the terminal slope as 0.0116 min-1 (see entry for beta (β) rate constant), the AVD area can be calculated from Dose/(AUC × β) (see entry for apparent volume of distribution) to be 81 litres. This is only 65% of the value calculated for AVD extrap.
 
	

			
			


		
	
		
			
	
		

		Bioavailability

								

	
				Bioavailability (F) refers to the fraction of an administered dose of drug that reaches the systemic circulation following absorption from the administration site. Usually used with reference to oral bioavailability. Generally, for drugs administered via a parenteral route, bioavailability is usually considered to be 100% (F=1), in the absence of evidence to the contrary. However, parenteral administration of a prodrug that is converted in the body to the active species may result in a bioavailability for the active metabolite that is significantly lower than 100% if a portion of the prodrug is cleared (hepatically or renally) before being converted to the active species.
 In considering bioavailability as a factor impacting dosing rate, particularly when converting from one administration route to another (when a change in drug formulation may be accompanied by a change in the salt used), it is important to consider the chemical formulation of the drug.
 Example
  The tetracycline antibiotic doxycycline is available as doxycycline hyclate (doxycycline hydrochloride hemiethanolate hemihydrate; empirical formula C22H24N2O8 · HCl · 0.5H2O · 0.5C2H6O; MW 512.94 g/mol) or as doxycycline monohydrate (empirical formula C22H24N2O8 · H2O; MW 462.45 g/mol). A dose of 100 mg of doxycycline monohydrate contains 96 mg of doxycycline, whereas a dose of 100 mg of doxycycline hyclate contains 87 mg of doxycycline. To administer the equivalent dose of doxycycline (96 mg), it would be necessary to use 110 mg of the hyclate salt.
 
 
 Clinical Context
  Understanding bioavailability of medications can be important for many reasons, including determining what route of administration may be required. For example, medications that are metabolised very quickly may require administration via a continuous infusion to be effective. You may choose to bypass first-pass metabolism using buccal or rectal routes (venous blood from the lower rectum drains into the inferior vena cava, bypassing the liver, although upper rectal venous drainage enters the portal circulation). Though you may not have intravenous access, an antibiotic such as levofloxacin that may be used to treat a hospitalised patient for pneumonia,could be prescribed orally, as its bioavailability approaches 100%. Knowing the bioavailability of oral antibiotics can also help in deciding whether patients can be stepped down from intravenous to oral medications, allowing earlier discharge from hospital. Commonly-prescribed medications such as ondansetron, dexamethasone, metronidazole and levofloxacin all have excellent bioavailability.
 
 
  
 
	

			
			


		
	
		
			
	
		

		Buccal (BUC) administration

								

	
				Administration of a drug by dissolving a tablet against the inside of the cheek, so that drug is absorbed directly into the systemic circulation, thereby avoiding the first pass effect. Typically, a small tablet or pellet would be placed in the cavity between the upper gum and the lining of the cheek, though sprays and water-soluble patches are also used.
 Buccal administration is usually used when drugs have very low oral bioavailability, and/or when a rapid response to the drug is required. Any drug administered by the buccal route, but which is swallowed in saliva, would then be subjected to first pass metabolism.
 Clinical Context
  Understanding where absorption occurs can be important in understanding the purpose of formulations. A sublingual lorazapam tablet can be used to treat a seizure or panic attack as buccal absorption is both rapid and extensive, which is important for a rapid onset of action. Alternatively, when a rapid onset of action is not required, lorazepam can be administered as an oral tablet as it has excellent oral bioavailability.
 In contrast, the nitrovasodilator drug nitroglycerin would have extremely low bioavailability if taken orally, as a result of very extensive first pass metabolism. By administering nitroglycerin as a sublingual tablets or as a buccal spray, we can achieve a rapid therapeutic effect while avoiding first pass metabolism.
 
 
  
 
	

			
			


		
	
		
			
	
		

		Central compartment

								

	
				An alternative and preferable name for the plasma compartment. The central compartment is the compartment into which drugs are initially administered or absorbed, and the compartment from which drugs are generally eliminated. See also A+B Intercept. Note that the central compartment volume often includes tissues into which the drug distributes very rapidly (usually as a result of very lipophilic drugs distributing into highly-vascularised tissues such as liver, kidneys and/or brain), and it is not unusual for the central compartment volume to exceed the plasma volume.
 When a drug behaves with one-compartment kinetics, all tissues and organs into which the drug of interest distributes extensively are considered to be part of the central compartment.
 It can be useful to know the central compartment volume (sometimes referred to as AVD c) for a drug, for several reasons. For example, a two- or multi-compartment drug’s target organ may be part of the central compartment, and a loading dose that considers only the rate at which equilibrium of drug between the central and tissue compartment(s) is reached, ignoring the peak concentration of drug in the central compartment (and thus in the target organ) could cause significant on-target side-effects or toxicity. Knowledge of the AVD c facilitates administering the loading dose at a rate slow enough to avoid exceeding the maximum concentration that can be tolerated in the central compartment.
 
	

			
			


		
	
		
			
	
		

		Clearance

								

	
				Clearance is defined as the volume of plasma cleared of drug in unit time. However, the “plasma” refers to the plasma volume that makes up the entire volume of distribution for the drug in question. So a clearance value of 30 litres/hour seems quite high, but if the volume of distribution is 1500 litres then it is still going to take a very long time to clear most of the drug from the body.
 Clearance is related to AVD through the first order elimination rate constant (kel) for a one-compartment drug, or specifically to AVD area through the beta rate constant for a two-compartment drug. These rate constants indicate the proportion of the total volume that will be cleared in unit time (but not the proportion of remaining drug which will be cleared in unit time – see the entry for first order elimination rate constant). For example, if clearance is 15 litres/hour and AVD (or AVD area) is 150 litres then 10%, or 0.1, of the volume is cleared in unit time, so kel (or β) would be 0.1/hour, and half-life would then be 0.693/0.1 = 6.93 hours.
 “Clearance” typically refers to total body clearance. It is the sum of individual organ clearances – usually hepatic clearance + renal clearance. Note that a change in hepatic function will have little or no impact on ClT for a drug that is cleared predominantly by the kidneys, and similarly a change in renal function will have little or no impact on ClT for a drug that is cleared predominantly by hepatic metabolism.
 [image: ]Following an IV bolus dose of 250 mg, the AUC was determined (through graphing software) to be 533.1 mg/l min. Total body clearance can be calculated from Dose/AUC, and is found to be 0.469 l/min, or 28.1 l/h. The AVD area can then be calculated from ClT/β, or from Dose/(AUC×β), to be 40.4 litres. A value for clearance can be obtained from ClT = Dose/AUC0-∞, where AUC0-∞ refers to the area under a plasma concentration versus time curve from time zero to time infinity, when all drug has been eliminated. This calculation is independent of the number of compartments required to describe the drug’s disposition.
  
  
 
	

			
			


		
	
		
			
	
		

		Clearance by glomerular filtration

								

	
				Clearance by glomerular filtration (ClGF) is the contribution to renal clearance by filtration into Bowman’s capsule. In a young, healthy adult male kidney, glomerular filtration occurs at around 120 ml/minute (or 7.2 l/hour, equal to around 10% of blood flow through the kidneys, and corresponding to the glomerular filtration rate, or GFR). While young healthy females show GFR values lower than do male subjects, rates are only marginally lower when corrected for body size. This correction is made through expressing GFR with respect to body surface area; as such, young healthy adults have a GFR of around 100 ml/min/1.73 m2. The GFR falls with age, at a rate of around 4 ml/min/1.73 m2 every decade until around 50 years of age, and then more rapidly thereafter.
 Along with about 10% of the plasma volume, small solutes such as salts, metabolic waste products and drugs / drug metabolites are also filtered. Initially, they are present in the filtrate at concentrations similar to those in the plasma. The value for ClGF is thus identical to an individual’s GFR. The concentration of solutes in the filtrate increases as filtrate passes through a kidney nephron, as a result of clearance by secretion and of reabsorption of water, and may decrease in the latter stages of their journey through a nephron as a result of reabsorption back into the bloodstream.
 Since GFR plays a significant role in contributing to renal clearance of drugs, then ClGF will be highest, at around 100 ml/min/1.73 m2, in young, healthy adults, when no drug in the blood is bound to plasma protein. ClGF will fall with age, averaging around 70 ml/min/1.73 m2 in healthy 80-years-old subjects, with some individuals in that group showing values as low as 50. GFR, and thus ClGF, also fall markedly in several disease states, and particularly in chronic kidney disease (CKD). For drugs that are cleared predominantly by the kidneys, that have a narrow therapeutic window and that may cause serious side-effects as a consequence of exceeding the maximum tolerated concentration, it is routine practice to estimate the GFR in patients with renal insufficiency so that dosing adjustments can be made. This is generally accomplished by determining a patient’s urinary creatinine clearance rate.
 
	

			
			


		
	
		
			
	
		

		Clearance by secretion

								

	
				Clearance by secretion (ClS) refers to the contribution to renal clearance of transporter-mediated secretion of acidic and basic drugs from the plasma into the filtrate. Since blood flow through (two) healthy male kidneys equals around 72 l/hour (120 ml/min or 100 ml/min/1.73 m2), and around 7 l/hour of that volume is filtered at Bowman’s capsule, the remaining 65 l/hour is approximately the maximum possible clearance by secretion (which would be the case if binding of drug to plasma proteins is negligible and if all drug in the bloodstream is secreted such that no drug leaves the kidneys in the blood, with the exception of reabsorbed drug).
 Thus, a renal extraction ratio of 1 would result from secretion of all drug not removed by glomerular filtration, accompanied by zero reabsorption of drug from the filtrate.
 Secretion clearance is facilitated by numerous transporters, including organic anion transporters (OAT) and organic cation transporters (OCT) which facilitate passive diffusion into tubular cells, and ATP-dependent efflux transport from tubular cells into the lumen by multidrug resistance-associated protein and P-glycoprotein.
 It is possible to reduce ClS and thus reduce the necessary dosing rate for a drug by co-administering a compound which competes for binding to renal transporters. A drug called probenecid is an inhibitor of OAT proteins, and though it is used primarily to reduce the reabsorption of uric acid which is facilitated by OATs, it has also been used to reduce renal clearance of expensive antibiotic drugs that have high ClS rates.
 
	

			
			


		
	
		
			
	
		

		Cmax (and Cmin)

								

	
				Cmax is the maximum or peak concentration of drug reached in the plasma following a dose of the drug. Cmax may refer to the peak concentration achieved after a single dose, or to the peak concentration that follows each separate dose in a repeated dosing regimen, at steady state.
 Many drug properties and patient characteristics impact the value of Cmax. The size of the dose and route of administration, including the formulation of the drug (e.g. oral tablet versus sustained release capsule), as well as the rate and extent of absorption coupled with the rate and extent of distribution and the clearance rate all contribute to the value for Cmax. Not surprisingly, for a particular drug at a given dose, IV bolus injection leads to the highest attainable Cmax value which occurs very shortly after injection, since no absorption is necessary and the impact of distribution and elimination are minimised. The time following administration at which Cmax occurs is referred to as tmax.
 Cmin refers to the trough concentration of drug in the plasma during a repeated dosing regimen, i.e. the drug concentration immediately prior to the administration of a subsequent dose. The Cmax:Cmin (or peak:trough) ratio in a repeated dosing regimen is determined by the drug’s half-life of elimination and by the chosen dosing interval, with shorter intervals leading to smaller peak:trough fluctuations. This point is discussed in more depth under the manual entry for repeated dosing calculations.
 
	

			
			


		
	
		
			
	
		

		Compartmental pharmacokinetics

								

	
				Several models have been devised to facilitate understanding and prediction of drug pharmacokinetic behaviour. Of these, compartmental models are the most widely used. These models are comprised typically of one, two or three inter-connected compartments representing combinations of body fluids, tissues and organs that share characteristics relating to the rate (and sometimes the extent) to which drug equilibrates with the compartment and is lost from the compartment. The calculated volumes of the compartments, and the concentration-time profiles of drug present in the compartments, provide information about pharmacokinetic behaviour of that drug that is required in order to determine appropriate dosing regimens. While calculated compartmental volumes sometimes appear to equate to physiological volumes (for example, the plasma volume, or total body water volume), this is usually coincidental, and such comparisons are best avoided.
 It is important to understand that compartments are not fixed entities. Whether one or more compartments should be used to describe a drug’s behaviour, and the identities of the tissues and organs that are included in each compartment, are dependent entirely upon the drug of interest. The concept of compartments simply provides a model framework to facilitate understanding and interpretation of a drug’s concentration-time profile after administration.
 
	

			
			


		
	
		
			
	
		

		Conjugation

								

	
				Conjugation refers to the phase II metabolic process of (enzymatic) addition of a large, usually water-soluble group onto an appropriate functional group (e.g. hydroxyl) on a drug or a phase I metabolite. The group (often a sugar or sulphate) is transferred from a large, high-energy carrier molecule by a conjugating enzyme. The conjugate is then eliminated either in the urine or is secreted in bile (usually for conjugates with molecular weights over 400 g/mol) and eliminated in the faeces.
 Conjugation is usually designed to convert a lipophilic drug that is difficult to eliminate into a more hydrophilic metabolite that is easier to eliminate. This is true for sugar conjugation (glucuronidation) and sulphate conjugation (sulphation) but less so for N-acetylation, where conjugates may be less water-soluble than the parent drug. Conjugation with glutathione is a detoxification process that renders harmful electrophilic species such as the acetaminophen metabolite, NAPQI, non-toxic. If conjugation is carried out on a parent drug, then the conjugation process would contribute to the hepatic clearance for that drug.
 
	

			
			


		
	
		
			
	
		

		Context-sensitive half-time

								

	
				Context-sensitive half-time refers to the time it takes for drug concentrations to fall by 50% in the plasma following termination of a period of drug administration at a constant rate – usually by infusion – under circumstances where the half-time is impacted by the duration of the infusion.
 The terminal half-life for elimination refers to loss of drug from the plasma after an infusion period sufficiently long to allow drug to equilibrate fully between central and peripheral compartments. At that point, the time taken for drug concentration to fall by 50% would be expected to remain fairly constant, regardless of how much longer the infusion was continued before termination.
 If the period of infusion is not long enough to allow full equilibration of drug between plasma and tissue compartments, terminating the infusion will result in a fall in the concentration of drug in the plasma with a half-time shorter than the terminal half-life of elimination. The shorter the period of infusion prior to infusion being terminated, the shorter the subsequent half-time for drug loss from the plasma. This phenomenon is what is referred to as context-sensitive half-time. As infusion times become progressively longer, the context-sensitive half-time also increases, until eventually equilibrium is reached between compartments, and the half-time is no longer context-sensitive, but rather is equal to the terminal half-life of elimination.
 The reason for the increasing context-sensitive half-time as the duration of infusion increases is that longer infusions result in more (slow) distribution of drug from the central compartment to the tissue compartment(s), and thus larger proportions of the drug present in the body are associated with shallow or deep tissue compartments. As such, as infusion time increases, marginal increases in drug concentrations observed in the central compartment are accompanied by more significant increases in drug concentrations in the tissue compartment(s). In other words, the “pre-steady state” apparent volume of distribution increases with increasing infusion time, until equilibrium is reached. When infusions are then terminated, loss of drug from the central compartment by renal or hepatic clearance is offset to increasing degrees by slow redistribution of drug from the tissue compartment(s) back into the central compartment.
 Clinically, this is relevant in situations (a) where the duration of treatment is typically shorter, and possibly much shorter, than the time taken for the drug to equilibrate between all compartments, (b) drug administration usually ends prior to full distribution equilibrium being reached, and (c) the drug target is within a central or shallow tissue compartment such that a patient’s recovery time from the drug’s effects becomes longer with extended administration times because of increasing drug levels in one or more compartments deeper than that in which the target organ exists.
 Click here to watch a demonstration of context-sensitive half-time for the general anaesthetic, propofol, where the target organ (brain) is present in the central compartment.
 
	

			
			


		
	
		
			
	
		

		Concentration (of drug) in the plasma at t=0

								

	
				The concentration in the plasma at zero time (C0 or Cp0) is the theoretical concentration of a one-compartment drug in the plasma at time = 0, following instantaneous mixing throughout the compartment and before any drug has been eliminated. Cp0 is equal to the Y-axis intercept of a first-order elimination curve following bolus IV administration of a one-compartment drug. Since there is no point that can be plotted at t=0 because instantaneous mixing can not occur, the intercept is typically found by back-extrapolating the straight line obtained when data are plotted on a logarithmic Y-axis.
 [image: ]The theoretical concentration of drug in plasma at time = 0 for a one-compartment drug may be found by plotting the first-order exponential data (left panel) on a logarithmic concentration axis (right panel), generating a straight line which can then be extrapolated back to the Y-axis. The semilogarithmic plot shown here uses natural logarithms, but the same outcome will be achieved through plotting base 10 logarithms. The benefit to using natural logarithms is the ease with which a first order rate constant can be obtained directly from the slope.  
 
	

			
			


		
	
		
			
	
		

		Creatinine clearance

								

	
				Determination of creatinine clearance for a patient allows estimation of a patient’s renal function, and specifically the glomerular filtration rate (GFR). A patient’s GFR is a direct measure of clearance by glomerular filtration (ClGF), a major contributor to renal clearance of drugs. As such, determining GFR in a patient with renal insufficiency allows appropriate adjustment of the dosing regimen for a drug that is cleared predominantly or entirely by the kidneys.
 Creatinine is a breakdown product of creatine in skeletal muscle, and is generated and released into the plasma at a relatively constant rate. Creatinine distributes throughout total body water and is cleared almost entirely by glomerular filtration. A very small fraction of creatinine may be cleared by secretion, and it is not reabsorbed from the distal tubules. The clearance rate for creatinine is therefore very similar to the ClGF, and thus offers a good estimate of GFR.
 Given the relatively constant rate at which creatinine is produced across most adults, a measurement of creatinine in the serum represents the equivalent of a steady state concentration (Css) that would be determined by the rate at which creatinine is cleared. A slower rate for creatinine clearance will result in a higher Css for creatinine.  Consequently, determining the concentration of creatinine in the serum and comparing it with the Css that would be expected in an individual with normal renal function provides a ratio that then allows calculation of the creatinine clearance rate that would generate that ratio. This is the patient’s GFR.
 There are several methods available for calculating GFR based on a measurement of serum creatinine. The example provided below uses the CKD-EPI (chronic kidney disease – epidemiology collaboration) approach. The terms in the equation correct for patient age, weight etc.
 Example
  The CKD-EPI equation (revised in 2021) is the recommended approach to estimating GFR. Details of the equation, shown below, were taken from the website of the National Kidney Foundation of the United States (https://www.kidney.org/content/ckd-epi-creatinine-equation-2021).
 eGFRcr = 142 x min(Scr/κ, 1)α x max(Scr/κ, 1)-1.200 x 0.9938Age x 1.012 [if female]
 where:
 Scr = standardized serum creatinine in mg/dL
 κ = 0.7 (females) or 0.9 (males)
 α = -0.241 (female) or -0.302 (male)
 min(Scr/κ, 1) is the lesser of Scr/κ or 1.0
 max(Scr/κ, 1) is the lesser of Scr/κ or 1.0
 Age (years)
 The estimated GFR (eGFR) for a male patient, 56 years old, with a serum creatinine measurement of 0.94 mg/dl, would be:
 
 142 x min(0.94/0.9, 1)-0.302 x max(0.94/0.9, 1)-1.200 x 0.993856
 
 which equals
 142 x (1)-0.302 x (1.044)-1.200 x 0.993856
 = 95.2 ml/min/1.73 m2
 
 The estimated GFR (eGFR) for a female patient, 79 years old, with a serum creatinine measurement of 1.06 mg/dl, would be:
 
 142 x min(1.06/0.7, 1)-0.241 x max(1.06/0.7, 1)-1.200 x 0.993879 x 1.012
 
 which equals
 142 x (1)-0.241 x (1.514)-1.200 x 0.993879x 1.012
 = 53.4 ml/min/1.73 m2
 
 
 
 
 
 Clinical Context
  In clinical practice, while eGFR is the preferred measure of estimating and following CKD patients, there are also other methods for quickly estimating GFR in patients with renal dysfunction for the purpose of adjusting doses of medications that are renally cleared. Patients regularly present to hospital with an acute kidney injury, and they may also require adjustments of medications.  The equations used have been validated against diagnostic imaging measures to compare estimates versus measured GFRs in differing patient populations.
 One of the most commonly used equations for estimating GFR in adults for the purpose of medication adjustments is the Cockroft-Gault equation, although this approach is no longer recommended for clinical use. For children less than 18 years of age, a common approach is through use of the Bedside Schwartz equation:
 Clcr = K * (height (cm)/Scr (μmol/l))
 K=36.5
 It is important to note that results are typically presented as a normalised value in units of ml/min/1.73m2. Automated calculators are readily available in most drug dosing software packages and in electronic health records. Clinically, it is important to balance the acuity of the kidney dysfunction and the risk of excessive doses in a patient with dysfunctional renal medication processing and the risk of under-dosing.
 
 
  
 
	

			
			


		
	
		
			
	
		

		Cytochrome P450 (CYP) enzymes

								

	
				A large family of enzymes found throughout the body, but concentrated in the liver, responsible for the majority of phase I metabolism of drugs. These enzymes take an oxygen atom from O2 and introduce it into a drug structure in a functionalisation reaction, so-called because this either adds or exposes a functional group. The functional group may then be targeted by a conjugating enzyme, or the phase I metabolite may already be sufficiently water-soluble to be eliminated in the urine.
 There are several CYP enzymes important in drug metabolism; the two most important, based on the number of different pharmaceuticals that are substrates, are CYP3A4 and CYP2D6; together, these enzymes are involved in metabolism of the majority of administered pharmaceuticals.
 CYP activity in the liver plays a large part in determining oral bioavailability of drugs, and in determining hepatic clearance of drugs. If a drug is a good substrate for one or more CYP enzymes (i.e. the drug is oxidised rapidly with a high kcat and a low KM) then that drug would be referred to as a high hepatic extraction ratio drug. Conversely, poor substrates that are oxidised much more slowly are referred to as low hepatic extraction ratio drugs.
 Some CYP enzymes are products of polymorphic genes, meaning genes can exist in two or more forms, variant alleles differing in at least one position as a result of a nucleotide mutation or deletion. Most often, a mutation may have little effect or may reduce enzyme activity, while a nucleotide deletion is more likely to code for a protein that has lost activity. As a result, within a population, individuals with wild-type enzyme or with a mutation that has little impact on activity are referred to as extensive metabolisers or rapid metabolisers, while those with reduced activity are referred to as poor metabolisers. The frequency of poor metabolisers varies between individuals from different ethnic backgrounds. For example, up to 10% of Caucasians are poor metabolisers with respect to CYP2D6, whereas only 1% of individuals of Asian descent are CYP2D6 poor metabolisers. The pattern is reversed for CYP2C19, with around 4% of Caucasians and 16% of Asians possessing a poor metaboliser phenotype.
 CYP enzymes vary significantly in their expression levels between individuals and cause much of the variability in drug responses observed between different individuals. The consequences of this variation are exacerbated by changes in CYP activities that occur as individuals age (CYP activity is lower in the elderly population) and in several disease conditions – particularly hepatic pathologies. Further, numerous drugs, environmental chemicals (such as those present in cigarette smoke or pesticides), and dietary components found in barbecued meat and in cruciferous vegetables, can induce expression of a number of CYP enzymes, thereby modifying first pass metabolism and/or hepatic clearance of drugs that are substrates for the enzymes affected. Compounds from the furanocoumarin family that are present in grapefruit juice act as irreversible inhibitors of CYP3A4, potentially elevating oral bioavailability and/or reducing clearance of CYP3A4 substrates.
 As a consequence of enzyme induction, irreversible enzyme inhibition and competition between two or more drugs for binding to the enzymes’ active sites, CYP enzymes are also major contributors to the prevalence of drug-drug interactions.
 CYP activity versus a particular drug is often the most important contributor to the value for intrinsic clearance (Clint) of that drug.
  
 [image: ]Examples of two common drug oxidation processes carried out by CYP enzymes. The upper panel shows aromatic hydroxylation of the local anaesthetic drug lidocaine. Drugs with aromatic groups routinely undergo aromatic hydroxylation, creating a hydroxyl that can be targeted by a Phase II conjugation enzyme. The lower panel shows a dealkylation reaction, the example shown being N-demethylation of the tricyclic antidepressant imipramine. O-Dealkylation reactions are also common. The CYP-mediated reaction is to insert an oxygen atom at one of the N-methyl groups on the aliphatic side chain. This creates an unstable intermediate species which decomposes spontaneously to yield the N-demethylated product and formaldehyde. The product, desipramine, is a tricyclic antidepressant in its own right, and desipramine can also be prescribed directly. One benefit associated with prescribing desipramine rather than the parent drug imipramine is that an initial CYP-mediated oxidation reaction is circumvented, reducing inter-individual variability in patient pharmacokinetics which would otherwise occur due to variability in CYP enzyme levels between patients. Clinical Context
  From a clinical perspective, CYP enzymes are at the root of many drug interactions. Medications may compete for binding to one or more CYP enzymes, and/or they may induce expression of these enzymes. Co-administration of two medications that are substrates for the same CYP enzyme(s) is a common cause of “drug-drug interactions”, as a result of competition and increased levels of both drugs.  If one of the medications inhibits CYP metabolism of the second medication, this can lead to a relative “overdose” of the latter medication.  For example, a bone marrow transplant patient using the anti-rejection medication tacrolimus may develop an invasive fungal infection and require initiation of fluconazole. Tacrolimus and fluconazole are both substrates for CYP3A4. Fluconazole inhibits metabolism of tacrolimus, which has a narrow therapeutic window, potentially leading to the accumulation of toxic levels of tacrolimus. It is common practice to reduce the dosing rate of tacrolimus by ⅔ when initiating fluconazole treatment, in anticipation of the increase in levels of tacrolimus that occur as a result of CYP3A4 inhibition.
 Medications may also upregulate production of CYP enzymes and induce their own metabolism, or the metabolism of co-administered medications. Examples of commonly-used medications that induce CYP expression are the antiepileptic phenytoin and the antibiotic rifampin.
 Management of these issues can be quite straightforward if the affected medication remains at therapeutic levels within the therapeutic window. However, this isn’t the case with most medications. Clinicians need to balance the risk of potentially causing toxicity from excessive exposure due to decreased metabolism with the risk of treatment failure due to under-dosing when co-administering two medications.  There is rarely direct evidence to support this decision-making process, but clinicians may use a combination of published pharmacokinetic data, or case report data, in combination with careful monitoring of drug levels in the blood, to try to rationalise decision-making.
 Certain classes of medications are well-known to have the potential to cause problems through CYP interactions.  One should always be aware of potential interactions, but medication classes including antiepileptics, antifungals, anticancer drugs, antidepressants, antipsychotics and transplant medications are well-known for this issue.
 
 
  
 
	

			
			


		
	
		
			
	
		

		Distribution

								

	
				After absorption of drug from the site of administration into the systemic circulation, drugs must then distribute to tissues and organs, where they will then exert their therapeutic effects. The extent of drug distribution is dependent largely upon physicochemical properties of the drug, with more lipophilic drugs distributing more extensively than less lipophilic drugs. In contrast, the rate at which equilibriumis reached is dependent both upon the drug’s physicochemical properties and upon the vascular supply to the tissue, with equilibrium achieved most rapidly for a lipophilic drug distributing to tissues and organs with an extensive blood supply.
 A lipophilic drug that distributes into highly-perfused tissues but not into less-well-perfused tissues to any appreciable degree would achieve complete distribution very rapidly and would be expected to show one-compartment kinetic behaviour after an IV bolus dose. This behaviour may also be observed following administration of an IV bolus dose of a very hydrophilic drug that remains almost entirely in the plasma and that does not distribute beyond the plasma to any significant degree. When an appreciable proportion of an administered drug distributes more slowly into some tissues or organs – most likely organs with a more limited blood supply – the distribution phase is not yet complete when we start taking plasma samples from the patient. We can see evidence of distribution (which is a first-order, concentration-dependent process) occurring simultaneously with elimination (which is also a first-order, concentration-dependent process), as the blade of the hockey-stick curve on a semi-logarithmic plot. This is consistent with two-compartment kinetic behaviour.
 When drug is removed from blood, by hepatic or renal clearance, drug from tissues redistributes back into the blood to re-establish the equilibrium (as predicted by Le Chatelier’s principle). For a one-compartment drug, this redistribution is very rapid and it has little effect on the rate at which drug is cleared from the plasma. But for a two-compartment drug, the slower redistribution of drug from those tissues that make up the tissue compartment causes overall elimination from the central compartment to occur more slowly than would be the case if drug could return from the tissue compartment to the central compartment at an unlimited rate. This tends to reduce the value for clearance, and the β rate constant for loss of drug from the entire volume of distribution during the terminal elimination phase is smaller than the theoretical first order elimination rate constant (kel) would be for loss of drug from a single compartment of identical volume. Click here to view a short vodcast explaining why these elimination rate constants differ.
 
	

			
			


		
	
		
			
	
		

		Dose-dependent kinetics

								

	
				A drug exhibits first order elimination if plasma concentrations of drug do NOT saturate the primary elimination mechanism(s) for that drug. Therefore, if drug concentration goes up, the rate of elimination goes up (rate of elimination is equal to the elimination rate constant multiplied by concentration) and if the concentration goes down, the rate of elimination goes down.
 A drug exhibits zero-order elimination if plasma concentrations of drug DO saturate the primary elimination mechanism(s) for that drug. In those cases, a constant amount of drug is eliminated in unit time, rather than a constant proportion of remaining drug (and therefore a decreasing amount of drug per minute, over time), in unit time.
 When increasing the dose of a drug within the therapeutic range causes plasma concentrations of the drug to go from a point where elimination is not saturated to a point where elimination is (more or less) saturated, then that drug is said to display dose-dependent kinetics. At lower therapeutic doses, the drug is cleared with first-order kinetics, but as the dose rate is increased, elimination transitions to a zero-order process as the eliminating mechanism becomes saturated. The consequence of this type of behaviour is that in a repeated dosing regimen, where doubling the dosing rate would typically double the steady state concentration of the drug, with a drug that displays dose-dependent kinetics, doubling the dosing rate might increase the steady state concentration by more (and possibly far more) than would normally be expected. An example of a drug that behaves in this way is the anticonvulsant, phenytoin.
 Dose-dependent kinetic behaviour is also observed when higher therapeutic doses of a drug saturate plasma protein binding sites, so that any subsequently-administered drug is entirely present as “unbound drug”. As such, at low therapeutic doses, the ratio of free:bound drug remains relatively constant as the dose rate is changed, but as the dosing rate is increased and plasma proteins reach saturation, the free:bound ratio increases markedly with further increases in dose rate. Since it is the unbound fraction of the administered dose that is free to move between compartments, distribute to tissues and have a pharmacological effect (or cause side-effects), the magnitude of the response (and the likelihood of side-effects) increase to a far greater degree than might have been expected based upon the size of the change in dosing rate. An example of a drug that behaves in this way is the anticonvulsant, sodium valproate.
 
	

			
			


		
	
		
			
	
		

		Dosing rate

								

	
				Dosing rate refers to the rate at which drug is administered, in mg/hour, mg/day, or equivalent. The choice of dosing rate is what determines the steady state concentration of a drug when given in a repeated dosing regimen. The target plasma concentration range for a drug is generally similar for most patients, since a similar degree of occupation of protein targets is generally required across a patient population. However, inter-individual variability in body weight and composition, age, hepatic enzyme levels, renal function etc. mean that different dosing rates would be required in different individuals to achieve similar steady state concentrations.
 In practice, the therapeutic windows for most drugs are sufficiently wide that a similar dosing rate can be used in most patients, and even though the steady state concentrations will thus differ between patients, they will still lie within the therapeutic window. Further, drug formularies will provide recommended dosing rates, as well as recommended dose size(s) and interval(s) that will achieve the recommended rate. For example, a dosing rate of 240 mg/day could be given as a single 240 mg tablet, or as one 120 mg tablet every 12 hours, or as one 80 mg tablet every 8 hours, or as one 10 mg tablet every hour, etc. The dosing rate is identical in each case. What would differ in these scenarios is the variation between peak and trough concentrations, with variation (expressed as peak:trough ratio) being smaller when more small doses are administered at shorter time intervals. As such, if it is necessary to minimise fluctuations in plasma concentrations, you may need to reduce the size of each dose as well as the time interval between doses.
 This process is a balancing act between optimal dosing parameters and patient compliance, as it is unlikely that patients will be willing to subject themselves to a dosing regimen that involves taking a tablet at very short time intervals for a prolonged period of time.
 
	

			
			


		
	
		
			
	
		

		Elimination

								

	
				Elimination refers to the irreversible removal of drug from the body so that it is no longer able to exert a pharmacological effect. This may result from excretion, which refers to the direct removal of drug from the body, usually in the urine or in the bile, or it may result from the metabolism of the drug to a different species, even though the metabolite is still present in the body. It is not even necessary for the metabolite to be pharmacologically inactive in order for elimination to have occurred; for example, codeine is converted by CYP enzymes to morphine. When codeine is oxidised by CYP, the codeine has been eliminated. The therapeutic effect persists (in fact, it may have been enhanced) and the morphine metabolite now will also be eliminated in due course.
 
	

			
			


		
	
		
			
	
		

		Enteral (administration)

								

	
				Enteral administration refers to administration of a drug by a route that then requires the drug to be absorbed through the walls of the GI tract (stomach, intestines) and pass through the liver in the portal circulation before reaching the systemic circulation. Enteral routes of administration include PO and PR (rectal), although a suppository that is not pushed in much beyond the anal sphincter may be absorbed, at least in part, into blood vessels around the anus that do not drain into the portal circulation.
 Since drugs administered by an enteral route must pass through the liver, they may undergo first pass metabolism. This process results in loss of a significant portion of a dose of a high hepatic extraction ratio drug before it ever reaches the systemic circulation, which is why these drugs typically have low oral bioavailability.
 Some drugs administered by an enteral route may undergo a degree of lymphatic drug absorption, which obviates the need for initial passage through the liver and which can increase oral bioavailability to a value greater than might be predicted based upon the hepatic extraction ratio for that drug.
 
	

			
			


		
	
		
			
	
		

		Equilibration

								

	
				This refers to any process where drug “equilibrates”, or reaches an equilibrium, between two (or more) compartments, or two (or more) states (e.g. bound to a receptor or not bound to a receptor). A system in equilibrium indicates that drug movement occurs at an equal rate in both directions such that there is no net movement of drug. Equilibration does not necessarily mean that drug concentrations are equal on either side of the equilibrium. For example, at equilibrium, a lipid soluble drug may be present at 10 mg/litre in adipose tissue and at 0.1 mg/litre in the blood supply passing through the adipose tissue, but the rate of distribution of drug from blood into fat is equal to the rate of redistribution of drug from fat back into blood, and so the system is at equilibrium. In that example, the plasma concentration of drug at equilibrium would allow you to calculate the apparent volume of distribution at steady state (AVD SS) for the drug.
 
	

			
			


		
	
		
			
	
		

		Exponential curve

								

	
				An exponential curve is observed on a plot of concentration (on the Y-axis) versus time (on the X-axis) where drug concentrations are changing in a first order manner. Such a curve has a half life and this is related to the first order elimination rate constant. The exponential curve indicates that the rate of drug elimination is dependent on the concentration – as drug is eliminated, the concentration falls and so the rate of elimination falls. The rate of elimination at any point on the curve may be found from the slope of the tangent to the exponential curve; at any point on the curve, the rate of elimination is equal to the concentration of drug at that time multiplied by the first order rate constant for elimination (kel or β).
 The reason the rate of elimination falls is that as drug is eliminated and concentration falls, the occupation of protein(s) responsible for elimination of that drug (e.g. a CYP enzyme) is reduced, and/or less drug is filtered at Bowman’s capsule in unit time as the concentration of drug in the blood passing through the glomerulus falls. With respect to occupation of proteins responsible for elimination, this is seen as a drop in b/Bmax, in the Hill-Langmuir equation. If less drug is bound to the CYP enzyme population (in other words, fewer CYP enzyme proteins have a drug molecule bound at the active site at any given moment in time), the drug is metabolised less quickly by the CYP enzyme population, and so the rate of elimination falls.
 A mirror-image of the exponential curve for elimination can be seen when drug is administered at a constant rate (e.g. by IV infusion) whereby the drug concentration increases but the rate at which the concentration increases becomes lower as b/Bmax for the occupation of protein(s) responsible for elimination of that drug (e.g. a CYP enzyme) increases towards the plateau of a hyperbola. The infusion curve reaches a plateau when the rate of drug elimination increases to the point where it is equal to the rate of drug administration.
 When a single exponential curve is plotted on a logarithmic Y-axis (i.e. concentrations are expressed as log values) then the exponential curve becomes a straight line. This allows for easy extrapolation of the line back to the Y-intercept to determine Cp0. If a biexponential curve (i.e. data from a drug showing two-compartment behaviour) is plotted on a logarithmic Y-axis, only the portion of the curve that corresponds to a single exponential process (elimination) will appear as a straight line. It is straightforward to determine from such a hockey stick curve at which point distribution had reached equilibrium and elimination became solely responsible for loss of drug from the plasma.
 The slope of the straight line (when concentration data are plotted on a logarithmic Y-axis) allow calculation of the first order rate constant. When a log10 axis is used,  kel (or β) = slope x 2.303, while plotting on a natural logarithm axis yields the rate constant directly from the slope, without the need for the 2.303 factor. An example slope calculation is shown under the entry for β.
 
	

			
			


		
	
		
			
	
		

		Extensive metaboliser

								

	
				An individual who expresses a “wild type” or normal metabolic enzyme, resulting in a value for intrinsic clearance for a drug that is a substrate of the enzyme in question that lies within a normal range. Also, another term for rapid metaboliser; compare with poor metaboliser.
 Clinical Context
  It is becoming increasingly common to see pharmacogenomics used in clinical decision-making.
 CYP2D6 may be responsible (at least in part) for metabolism of about one quarter of medications. Recently, there have been patient deaths highlighted in the Canadian media that have been attributed to use of codeine in ultra-rapid metabolisers. One report described the death of a pediatric patient receiving normal codeine doses post-tonsillectomy and another involved the breastfed infant of a mother who was taking codeine post-partum. Not all issues affecting rapid metabolisers are so shocking or tragic; patients that take ondansetron for the prevention of chemotherapy-induced nausea and vomiting may simply find the drug to be ineffective, and would benefit from rotation to another 5-HT3 antagonist such as granisetron that is not metabolised by CYP2D6.
 In some children’s hospitals in North America, pharmacogenomic testing for CYP2D6 and other metabolic enzyme variants is now routine. Pediatric patients with acute lymphoblastic leukemia (ALL) receive the thiopurine drug mercaptopurine for maintenance therapy.  Mercaptopurine is dosed to maintain a suppressed absolute neutrophil count (ANC) within a target range. The drug is metabolised by the enzyme thiopurine methyltransferase (TPMT), the product of a polymorphic gene, with a small number (<1%) of people expressing a TPMT enzyme devoid of activity, and around 10% of patients having a heterozygous variant that has intermediate activity. Testing for TMPT genotype is now quite readily available, and patients diagnosed with ALL may either be tested for the variant upon diagnosis, or if they experience excessive bone marrow suppression after starting a standard dosing regimen of mercaptopurine.
 
 
  
 
	

			
			


		
	
		
			
	
		

		Extraction ratio

								

	
				The proportion of a drug removed by an organ on a single pass of that drug through the organ in the blood. The extraction ratio varies between 0 (no drug removed by the organ) and 1 (all drug removed by the organ). The contribution to clearance of a drug by an organ is found by multiplying the extraction ratio by the blood flow through the organ. As such, the maximum drug clearance by an organ, which occurs when the extraction ratio is 1, is equal to the blood flow through that organ expressed as volume per time.
 The renal extraction ratio is larger for drugs that are extensively secreted and that are NOT reabsorbed to any great degree. The hepatic extraction ratio is higher for drugs that have a high intrinsic clearance (Clint) value, which indicates that they are good substrates for one or more hepatic enzymes. Such drugs are referred to as high hepatic extraction ratio drugs.
 
	

			
			


		
	
		
			
	
		

		Fick's Law of Diffusion

								

	
				Fick’s Law of Diffusion, as it pertains to drug movement, states that a drug will flow from an area of higher concentration to an area of lower concentration, with the rate of flow being higher with larger concentration gradients. Thus, a very lipid-soluble drug on the outside of a cell can partition extensively into the lipid bilayer cell membrane, creating a large concentration gradient between the membrane and the aqueous environment on the inside of the cell. This large concentration gradient results in rapid movement of drug from the membrane to the inside of the cell and thus, overall, from the outside to the inside of the cell. A drug which is much less lipid-soluble will partition to a lesser extent into the membrane, generating a smaller concentration gradient and thus a lower rate of movement from the outside to the inside of the cell.
 Click here to watch a short animated demonstration of the impact of lipid solubility on the rate of drug diffusion across a membrane.
 
	

			
			


		
	
		
			
	
		

		First-order elimination

								

	
				Removal of drug from the body (usually by a combination of renal and hepatic clearance) where the rate of drug removal at any point in time is dependent upon the concentration of drug. Loss of drug is faster when the plasma concentration is higher. As a result, a plot of concentration versus time reveals a single exponential decay curve. Further details on first order elimination are provided under the Exponential curve entry.
 Click here to watch a short vodcast demonstrating first-order elimination kinetics.
 
	

			
			


		
	
		
			
	
		

		First-order elimination rate constant

								

	
				An exponential curve showing first order (concentration-dependent) loss of drug from the plasma is described by an equation for exponential decay (right).[image: ] This equation shows that the concentration of drug in the plasma at any time point (t) after IV administration can be found if you know the (theoretical) concentration at time zero (C0, synonymous with Cp0, which is found by back-extrapolating the curve to the Y-axis, or back-extrapolating the straight line when a logarithmic Y-axis is used) as well as the elimination rate constant, kel. The elimination rate constant (which has units of “per time”) is a proportionality constant; it tells you what proportion of the remaining drug would be removed over the following minute, or hour (or whatever the unit of time being used is) if the rate of elimination present at that time was maintained for the duration of the subsequent minute, or hour. Similarly, it also tells you what proportion of the volume of distribution would be cleared of drug over the subsequent minute or hour if the rate of elimination that exists at the beginning of that minute or hour was maintained for the entire minute or hour.
 For example, if you have 500 mg of drug in the body distributed throughout a volume of distribution of 100 litres, and if the kel is 0.2 per hour, then the rate of elimination that exists at the beginning of that hour is 0.2 x 500 mg = 100 mg/hour, and so you would lose 100 mg of drug over that hour if the rate of elimination was maintained at 100 mg/hour. Similarly, the proportion of the volume of distribution that would be cleared of drug over that hour would also be 0.2, and so clearance would be 0.2 x 100 litres = 20 litres/hour. HOWEVER, because elimination is a first-order (concentration-dependent) process, then as drug is removed, the rate of elimination falls with time. So as time passes, the rate of elimination will become progressively lower after each minute compared with the starting rate of elimination of 100 mg/hour.
 Click here to watch a short vodcast demonstrating what the first-order elimination constant tells you.
 This may be most easily understood by putting numbers into the above equation. If our starting concentration in this example is 500 mg in 100 litres, or 5 mg/litre, and kel is 0.2/hour, what would the concentration of drug be, and what would the new rate of elimination be, after 15 minutes (or 0.25 hours)? [image: ]As can be seen (left), the concentration would have dropped to 4.76 mg/litre, for a total body content of drug of 476 mg in 100 litres, and so the rate of elimination after 15 minutes would be 0.2 x 476 mg = 95.2 mg/hour (down from 100 mg/hour at time zero). BUT (and here is the critical point about first order rate constants) – if THAT new rate of elimination was maintained for the next hour then 0.2 or 20% of that 476 mg would still be eliminated over the next hour, and 0.2 of the volume of distribution would also still be cleared of drug over the next hour. So the kel is a constant and it always holds true. The PROPORTION of drug that would be eliminated in unit time is a constant, but the AMOUNT of drug that would be eliminated in unit time becomes progressively smaller as the concentration drops.
 
	

			
			


		
	
		
			
	
		

		First-pass metabolism

								

	
				When a drug is administered by an enteral route (e.g. PO), it is absorbed into blood vessels that drain into the portal vein. The blood must then pass through the liver, being exposed to the drug metabolising enzymes in the liver, before it can then reach the systemic circulation, from where it can distribute to tissues and organs. If the drug is a substrate for hepatic drug metabolising enzymes (typically we are talking about CYP enzymes, but numerous other enzymes, including conjugating enzymes, could also be responsible) then some of the drug will be metabolised on this first passage through the liver. Metabolised drug never reaches the systemic circulation to have a therapeutic effect. This is called first pass metabolism.
 Some drugs administered by an enteral route may undergo a degree of lymphatic drug absorption, which obviates the need for initial passage through the liver and which can increase oral bioavailability to a value greater than might be predicted based upon the hepatic extraction ratio for that drug.
 When first pass metabolism is so extensive that barely any of the drug manages to escape from the liver (such as occurs with glyceryl trinitrate used to treat angina) then other routes of administration may be used. For example, glyceryl trinitrate is administered as a sublingual tablet, or in a topical adhesive patch, from which drug is absorbed through the skin.
 
	

			
			


		
	
		
			
	
		

		Formulation

								

	
				This refers to the way in which a tablet, capsule, suspension or other form of medication is put together in order to achieve the desired properties that impact pharmacokinetic behaviour of the drug. For example, sustained release preparations release drug very slowly so that there is no sharp peak of drug in the plasma; this slows concentration-dependent elimination and generates much smaller fluctuations between peak and trough levels during a repeated administration regimen. In designing formulations, pharmacists and chemists consider factors such as GI transit time and the local pH environment in various portions of the GI tract, if the formulation is for PO administration.
 Formulations prepared for administration by different routes may employ different salts of drug compounds. As such, it should be recognised that a stated mass of drug in a single tablet, capsule, or other unit of administration, may refer to the mass of the salt, rather than to the mass of the drug itself. This should be accounted for when the same dose of a different salt of the drug is to be administered.
 
	

			
			


		
	
		
			
	
		

		Glucuronidation

								

	
				A conjugation reaction catalysed by a glucuronosyl transferase enzyme wherein a sugar (glucuronic acid) molecule is attached to a drug or to a phase I metabolite to render the conjugate more water-soluble and easier to eliminate in the urine or faeces.
 Conjugates larger than around 400 g/mol are often eliminated in the faeces via the bile. Once in the intestine, they may undergo enterohepatic recirculation, a result of bacterial enzymes in the gut that cleave the sugar from the conjugate to leave the parent drug or phase I metabolite. This species can then be reabsorbed from the GI tract and after passing through the liver, can again distribute to tissues to extend the life of the therapeutic agent.
 
	

			
			


		
	
		
			
	
		

		Glutathione conjugation

								

	
				A phase II conjugation reaction catalysed by glutathione transferase. Glutathione is a tripeptide (Glu-Cys-Gly) with the middle cysteine containing a side chain that terminates in a thiol (SH) group. Through this thiol group, the tripeptide can be attached to an electrophilic species (usually a reactive drug metabolite capable of causing significant damage to cell membranes and DNA), and the resulting bond rearrangement results in detoxification of the electrophilic species.
 The body has a limited supply of glutathione, so when exposed to relatively large amounts of toxic electrophiles (such as occurs after taking a dose of acetaminophen that exceeds the recommended dose), glutathione can become depleted, and protection against damage is lost. This is why an overdose of acetaminophen, for example, causes irreversible liver damage. It is possible to administer other thiol compounds such as methionine or N-acetylcysteine to patients; these can combine directly (non-enzymatically) with electrophiles, helping to prevent cellular damage. Some acetaminophen preparations contain methionine so that if an overdose is ingested, the patient has also ingested an excess of protective methionine.
 
	

			
			


		
	
		
			
	
		

		Half-life of distribution

								

	
				Movement of drug from the plasma into the tissues as an equilibrium is established is a first-order process (in other words, movement is concentration-dependent and and is usually driven by a concentration gradient); the higher the concentration of drug in the plasma (or, more specifically, the greater the concentration gradient between the plasma and the tissues), the faster drug moves to the tissues. The mechanics of the process are similar to those which drive absorption, including the impact of drug lipid solubility.
 Concentration-dependent distribution therefore has a first order rate constant for distribution (α) and, therefore, a half-life for distribution (0.693/α). The half-life for distribution is the time it takes for the drug concentration in the plasma to drop to a level midway between the initial concentration at time zero when absorption is complete (the A+B intercept on a two-compartment graph), and the plateau reached when distribution is complete but before any drug has been eliminated (the B-intercept on a two-compartment graph).
 
	

			
			


		
	
		
			
	
		

		Half-life of elimination

								

	
				Elimination of drug from the plasma is usually a first-order process (i.e. concentration-dependent); the larger the concentration of drug in the plasma, the faster the rate of elimination. As such, the process has a first order elimination rate constant (kel for one-compartment drugs, β for two-compartment drugs) and, therefore, a half-life for elimination (0.693/kel or 0.693/β). The half-life for elimination is the time it takes for the concentration in the plasma to drop to 50% of the concentration present when distribution is complete (Cp0 on a one-compartment graph, or the B-intercept on a two-compartment graph).
 When movement of drug is very rapid between the central and tissue compartments (i.e when the drug shows one-compartment kinetics), the first order elimination rate constant for loss of drug from the central compartment in isolation is directly related to the first order elimination rate constant for loss of drug from the entire volume of distribution. For example, in the figure below on the right, 20 mg drug are present in a beaker containing 1 litre of water (representing the plasma) and 1 litre of oil (representing the tissues), and the AVD is 5 litres (due to the concentration in the water layer being 4 mg/l at equilibrium, and thus giving an AVD:plasma volume ratio of 5). The first-order rate constants for drug movement between the two compartments, k12 (for movement from compartment 1, or water, to compartment 2, or oil) and k21 (for movement in the opposite direction), are large.[image: ] The tap is then turned on at a flow rate of 0.5 l/h, thereby achieving a clearance value of 0.5 l/h, with fresh water entering at the same flow rate to replace that drained via the tap. As a result, the rate constant (which is a proportionality constant) for loss of drug from the plasma only (with a volume of 1 litre), shown as k10 in this example (indicating movement from compartment 1 to compartment 0, which is extracorporeal waste), is 5× larger than the kel, the rate constant for elimination of drug from the entire 5 litres of the AVD. This is because drug draining via the tap represents a 5× larger proportion of the 1 litre of water than of the 5 l AVD, and kel and k10 are proportionality constants. Accordingly, the half-life of elimination from the entire volume of distribution (0.693/kel) is 5× longer than the half-life for elimination of drug from the plasma (water) in isolation (0.693/k10).
 In contrast, if k12 and k21 were much smaller such that distribution was significantly slower, the drug would show two-compartment kinetics. As such, the elimination rate constant during the terminal elimination phase (which is β for a two-compartment or multi-compartment drug) would be smaller than kel, i.e smaller than would be predicted by considering the AVD:plasma volume ratio and the value for k10, as was done for the one-compartment drug. Thus, the terminal half-life for elimination calculated from β is longer than the half-life for elimination calculated from kel (vide supra; from the limited data provided here, you can’t calculate how much longer). This is due entirely to the slow redistribution of drug from the tissues back to the plasma, putting a “brake” on the rate of elimination.
 Based on this discrepancy between values for kel and β, it may have occurred to you that the mathematical relationship that exists between AVD, kel and Cl can not also describe the relationship between AVD, β and Cl. In fact, the relationship does hold, but there are approaches for determining AVD for a two-compartment drug that differ subtly from the approaches used for a one-compartment drug, and as such, there are also subtle differences in both the meaning and in the calculated values for AVD, depending upon the approach chosen. This is discussed briefly at the end of the entry for apparent volume of distribution.
 
	

			
			


		
	
		
			
	
		

		Henderson-Hasselbalch equation

								

	
				An equation that allows you to calculate the proportions of a drug (either a weak acid or a weak base) that exists in charged and uncharged forms. It is necessary to know whether the drug is a weak acid (becomes more protonated and more uncharged as pH drops) or a weak base (becomes more protonated and more charged as pH drops), as well as the pKa for the compound (the pH at which 50% of the drug is ionised), in order that the correct form of the equation is used.
  
 [image: ]
  
 [image: ]Henderson-Hasselbalch equations for ionisation of a weak acid (upper panel) and a weak base (lower panel). Although, in these examples, the acid and base are portrayed as a carboxylic acid and an amine, respectively, this is not necessarily the case. This is important because only uncharged drug can cross cell membranes; in the clinic, altering urinary pH is a strategy to increase renal clearance of a drug (through reducing reabsorption, by increasing the proportion of charged drug present in the urine) following an overdose. A weak acid or base causing serious CNS side effects can also be “pulled out” of the brain by changing the plasma pH such that the drug is more ionised in the plasma. This would also have the effect of reducing the apparent volume of distribution for the drug.
 
	

			
			


		
	
		
			
	
		

		Hepatic clearance

								

	
				Hepatic clearance (ClH) is the irreversible removal of a drug either through drug metabolism in the liver (the most important mechanism), or through secretion of a drug in the bile so that it appears in the faeces. Hepatic clearance is the product of hepatic blood flow (QH; relatively constant in most people, at around 90 litres/hour) and the hepatic extraction ratio (EH). So CLH = QH x EH. Thus, the major determinant of variations in hepatic clearance between drugs or between individual patients is the hepatic extraction ratio.
 Click here to watch a short vodcast demonstrating the possible fates of a drug passing through the liver.
 
	

			
			


		
	
		
			
	
		

		Hepatic extraction ratio

								

	
				The hepatic extraction ratio (EH) refers to the proportion of drug removed by the liver (usually due to metabolism) on a single pass of that drug through the liver. The hepatic extraction ratio lies between 0 (no drug removed) and 1 (all drug removed). The better a drug is as a substrate for one or more hepatic enzymes, the higher the extraction ratio will be. The equation defining the value for hepatic extraction ratio is shown below. The fu term refers to the fraction of drug not bound by plasma proteins, since bound drug can not be metabolised (though it can dissociate from plasma proteins and then undergo metabolism).
 [image: ]
 Both Clint (the intrinsic clearance) and hepatic bloodflow (QH) have units of litres/hour, and so EH is simply a unitless ratio. From a purely mathematical perspective, it is clear that in order for EH to approach 1, Clint must be at least several times higher than QH (which is around 90 litres/hour) (see the entry for high hepatic extraction ratio drug). If Clint is similar to 90 litres/hour then EH would be around 0.5 (50% of drug removed by the liver in a single pass), while if Clint is several-fold smaller than 90 litres/hour then EH would be very small (see the entry for low hepatic extraction ratio drug).
 Click here to watch a short demonstration of how the hepatic extraction ratio impacts oral bioavailability and hepatic clearance.
 
	

			
			


		
	
		
			
	
		

		High hepatic extraction ratio drug

								

	
				A drug which is a very good substrate for liver enzymes and therefore which has a high intrinsic clearance. The hepatic clearance of these drugs is usually high (close to the maximum possible hepatic clearance of 90 litres/hour) and oral bioavailability is usually low.
 Changing Clint (by inhibiting or inducing hepatic enzymes) has a small relative effect on the hepatic clearance of these drugs. For example, doubling Clint may increase hepatic clearance from 81 l/h (where 90 mg of a 100 mg dose is removed) to 86 l/h (where 95mg of a 100 mg dose is removed). This is a small relative change in hepatic clearance. But the relative effect on bioavailability of that 5mg that does NOT now escape from the liver is substantial (10 mg did reach the systemic circulation before, but when Clint is doubled, only 5 mg are now able to do so). So the relative effect on the oral bioavailability of a high extraction ratio drug of changing Clint is large.
 For a high hepatic extraction ratio drug in an individual patient, the effect of a change in Clint would be seen as a change in the AUC of a plasma concentration versus time graph for the same dose of the same drug administered orally, with little change in the elimination half life apparent on the latter portions of the curve. This would reflect an altered oral bioavailability but with little change in clearance.
 
	

			
			


		
	
		
			
	
		

		Hockey stick curve

								

	
				When plasma concentration versus time data for a drug that exhibits two compartment kinetics are plotted on a logarithmic concentration axis (Y-axis), the curve gives the appearance of a hockey stick. The curved blade of the hockey stick is the portion of the curve where exponential distribution and exponential elimination (both first-order processes) are occurring simultaneously. In other words, drug is leaving the plasma as a result of two first-order processes occurring at the same time. When distribution reaches equilibrium then there is only a net loss of drug from the plasma due to first-order elimination, and this would then show up on a logarithmic concentration axis as a straight line (i.e. the handle of the hockey stick).
 [image: ]
 It is possible to separate out the distribution and elimination portions of the curve by the method of residuals, a curve-stripping procedure; it is necessary to do this in order to determine the A-intercept, and thus the A+B intercept, accurately. Extrapolating the straight handle of the hockey stick back to the Y-axis gives the B-intercept, which can be used to calculate the volume of distribution for the drug. Similarly, from the value for the A+B intercept can be calculated the volume of the central compartment.
 
	

			
			


		
	
		
			
	
		

		Intravenous (IV) administration

								

	
				Intravenous administration refers to the administration of a drug directly into a vein, either as a bolus dose or via an infusion. There is no need for absorption, and bioavailability is 100%. This is not necessarily the case for injected biologics, which may undergo some proteolysis at the injection site.
 
	

			
			


		
	
		
			
	
		

		Intrinsic clearance

								

	
				Intrinsic clearance (Clint) is a theoretical clearance value that gives an indication of how efficiently a drug is metabolised by liver enzymes. The units of Clint are litres/hour. It is the volume of blood (containing a saturating concentration of drug) that you could theoretically flow through the liver every hour such that the liver is still capable of removing essentially all of the drug.
 Click here to view a short animation that provides an explanation of the meaning of Clint.
 For example, glyceryl trinitrate is removed very rapidly by liver enzymes. At a regular liver blood flow rate of 90 litres/hour, the liver has no problem removing virtually all of the glyceryl trinitrate. Imagine it was possible to increase the blood flow through the liver (and therefore increase the supply of glyceryl trinitrate to the liver) to a rate of 10,000 litres/hour before EH starts to fall below 1 (i.e. before the liver enzymes reach the point when they are no longer able to metabolise all of the glyceryl trinitrate being delivered to the hepatocytes in the blood stream), and unmetabolised drug starts to escape the liver. This 10,000 litres/hour value would then be (approximately) equal to the intrinsic clearance for glyceryl trinitrate. In this example, Clint is clearly very much larger than the hepatic blood flow of 90 litres/hour – it is a theoretical value. So if we then calculate the value for the hepatic extraction ratio, and we assume that fu is 100%, we can see that this results in a value for EH of close to 1.
 Thereafter, we calculate the hepatic clearance for glyceryl trinitrate, from ClH = QH x EH, as 90 l/h x 0.991 = 89 litres/hour. From this example you can see how it is necessary for the intrinsic clearance of a drug, Clint, to be very high in order for the hepatic clearance of that drug to be high (close to 90 l/h), and why the hepatic clearance can’t exceed 90 litres/hour, even when intrinsic clearance is very much higher than that.
 
	

			
			


		
	
		
			
	
		

		Ionisation (of a drug)

								

	
				Many drugs are weak acids or weak bases. An acid can donate a proton, with the remaining drug then having a negative charge, while a base can accept a proton to become positively-charged. The ionised, or charged, form of the drug is not able to diffuse across lipid membranes, while the uncharged drug can cross membranes and is therefore able to be absorbed, distribute to tissues, be reabsorbed in the kidney, etc.
 Drugs exist in an equilibrium of charged to uncharged drug, with the ratio determined by the pKa of the drug and by the pH of the aqueous environment in which the drug is located. The ratio of charged to uncharged drug can be determined with the Henderson-Hasselbalch equation. To use this equation correctly, it is necessary to know whether the drug is an acid or a base. A drug which is paired with a cation (for example, sodium salicylate), must be an acid since the drug is the anion in that pairing, while a drug paired with an anion (for example, amiloride hydrochloride) must be a base since the drug is the cation in that pairing.
 As pH goes down (and H+ concentration increases), acids become more protonated and therefore less charged, while bases become more protonated and therefore more charged. As such, weak acids become more lipid-soluble at lower pH values, while weak bases become more lipid-soluble at higher pH values.
 
	

			
			


		
	
		
			
	
		

		Lipid solubility

								

	
				In order to cross cell membranes (to allow absorption and distribution), drugs must be lipid-soluble. Nitrogen and oxygen atoms within a drug structure impart polarity (uneven charge distribution), and this tends to make drugs less lipid-soluble. Therefore, drugs with multiple nitrogen and/or oxygen atoms in their structure may have some difficulty in crossing cell membranes.
 Click here to view a short animation that demonstrates the impact of lipid solubility on the rate at which drugs can cross cell membranes.
 A measure of the polarity of a drug’s structure which can predict how extensively drugs are absorbed and distributed is the topological polar surface area, or just polar surface area. This value, which has units of Ångströms2 (an Ångström is 0.1 nm) increases with the number of polar groups within the drug structure. It can be calculated for any drug via online java-based freeware, for example, this website, which requires Java to run.
 Alternatively, lipid solubility of a drug may be determined experimentally, by measuring the degree to which a drug partitions from a water layer into an octanol layer in a beaker. The log10 of the octanol:water ratio is referred to as “logP”, with a logP of 1 indicating that the concentration of the drug in the octanol layer is 10× higher than in the water layer. LogP values for most drugs are greater than 1, and may be as high as 5.
 Drugs are generally more lipid-soluble than they are water-soluble; it is not unusual for drugs to be between 10× and 1000× more lipid-soluble than water-soluble. The uncharged protonated form of a weak acid or the uncharged deprotonated form of a weak base are the lipid-soluble species within an equilibrium of ionised and unionised drug.
 
	

			
			


		
	
		
			
	
		

		Loading dose

								

	
				When a drug is administered in a repeated or chronic dosing regimen (e.g. repeated oral doses, injections, or via an IV infusion), it is necessary to administer the drug for a period equal to approximately 5 half-lives of elimination in order for the drug to achieve an (average) steady state concentration. For a drug with a long half-life, this might mean that steady-state is not reached for 2 or more weeks, and related to this, the drug might not achieve a minimum effective concentration in the plasma for several days. This would be problematic if a rapid action of the drug is required – for example, if the drug is an antibiotic.
 A loading dose is a large dose of drug administered as an initial bolus injection or infusion, or oral dose, that results in the drug reaching the desired steady state concentration immediately, or at least in a much shorter time than would otherwise be the case. The concept is quite straightforward; at steady state, the rate of drug elimination is equal to the rate of drug administration. Each dose of the drug distributes throughout the entire volume of distribution for that drug, so it is easy to determine how much drug is in the body at steady state. For example, if the drug of interest has a volume of distribution of 60 litres and the average plasma concentration at steady state (with a dosing regimen, let’s say, of 10 mg PO twice a day) is 1.2 mg/litre then there are (1.2 mg/l × 60 l) = 72 mg of drug in the body at steady state. So the loading dose would simply involve administering 72 mg to the patient over a short period of time, and thereafter administering 10 mg PO twice a day to maintain the steady state concentration at 1.2 mg/litre.
 The use of a loading dose is typically recommended when a drug has a long half-life of elimination, when it is necessary to achieve an effective concentration rapidly, and when the target steady-state concentration is less than twice the minimum effective concentration (MEC). With respect to the last of these points, consider that for a drug with a half-life of elimination of 12 hours and a target Css of 8 mg/litre, it would take 5 hours to reach a MEC of 2 mg/litre (Css = 4 × MEC), 12 hours to reach a MEC of 4 mg/litre (Css = 2 × MEC), and 24 hours to reach a MEC of 6 mg/litre (Css = 1.33 × MEC).
 When drugs distribute very slowly from the plasma to the tissue compartment, a loading dose administered over a very short time period may lead to dangerously-high drug concentrations in the plasma. For example, lidocaine distributes slowly to tissues, but distribution to brain is more rapid than to most other tissues (probably due to high vascularisation). As a result, a single large loading dose leads to elevated brain concentrations of lidocaine initially, which can lead to serious CNS side-effects. A lidocaine loading dose is therefore often split into an initial IV bolus dose of 1 mg/kg, followed by up to three subsequent IV bolus doses of 0.5 mg/kg at 8-10 minute intervals, and then a maintenance infusion of 2 mg/minute thereafter.
 Barbiturate drugs such as phenobarbital have long half-lives of elimination (4 days, initially) and therefore may take 2-3 weeks to reach steady state. While a loading dose might seem appropriate for phenobarbital, tolerance to adverse effects builds up during the initial days of dosing with the drug such that by the time the patient reaches steady state, they have developed tolerance to potentially serious side effects. Administration of a loading dose would not allow the patient to develop tolerance and the consequences could be harmful, and possibly lethal.
 
	

			
			


		
	
		
			
	
		

		Low hepatic extraction ratio drug

								

	
				A drug which is a poor substrate for liver enzymes and therefore which has a low intrinsic clearance. The hepatic clearance of these drugs is usually low (less than 10 litres/hour) and oral bioavailability is high (greater than 90%). Changing Clint (by inhibiting or inducing hepatic enzymes) has a small relative effect on the oral bioavailability of these drugs but has a large relative effect on their hepatic clearance (see discussion of this point under the entry for high hepatic extraction ratio drugs). Note that while hepatic clearance may be low, total body clearance could still be high if the drug is removed efficiently and extensively by the kidneys. As a result, a large change in Clint may have very little effect on total body clearance, ClT, even if the relative effect on hepatic clearance is quite large, because hepatic clearance may make such a small contribution to total clearance.
 
	

			
			


		
	
		
			
	
		

		Lymphatic drug absorption

								

	
				The entire dose of most orally-administered drugs must negotiate both the barrier of the intestinal wall to reach the hepatic circulation, and then the potential for hepatic metabolism as the drug passes through the liver, before reaching the systemic circulation. However, a few drugs – particularly drugs with extremely high lipid solubility, and thus which would be predicted to have extremely low oral bioavailability – are able to bypass the liver to some extent and thus enter the systemic circulation without being exposed to hepatic first-pass metabolism. As a result, oral bioavailability can be higher, sometimes much higher, than might have been predicted based on knowledge of the drug’s hepatic extraction ratio.
 After diffusion into enterocytes of the intestinal wall, association of the drug with dietary fat is followed by transport (likely mediated by chylomicrons) into lymphatic vessels draining the walls of the intestine. The fluid in these vessels drains via the thoracic duct into the systemic circulation, at the junction of the left subclavian vein and the left internal jugular vein in the upper thorax.
 For a drug with a hepatic extraction ratio of 0.9 and thus an oral bioavailability of 10% (assuming the fraction of drug absorbed from the gut is 1), absorption of just 25% of the administered dose via the lymphatic system would increase oral bioavailability by more than 3-fold.
 
	

			
			


		
	
		
			
	
		

		Metabolism

								

	
				Metabolism (of a drug) refers to the enzymatic conversion of a drug to a metabolite, usually (but not always) to make the drug easier to excrete from the body. Metabolism occurs in various tissues and organs throughout the body but the liver is the most important organ responsible for metabolism. The intrinsic clearance for a drug is a value that indicates how rapidly and efficiently drugs are metabolised by (liver) enzymes. A drug which is rapidly metabolised has a high intrinsic clearance; such a drug would be expected to have low oral bioavailability and high hepatic clearance. Drugs that are highly lipid soluble are usually cleared by hepatic metabolism because they would be reabsorbed extensively from the kidney tubules and collecting duct, resulting in low or negligible renal clearance.
 
	

			
			


		
	
		
			
	
		

		Monograph

								

	
				The entry in a pharmaceutical compendium that contains information on a drug’s uses, side-effects, contraindications, recommended dosing regimens and, often, information on metabolism and pharmacokinetic behaviours. Where necessary, monographs will also contain recommended dosing adjustments in cases of renal or hepatic insufficiency, or other pathophysiological condition that impacts a drug’s pharmacokinetic behaviour.
 
	

			
			


		
	
		
			
	
		

		One compartment drug

								

	
				A one compartment drug demonstrates the observable behaviour of a drug that moves rapidly (in both directions) between blood and those tissues into which the drug distributes extensively. Because of this rapid movement, data from plasma samples that are collected at various time points after an IV injection of drug suggest that the drug is being lost from plasma as a result of a single exponential process, i.e. elimination, with a plateau at, or close to, zero drug remaining in the plasma. As a result of the rapid equilibration of drug between the plasma and those tissues into which it distributes extensively, distribution has already (almost) reached equilibrium by the time the first plasma sample is taken. As such, no graphical evidence is observed of the rapid distribution phase, and the single exponential curve, corresponding to the terminal elimination phase, appears, when extrapolated back to the concentration axis (the Y-axis) of a plot of [drug in plasma] versus time, to intersect the axis at a point corresponding to the concentration of drug present in the blood following completion of distribution, and before any drug had been lost from the body. This intercept is referred to as the concentration of drug in the plasma at t=0, or the Cp0 intercept. On the figure below, the data in green exemplify a drug behaving in this way.
 Since redistribution of drug from the tissues back into the plasma is also extremely rapid for a one compartment drug, the rate at which drug is able to leave the body from the central compartment is unconstrained by any lag due to slow return of drug from the tissues back to the central compartment.
 It is possible that some drug may distribute slowly into some tissues and organs. However, the portion of the total administered dose which does so is sufficiently small that it has a negligible impact on the appearance of a plot of [Drug]plasma versus time, which still resembles a single exponential decay curve. On the figure below, data for a drug behaving in this manner are shown in red.
 [image: ]Two ways in which a drug that distributes from plasma into tissues can display one compartment kinetics. The left panel shows concentration-time data for two drugs administered by IV bolus injection, both with elimination half-lives of 2 hours. The red drug distributes with a half-life of 15 minutes, but only 10% of administered drug leaves the plasma and so the distribution phase makes only a minor contribution to the shape of the curve. Although the green drug distributes far more extensively, with 75% of the dose leaving the plasma, distribution is extremely fast, with a half-life of 2.5 minutes. The fitted curves reveal the actual drug concentrations in the plasma, while the data points indicate times at which plasma samples were taken and drug concentrations quantified. The right panel shows the points from the left graph plotted on a logarithmic Y-axis. Dashed lines are straight lines fitted to the data, illustrating that in neither case can the distribution phase be identified graphically, and both drugs would thus be considered to behave with one-compartment kinetics. 
	

			
			


		
	
		
			
	
		

		Oral (PO) administration

								

	
				Oral administration (abbreviated as PO, from “per os”) refers to the oral administration of a tablet, capsule or liquid to a patient. This is an enteral route of administration. After the drug is swallowed, it is absorbed across the walls of the stomach and/or intestines into blood vessels that drain to the portal vein that enters the liver. The drug must then pass through the liver before it reaches the systemic circulation and distributes to tissues.
 If the drug is rapidly metabolised by hepatic enzymes (i.e if the drug is a high hepatic extraction ratio drug), a significant portion of the administered dose can be lost before it ever reaches the systemic circulation. This is referred to as first pass metabolism – the oral bioavailability of the drug is lower for drugs that undergo extensive first pass metabolism. Several very lipid-soluble drugs can, in part, reach the systemic circulation following lymphatic drug absorption, with the portion of the drug absorbed in this way escaping first-pass metabolism.
 
	

			
			


		
	
		
			
	
		

		Oral bioavailability

								

	
				The fraction of an orally-administered dose of drug that reaches the systemic circulation and, as with bioavailability, abbreviated as F. Following oral administration, the drug must be absorbed across the walls of the GI tract and then must escape metabolism as it passes through the liver, in order to reach the systemic circulation. The oral bioavailability is equal to the product of the fraction of the dose that is absorbed from the gut (fg) and the fraction of that absorbed portion that then escapes from the liver (fH). So F = fg × fH.
 The hepatic extraction ratio refers to the fraction of drug removed from the blood on a single pass through the liver, a value which is equal to 1-fH. A drug can not generally have an oral bioavailability value higher than its value for fH, and oral bioavailability can equal fH only when all of the drug escapes from the GI tract and is able to enter the portal circulation (i.e. when fg = 1). However, some orally-administered drugs are able to avoid first-pass metabolism, to some degree at least, as a result of lymphatic drug absorption. Oral bioavailability would then be higher than predicted, based on consideration of hepatic extraction ratio and fH.
 [image: ]Plasma concentrations following administration of identical doses of a drug to an individual by IV (blue) and PO (red) routes. AUC values (from t=0 to infinity) were determined with graphing software as 77.9 mg/l h (IV) and 39.7 mg/l h (PO), yielding an oral bioavailability for this drug in this individual of (39.7/77.9) = 51%. Neither fg nor fH can be measured directly; instead, F is determined by comparing area under the curve of a plasma concentration versus time plot for an orally-administered dose with the area under the curve following an IV dose of the same amount of the same drug to the same patient. The ratio of areas (AUCPO/AUCIV) reveals oral bioavailability, since AUC is proportional to the amount of drug that was present within the systemic circulation.
 Further comments pertinent to oral bioavailability are included under the entry for bioavailability. Click here to view a short vodcast explaining oral bioavailability.
 
	

			
			


		
	
		
			
	
		

		Parenteral (administration)

								

	
				Refers to any route of drug administration that bypasses the GI tract, i.e. the drug is not absorbed through the walls of the stomach or the intestines. As such, the blood supply that the drug is absorbed into does NOT drain immediately to the portal circulation entering the liver, meaning the drug is not subjected to first-pass metabolism. Common parenteral administration routes include intravenous, topical, sublingual and buccal, while rectal suppositories may minimise first-pass metabolism if they are inserted a short distance into the lower rectum.
 
	

			
			


		
	
		
			
	
		

		Phase I metabolism

								

	
				An enzymatic reaction in which a “functionalisation” step is carried out on a drug (or possibly on a metabolite). A functional group is either added to, or is revealed on, the drug structure. This functional group, which is often an oxygen-containing group and is sometimes a nitrogen-containing group, may render the drug more water-soluble and easier to excrete in the urine.
 The group may also be the point of attack for a phase II metabolic enzyme, which carries out a conjugation reaction, adding a large, (usually) water-soluble group to the drug or metabolite.
 Phase I reactions are often carried out by cytochrome P450 enzymes, which oxidise the parent drug. Other phase I reactions carried out by other enzyme systems include reductions, hydrolysis, hydrations and isomerisations. Phase I metabolism, for the majority of drugs, is the event that results in hepatic clearance of the drug. Note that clearance simply refers to removal of the parent drug, but one or more metabolites, possibly possessing therapeutic activity, may persist in the circulation.
 
	

			
			


		
	
		
			
	
		

		Phase II metabolism

								

	
				An enzymatic reaction in which a conjugation step is carried out on a drug or on a phase I metabolite. This often involves addition of a large water-soluble sugar group, or sulphate group, to a suitable oxygen or nitrogen group on the drug or metabolite. The conjugate is then more easily excreted in the urine, although if the molecular weight of the conjugate is greater than around 400 g/mol (which is common with glucuronides), then secretion in the bile into the large intestine is also possible. The conjugate would then be excreted in the faeces.
 O-Glucuronide conjugates (a glucuronic acid attached to an oxygen atom on the drug) secreted in bile into the intestines can then be exposed to intestinal bacteria that express glucuronidase enzymes. These enzymes can cleave the bond between the drug and the glucuronic acid moiety, leaving a hydroxyl group on the drug at the cleavage point. This cleaved drug molecule may be identical to the parent drug (if the drug originally contained a hydroxyl group that was conjugated directly by glucuronosyl transferase) or to the phase I hydroxylated metabolite of the parent drug. In the absence of the large, hydrophilic glucuronic acid conjugating group, the cleaved drug (or phase I metabolite) can be reabsorbed from the GI tract, reach the systemic circulation and distribute back to the target tissues. This process, referred to as enterohepatic recirculation, can extend the life of the drug in the body, slowing clearance and extending the elimination half-life.
 
	

			
			


		
	
		
			
	
		

		pKa

								

	
				For drugs that exist as a weak acid or weak base, an equilibrium exists between charged and uncharged forms of the molecule:
 AH ↔ H+ + A– (acid)        B + H+ ↔ BH+ (base)
 The pKa is the pH at which 50% of the drug is ionised (charged) and 50% is uncharged. The proportion of drug that is charged depends on the pH of the local aqueous environment, on the pKa for that drug, and on whether the drug is an acid or a base. This proportion can be determined with the Henderson-Hasselbalch equation.
 The pharmacokinetic importance of this ratio is that generally, only uncharged drug (in this example, either AH or B) can diffuse across cell membranes (lipid bilayers) easily.
 
	

			
			


		
	
		
			
	
		

		Plasma protein binding

								

	
				The plasma contains several soluble proteins that circulate within the bloodstream and that have roles in, for example, the transport of a variety of endogenous molecules around the body, and in the maintenance of blood volume through osmotic effects. Some of these proteins are also able to bind many drugs, reversibly and with low affinity. Serum albumin is present in healthy adults within a range between 500 and 720 µM, with each protein able to bind two acidic or neutral drug molecules. Alpha-1-acid glycoprotein is typically present within a lower range, between 25 and 50 µM, and each protein can bind one basic drug molecule. As such, these proteins provide reservoirs within which up to 50 µM of basic drug, or up to 1.4 mM of acidic or neutral drug, may be sequestered temporarily within the plasma.
 Since a drug that is bound to a plasma protein can not cross a cell membrane (in order to distribute to tissues), or interact with any other protein (such as a metabolic enzyme or a renal transporter), or be filtered at Bowman’s capsule, then the degree to which a drug is bound to plasma proteins can have a significant impact on pharmacokinetic and therapeutic behaviour of the drug.
 Drugs are typically present in large excess with respect to the concentration of their target proteins, such that when free target proteins are “depleted” due to drug binding, there is a negligible drop in the concentration of free drug. In contrast, plasma proteins are typically present in large excess with respect to the concentration of drug in the blood stream, such that association of drug with the proteins is accompanied by a depletion of the free drug, rather than by a depletion of plasma protein binding sites.
 In simply qualitative terms, drugs that bind more extensively to plasma proteins may have a significant portion of the administered dose bound to plasma proteins and therefore much of the drug may still be present (as bound drug) in the plasma. This can lead to a very low value (8-12 litres) for the volume of distribution of a drug with high plasma protein binding, although it is also possible for a drug that is highly bound to plasma proteins also to be very lipophilic, with the result that the volume of distribution might still be quite high.
 In more quantitative terms, the affinities of drugs for binding to plasma proteins tend to be relatively low (in the micromolar range), but due to the high concentrations of plasma proteins present, it is common for a reasonable proportion of the plasma content of a drug to be bound. Unlike the mathematics of drugs binding to receptors, governed by the Hill-Langmuir equation, where binding of drug to receptors causes a negligible fall in the concentration of unbound drug, the opposite is true for plasma protein binding; indeed, this is the whole point – binding of drugs to plasma proteins depletes the unbound concentration of drug, and anything that alters the degree of plasma protein binding will impact the free concentration of drug, and consequently the pharmacokinetic behaviour and therapeutic effects of the drug. When a drug administered at a dose at the lower end of its therapeutic dose range results in occupation of a high proportion of plasma protein binding sites, a higher therapeutic dose may lead to saturation of those sites and a disproportionate increase in free (unbound) drug in the plasma, and therefore in the tissues. This (perhaps unexpected, but entirely predictable) increase in the concentration of free drug – referred to as dose-dependent kinetics or non-linear kinetics – can result in on-target and off-target side effects.
 Given that it is the unbound fraction of the drug that is able to have a therapeutic effect (including causing side-effects), then administering two drugs that both bind extensively to plasma proteins can result in competition for binding and less binding of both drugs to the plasma proteins, possibly leading to elevated concentrations of one or both drugs. This may lead to side-effects.
 As well as competition with other drugs, plasma proteins change in a number of physiological and pathophysiological conditions such as age, malnutrition, renal or hepatic disease, infections and inflammatory conditions.
 Plasma protein binding is reversible, just like binding of drugs to other proteins. As such, it is possible, for example, for a drug that is quite highly bound to plasma proteins still to be metabolised very extensively in the liver. As blood passes through the liver, unbound drug is rapidly metabolised, so some bound drug dissociates to re-establish the equilibrium, and this unbound drug is then rapidly metabolised, and so on. By the time the blood exits the liver, much of the drug may have been “stripped off” the plasma proteins and metabolised, even though a significant portion of the drug was highly plasma protein bound initially. The more slowly blood passes through the liver, the greater the time during which drug can dissociate from plasma proteins and be exposed to drug metabolising enzymes; this is why the hepatic extraction ratio for a drug depends in part upon hepatic blood flow, QH.
 
	

			
			


		
	
		
			
	
		

		Poor metaboliser

								

	
				An individual who expresses a mutant metabolic enzyme, often as a result of a point mutation, where the enzyme has lower activity (higher KM, lower Vmax, or some combination of changes in KM and Vmax that reduce substrate turnover) versus one or more drugs. Alternatively, the individual may have an enzyme that is entirely inactive, such that a different enzyme may assume responsibility for the (less efficient) clearance of the drug.
 Poor metabolisers may require lower drug doses than extensive metabolisers to achieve a similar steady state concentration with repeated dosing.
 
	

			
			


		
	
		
			
	
		

		Rapid metaboliser

								

	
				An individual expressing a wild-type metabolic enzyme and thus displaying a level of metabolic activity in the “normal” range. An alternative term for extensive metaboliser.
 Clinical Context
  CYP2D6 may be responsible (at least in part) for metabolism of about one quarter of medications. Recently, there have been patient deaths highlighted in the Canadian media that have been attributed to use of codeine in ultra-rapid metabolisers. One report described the death of a pediatric patient receiving normal codeine doses post-tonsillectomy and another involved the breastfed infant of a mother who was taking codeine post-partum. Not all issues affecting rapid metabolisers are so shocking or tragic; patients that take ondansetron for the prevention of chemotherapy-induced nausea and vomiting may simply find the drug to be ineffective, and would benefit from rotation to another 5-HT3 antagonist such as granisetron that is not metabolised by CYP2D6.
 
 
 
	

			
			


		
	
		
			
	
		

		Reabsorption (from filtrate)

								

	
				Drugs are filtered at Bowman’s capsule and may also be secreted by transporters into the filtrate. Drugs which are in an uncharged form (i.e. a lipid-soluble form) in the filtrate can be reabsorbed back across the walls of the tubules and collecting duct, and into the blood vessels within a nephron. The degree of drug ionisation, or the portion of the drug that is in an uncharged form, will depend on the drug’s pKa and on the urinary pH, as well as on whether the drug is a weak acid or a weak base. For example, a weak base with a pKa of 6 would be 90% uncharged in neutral (pH 7) urine (from the Henderson-Hasselbalch equation), and so much of the drug could be reabsorbed, resulting in low renal clearance. Making the urine more acidic (e.g. to pH 6) would force more of the drug into the charged form (50% charged, based on the Henderson-Hasselbalch equation), meaning renal clearance would increase. This can be a strategy to enhance drug clearance following an overdose.
 Virtually all drugs are filtered at Bowman’s capsule, and many drugs are also secreted into the filtrate. It therefore stands to reason that a drug which has very low renal clearance, or which is not cleared at all by the kidneys, must be completely, or almost completely, reabsorbed. Such drugs must be cleared by an alternative mechanism, and the liver is designed to identify and clear these more lipid-soluble compounds from the blood stream.
 
	

			
			


		
	
		
			
	
		

		Rectal (PR) administration

								

	
				Administration of a drug, as an enema or suppository, into the rectum. This is, for the most part, an enteral route of administration. However, venous blood from the lower rectum drains into the inferior vena cava, bypassing the liver, although upper rectal venous drainage enters the portal circulation. Therefore, a suppository pushed into the lower rectum would largely bypass first-pass metabolism and would enter the systemic circulation, while suppositories pushed further into the rectal cavity, as well as enemas, would be absorbed into both the portal and systemic circulatory systems.
  
 
	

			
			


		
	
		
			
	
		

		Renal clearance

								

	
				The volume of plasma (i.e. the volume of the total volume of distribution for a drug) that is cleared of drug in unit time as a consequence of drug being removed from blood passing through the kidneys. Renal clearance results from filtration of drug at Bowman’s capsule (around 7.2 litres/hour in a pair of healthy kidneys), plus clearance by secretion from the blood that is NOT filtered at Bowman’s capsule (so this could be as much as 65 litres/hour if drug is unbound and with transporters removing all drug from the blood). However some or all of this filtered/secreted drug may be reabsorbed from the filtrate if the drug is present in filtrate in a lipid-soluble (uncharged) form. If all of the drug is reabsorbed then renal clearance is zero.
 The magnitude of reduction in the glomerular filtration rate (GFR) as a result of chronic kidney disease (CKD) or other condition affecting renal filtration gives a quantitative indication of the degree of reduction in renal clearance for a drug. This may necessitate a change to a chronic dosing regimen in order to achieve a similar target steady state concentration to that which would be achieved with a standard dosing regimen in an individual with normal renal function. For example, for a drug that is cleared entirely by the kidneys, a 50% reduction in GFR would be countered by a 50% reduction in the dosing rate. However, if a drug is only partially cleared by the kidneys, then only that portion of the total body clearance for which the kidney is responsible should be adjusted. For example, in a patient with 50% reduction in GFR, a drug which is cleared 40% by the liver and 60% by the kidneys would require a reduction in the dosing rate to 70% of that in a person with full renal function. This value represents the sum of the 40% of clearance carried out by the liver, plus half of the 60% of clearance carried out by the kidneys.
 
	

			
			


		
	
		
			
	
		

		Repeated dosing calculations

								

	
				The aim of repeated dosing is to achieve an average steady state plasma concentration (Css) that lies within the therapeutic window – preferably towards the lower end of that window. For many drugs, the window is extremely wide and a calculation needs only to consider the dosing rate that will yield the required average concentration. Generally, these calculations have been done for you – they are what have led to the recommended dosing regimen in your drug formulary or on the drug’s data sheet. As a result of differences in patient physiology (particularly with regard to differences in intrinsic clearance for a drug between different patients), a fixed dosing regimen will result in different steady state concentrations for a drug in different patients. However, the therapeutic window for most drugs is sufficiently wide that the steady state concentration still lies well within the limits of the window, and it is not necessary to adjust the dose. For those drugs that have a narrow therapeutic index and for which there is a significant risk associated with plasma drug concentrations falling outside the window, drug formularies will usually provide recommendations on dosing changes that need to be considered when a patient has a disease affecting drug pharmacokinetics, such as chronic kidney disease.
 For drugs with a narrow therapeutic window, consideration may also need to be given to the variation between peak and trough (Cmax and Cmin) concentrations, so that the chosen combination of dosing interval and dose size that gives the required dosing rate does not result in peak and trough concentrations that extend beyond the upper and lower limits of the therapeutic window. The ratio of peak to trough concentrations depends only upon the dosing interval and the half life for elimination. The actual concentrations are irrelevant with respect to calculation of this ratio. If a drug is administered IV once every half life then at steady state, concentration of drug in the plasma drops by 50% from peak to trough. This is because, at steady state, the rate of drug entering the body is identical to the rate of drug leaving the body, and as such, the Cmax:Cmin ratio would be 2. If a drug is administered twice every half life then the Cmax:Cmin ratio would be 1.414. It is irrelevant what the average plasma concentrations actually are.
 For a drug that is eliminated with first order kinetics, the average drug concentration in the plasma can be calculated by dividing the AUC by the dosing interval, τ, where AUC refers either to the AUC from t=0 to t=∞ following a single IV dose, or to the AUC between two consecutive doses at steady state. The entry for area under the curve provides further explanation of this point. The midpoint between Cmax and Cmin for repeated IV administrations at steady state approaches the (fixed) value of the average steady state concentration as the interval between doses, τ, tends towards zero. However, as the dosing interval is increased (while maintaining the same dosing rate and thus maintaining an identical Css), the Cmax:Cmin ratio increases while the midpoint between Cmax and Cmin also moves increasingly above the average Css. For example, when τ is equal to the elimination half-life, the average concentration lies at a point around 56% of the distance from Cmax to Cmin, while this increases to around 61% when τ is twice the elimination half-life, 65% when τ is three times the elimination half-life and 69% when τ is four times the elimination half-life. This explains why a target concentration is generally chosen which is a little below the midpoint between Cmax and Cmin; this is demonstrated in the calculation example, below.
 Example calculation
  An antibiotic has a volume of distribution of 350 litres and an elimination half-life of 4.6 hours. Oral bioavailability is 20%. Plasma concentrations above 25 µg/litre may cause irreversible hearing damage, while a minimum bactericidal concentration of at least 15 µg/litre must be maintained at all times. Design an appropriate oral dosing regimen for this antibiotic drug.
 First, decide upon a suitable average steady state plasma concentration. The therapeutic window lies between 15 and 25 µg/litre, and a suitable choice for steady state concentration generally lies a little below the median value in the the therapeutic window, which is 20 µg/litre. In this example, a choice of 19 µg/litre would therefore be appropriate. At this concentration, 60% of the difference between Cmax (25 µg/litre) and Cmin (15 µg/litre) lies above the chosen average Css, and 40% below the chosen value.
 The dosing rate required to achieve this concentration in the plasma should then be determined. This can be calculated from the equation below:
 [image: ]
 From the elimination half-life of 4.6 hours can be calculated a value for kel of 0.15/h (from 0.693/4.6h). Then this value, plus those provided, can be inserted into the above equation:
 [image: ]
 We have now calculated that a dose rate of 5 mg/hour will achieve a steady state concentration in the plasma of 19 µg/litre. We must now determine the combination of dose size and interval that will achieve this dosing rate while ensuring that peak and trough concentrations remain within the limits of the therapeutic window. The equation to be used is designed for IV administration; the current example is an oral dosing scenario, in which peaks and troughs will be less extreme than with IV dosing. As such, calculation of a Cmax:Cmin ratio suitable for IV dosing will provide a value that will certainly ensure drug concentrations remain well within the therapeutic window limits when oral administration is used.
 [image: ]
 The equation in the upper panel (left) allows calculation of the dosing interval that will achieve a Cmax:Cmin ratio equal to the value inserted into the equation. The maximum ratio permissible for the antibiotic is 25 µg/litre ÷ 15 µg/litre, or 1.67. Inserting this ratio, as well as the elimination rate constant for the antibiotic, into the equation yields the result shown in the lower panel.[image: ] The calculated value for τ of 3.4 hours is the maximum allowable time between consecutive doses, since an interval longer than 3.4 hours would yield a Cmax:Cmin ratio greater than 1.67, and peaks and/or troughs exceeding the limits of the therapeutic window. A shorter dosing interval is permissible, since the ratio would become smaller as both Cmax and Cmin would move closer to the chosen average steady state concentration. In this example, a dosing interval of 3 hours would be suitable.
 The required dosing rate to reach the target Css of 19 µg/litre was calculated as 5 mg/hour. If a dosing interval of 3 hours is acceptable, then 15 mg of the antibiotic would be administered orally every 3 hours.
 
 
 When a patient has a condition affecting drug clearance, such as chronic kidney disease or hepatic insufficiency, the reduced clearance typically results in an increase in the drug’s half life of elimination (and a decrease in kel). When a reduction in dosing rate is necessary in such a patient, this can be achieved by administering the same size of dose at longer dosing intervals. A glance at the equation in the example box above for calculating τ provides an explanation; the maximum allowable value for the dosing interval, τ, is increased as a result of the decrease in kel.
 
	

			
			


		
	
		
			
	
		

		Steady state concentration

								

	
				When a drug is administered continuously, in a repeated dosing regimen, for a period of time equal to at least five half-lives of elimination, the drug reaches a steady state concentration (Css). You can control the steady state concentration by modifying the dosing rate of the drug. Doubling the dosing rate would be expected to double the steady state concentration, unless the drug displays dose-dependent kinetics. If the drug is being infused IV then the concentration is a true “steady state” as it is not changing.
 More usually, the drug is being given by a repeated dosing regimen, so there will be a peak concentration (Cmax) shortly after administering a dose, and a trough concentration (Cmin) immediately before administering the next dose. In those cases, the steady state concentration would be an average concentration that typically lies a little below the midway point between the peak and the trough, indicated by the grey dashed line in the figure below. In this example, the repeated dosing regimen of 100 mg drug administered as a bolus injection every 4 hours has resulted in a steady state concentration of 0.5 mg/litre. This lies below the recommended therapeutic window, between 0.6 and 1.2 mg/litre, indicated by the blue shaded area. It would therefore be necessary to increase the dosing rate to increase the steady-state concentration; in this example, an increase in the dosing rate to 170 mg every 4 hours would achieve a Css of 0.85 mg/litre.
 If peaks and troughs lie outside the limits of the therapeutic window, it may also be necessary to modify the size and timing of the repeat doses; smaller doses given at shorter time intervals result in smaller fluctuations between peak and trough concentrations. In the example below, increasing the dose rate to 170 mg every 4 hours, to achieve a suitable Css, would certainly result in peaks and troughs extending beyond the limits of the therapeutic window, and it would be necessary to modify the dose size and interval to correct for this. Details of calculations that would be done are provided in the entry for repeated dosing calculations.
 [image: ]The antibiotic drug in the figure above has an apparent volume of distribution of 250 litres and an elimination rate constant of 0.2/hour. It was administered by IV bolus injection at a rate of 100 mg every 4 hours. The grey dashed line indicates the average plasma concentration, while the blue shaded area represents the therapeutic window. From the elimination rate constant of 0.2/hour, the elimination half life can be calculated to be 0.693/0.2, or 3.5 hours. This is consistent with the time taken to reach Css of almost 18 hours, corresponding to 5 half-lives of elimination. This antibiotic may be a good candidate for administration of a loading dose.
 Most drugs have a therapeutic window much wider than in the example shown above. The recommended dosing rate for a drug, listed in the formulary entry for the drug, will, for most patients, result in a Css that lies within the therapeutic window. Patient factors that may result in differences in Css reached in different patients receiving the same dosing rate include age (altered plasma protein binding, altered Clint, altered renal clearance), body size and composition (altered apparent volume of distribution and so altered clearance) and genetic/environmental variations in hepatic enzyme activities.
 
	

			
			


		
	
		
			
	
		

		Sublingual (SL) administration

								

	
				Administration of a drug by dissolving a tablet underneath the tongue, so that drug is absorbed directly into the systemic circulation, thereby avoiding the first pass effect. If a portion of a drug administered as a sublingual tablet is inadvertently swallowed in saliva, that portion of the drug dose will then be subjected to first pass metabolism.
 
	

			
			


		
	
		
			
	
		

		Sulfation

								

	
				A conjugation reaction that involves adding a sulphate group to a suitable functional group on a drug or a phase I metabolite. Reactions are catalysed by sulfotransferase enzymes found mainly in liver. Different sulfotransferases recognise different classes of substrates; alcohols, phenols, arylamines and steroids. At lower drug concentrations (such as during the early stages of a repeated dosing regimen), sulfation tends to predominate over glucuronidation.
 
	

			
			


		
	
		
			
	
		

		Terminal elimination phase

								

	
				The terminal elimination phase refers to the portion of a plot of a log[drug]p versus time graph, usually for a two-compartment drug, that is linear, indicating that absorption and distribution are complete and that elimination is solely responsible for loss of drug from the central compartment. The first order elimination rate constant for this elimination phase (β for a two-compartment drug) is smaller than the corresponding value for kel would be (if the drug behaved with one-compartment kinetics), because of slow redistribution of drug back into the plasma from the tissues, slowing the rate at which drug could otherwise be eliminated from the central compartment. This point is discussed in more depth under the manual entry for half-life of elimination.
 The discrepancy between kel and β also has an impact upon both the meaning and of the calculated value for apparent volume of distribution, with the nature of the impact depending upon the approach chosen to calculate AVD.
 
	

			
			


		
	
		
			
	
		

		Therapeutic drug monitoring

								

	
				This is a clinical service available to physicians when a patient is being prescribed a drug (a) that has a relatively small therapeutic window and (b) where the consequences of drug concentrations falling below the minimum effective concentration, or exceeding the maximum tolerated concentration of the therapeutic window, are serious. In addition, monitoring is most often done when the patient suffers from a condition that might make predicting the steady state concentration difficult – for example, a disease condition that alters the degree of drug absorption. Plasma samples may be taken at several time points early in the dosing regimen and drug concentrations can be analysed by clinical pharmacists or clinical pharmacologists to predict whether the steady state concentration that will eventually be reached will lie within or outside the therapeutic window. Patient-specific advice on alterations to the dosing regimen can then be offered in order to avoid problems that would otherwise occur.
 Monitoring is more routinely done once steady state has been reached, to ensure target concentrations have been achieved and to give warning of any change in the patient’s handling of the drug over time. Again, this would allow dosing adjustments to be made before problems become evident, or before they result in more serious consequences.
 In a repeated administration dosing regimen, the point during the dosing cycle at which plasma is sampled and drug (or metabolite) quantified depends upon the drug and upon the clinical reason for monitoring plasma concentrations. Measurement of peak (Cmax) concentrations requires some knowledge of absorption and distribution pharmacokinetics while trough (Cmin) concentrations are obtained from samples taken immediately before the next scheduled drug dose. For drugs with short half-lives, both peak and trough concentrations may be determined to obtain a clear understanding of the profile at steady state, while trough concentrations are often sufficient to understand profiles for drugs with longer half-lives. Trough concentrations are the most reproducible of the measurements that can be made.
 Where it is necessary to ensure that plasma concentrations of drug do not fall below a minimum effective concentration, such as with some antibiotics, trough concentrations are usually determined. On the other hand, if toxicity at higher concentrations is the major concern, peak concentrations are more likely to be quantified.
 
	

			
			


		
	
		
			
	
		

		Therapeutic window

								

	
				The concentration range for a drug in an individual that lies above the “minimum effective concentration” (MEC) and below the “maximum tolerated concentration” (MTC). It is the range within which the drug’s steady state concentration, that will be reached with chronic dosing, must lie in order to treat the patient effectively, while avoiding serious side-effects.
 There are various ways in which a drug’s “therapeutic index” may be expressed. This index quantifies the relative safety of the drug; sometimes, MTC/MEC may be used, although other parameters such as the dose in humans that causes toxicity in 50% of patients (TD50) and the dose in humans that gives a beneficial effect in 50% of patients (ED50) may be used (as TD50/ED50) to provide an alternative expression for the therapeutic index. The higher the value for therapeutic index, the larger the therapeutic window.
 
	

			
			


		
	
		
			
	
		

		Three compartment drug

								

	
				A three-compartment drug is one, such as propofol, that distributes very rapidly into tissues that are part of the central compartment, distributes at a moderate rate into tissues that make up the shallow tissue compartment, and distributes slowly into tissues that make up the deep tissue compartment. Analysis of graphed data requires software-based approaches. Pharmaceutical companies typically use physiological modelling to determine or predict PK parameters for drugs (including one and two-compartment drugs), as multi-compartment behaviour is common, and compartment-based approaches quickly become too cumbersome when three or more compartments are discernible. Physiological modelling is a software-based approach that considers blood flow and tissue composition characteristics of all major tissues and organ systems to predict the overall rates and extents of absorption, distribution and elimination.
 Propofol is an example of a drug that has a clinically-important context-sensitive half-time. This phenomenon refers to the impact of ceasing drug administration prior to reaching equilibration between the central compartment and one or more tissue compartments. Drug concentration in the central compartment falls most slowly on terminating administration when drug has equilibrated fully between compartments, while rate of drug loss from the central compartment is faster if administration is terminated prior to that point. This is true for any drug behaving with two- or multi-compartment kinetics, but the effect only becomes clinically important when the target organ for the drug is part of the central compartment (or is part of any compartment that is not the outermost (or deepest) compartment.
 
	

			
			


		
	
		
			
	
		

		Tissue compartment

								

	
				In a simple two-compartment model for drug disposition, the tissue compartment refers to all tissues and organs in the body into which drug may distribute that are not part of the central compartment (sometimes referred to as the plasma compartment, but which can also include some highly-vascularised organs). More complex models (e.g. a three-compartment model) may sub-divide the tissue compartment up into two compartments, for poorly-perfused tissues and for moderately-perfused tissues.
 Drugs that partition extensively into the tissue compartment will leave a low concentration of drug in the plasma (central compartment) and this means the drug will usually have a high apparent volume of distribution.
 Very rapid drug movement between the central compartment and the tissue compartment, or slower but very limited distribution from the central compartment, results in one-compartment kinetics, while slower movement of a significant portion of the dose administered will result in two-compartment kinetics, or in behaviour better described by a more complex model.
 
	

			
			


		
	
		
			
	
		

		t max

								

	
				The time taken following drug administration for the drug to reach its peak plasma concentration, Cmax, is referred to as tmax. The value for tmax is affected by many of the same drug and patient characteristics that determine the Cmax value, including administration route and formulation, as well as the relative rates of absorption, distribution and clearance. It might be expected that weak acids, which are absorbed rapidly and extensively from the stomach, may show tmax values shorter, on average, than do weak bases.
 Drugs of abuse often have a short tmax, since a short time between administration and drug effect is more reinforcing of behaviour.
 
	

			
			


		
	
		
			
	
		

		Topical

								

	
				Topical administration refers to a route of administration whereby drug is applied directly to a body surface. Often, the surface in question is the skin, and the drug would be formulated in a cream, ointment, patch or similar. However, application of drops or sprays to the eyes, ears, nose or other mucous membranes would be considered topical, as would use of an inhaler to apply drug to lung membranes. Generally, high lipid solubility is a desirable property for drugs that are applied to the skin, if absorption is necessary in order for the drug to be effective.
 Although absorption into the systemic circulation is almost inevitable after topical application, drug concentrations reached at sites distal to the site of application are usually much lower than they would have been had drug been administered by an enteral route, or injected, at a dose sufficient to achieve effective concentrations within the target tissue. Topical administration may thus be considered a strategy to achieve therapeutic drug concentrations within the target tissue while largely avoiding the likelihood of on-target or off-target side-effects in other tissues and organs. For example, adrenergic agonists used as nasal decongestants are more likely to elevate blood pressure, causing headache, and induce tachycardia when taken orally than when applied directly to the nasal cavity in a spray.
 
	

			
			


		
	
		
			
	
		

		Topological polar surface area

								

	
				Topological polar surface area (TPSA), sometimes referred to simply as “polar surface area” (PSA) is a value that can be calculated for a drug that provides an indication of the drug’s polarity, and thus an indication of its lipid solubility. Calculations may be performed online (for example, at this website). The TPSA value, which has units of Ångströms2 (an Ångström is 0.1 nm) increases as the number of polar groups within the drug structure increases. Specifically, functional groups containing nitrogen and oxygen atoms impart polarity and increase the TPSA value for a drug. Drugs with higher TPSA values are less lipid-soluble and will, in general, be absorbed less extensively and more slowly, and will distribute less extensively, than drugs with lower TPSA values.
 Once TPSA is known for a drug, the value can be used, for example, to predict the extent to which an oral dose of the drug will be absorbed from the GI tract into the portal circulation, or the extent to which the drug will partition into the brain from the plasma, by consulting published graphs that relate TPSA values to these drug behaviours.
 It is perhaps not surprising that drugs that are designed to work in the CNS – for example, antidepressants and antipsychotics – tend to have lower TPSA values than drugs designed to act in the periphery. This is beneficial: drugs designed to act in the CNS typically distribute more extensively to the CNS thanks to their higher lipid solubility and are thus present in the circulation at lower concentrations. Consequently, they may be less likely to cause peripheral (often cardiovascular) side effects. In contrast, drugs designed to work in the periphery do not reach such high concentrations in the CNS, meaning the likelihood of CNS-mediated side effects is smaller. The examples below, generated through the Molinspiration website linked above, show fluoxetine (Prozac; a centrally-acting antidepressant) in the upper panel, with a TPSA of 21.26, and furosemide (Lasix; a diuretic that targets transport proteins in the kidneys) in the lower panel, with a TPSA of 122.63.
 [image: ]
 [image: ]
 Drugs with lower TPSA values tend to be more extensively metabolised since they are more lipid soluble and thus are more likely to be reabsorbed extensively in the kidneys. As a result, drugs with lower TPSA values are more likely to be involved in drug-drug interactions due to competition at the level of hepatic CYP (or other) enzymes.
 
	

			
			


		
	
		
			
	
		

		Total body clearance

								

	
				Total body clearance (ClT) is the sum of individual organ clearances for a drug. For most drugs, total body clearance is equal to hepatic clearance + renal clearance. It is important to remember that the entire apparent volume of distribution must be cleared of drug.
 For a drug that follows one-compartment kinetic behaviour, the fraction of the apparent volume of distribution that is cleared of drug at the stated clearance rate is found from the first order elimination rate constant for the drug. For example, if a drug’s apparent volume of distribution is 150 litres and the half-life for elimination is 7 hours then kel, the elimination rate constant (0.693 / 7 hours = 0.1 per hour) tells us that 0.1, or 10%, of the entire volume of distribution will be cleared of drug in 1 hour, and so clearance equals 150 litres x 0.1 per hour = 15 litres/hour.
 An alternative method to calculate clearance, which can be used for a drug that follows one-compartment, two-compartment, or any more complex behaviour, is the area under the curve (AUC) method. Total body clearance is calculated from ClT = Dose/AUC0-∞, where AUC0-∞ refers to the area from t=0 to t=infinity, i.e. the point when all drug has been removed from the body. Alternatively, when a drug has reached a steady state concentration during chronic (repeated) dosing, the AUC between two consecutive doses (usually referred to as AUC0-τ) may be used, with the equation becoming ClT = Dose/AUC0-τ (an explanation of this point may be found under the manual entry for area under the curve).
 For some drugs with a narrow therapeutic window, it may be necessary to modify a dosing regimen if a patient has a condition affecting total body clearance. For example, a patient with chronic kidney disease, or with hepatic insufficiency, will show reduced clearance for many drugs, and a reduction in dosing rate would be necessary to offset reduced clearance rates. Note, however, that clearance of a drug that is removed predominantly or entirely by the kidneys would be unaffected by hepatic insufficiency, while a lipophilic drug that is cleared by metabolism would see no change in ClT in a patient with renal failure. In neither case would a dosing adjustment be required. For a drug that is cleared partially by the kidneys and partially by hepatic metabolism, a dosing adjustment would be made only for the portion of the dose that is cleared by the organ with compromised function.
 Examples
  Approximately 60% of an oral dose of digoxin is excreted unchanged in the urine, while the remainder of the dose is metabolised. What dosing adjustment should be made for a patient with stage III CKD (chronic kidney disease), where the glomerular filtration rate (GFR) is reduced by 50%?
 In order to achieve the recommended steady state concentration in the renally-compromised patient, the dosing rate must be decreased to the same degree that the clearance rate is decreased (at steady state, rate in = rate out). The 40% of the dose that is metabolised will be unaffected by reduced renal clearance, while the 60% of the dose that is cleared renally would be reduced to the same degree that GFR is reduced. As such, the modified dosing rate would be 40% + (60% × 0.5) = 70% of the original dosing rate.
 For an individual with normal renal function who would receive a maintenance dose of digoxin of 250 µg/day, the dosing rate would therefore be reduced to around 175 µg/day in stage III CKD with a 50% reduction in GFR.
 
 
  
 
	

			
			


		
	
		
			
	
		

		Two compartment drug

								

	
				This refers to the observable behaviour of a drug that moves relatively slowly (in both directions) between the central compartment (blood, along with other highly-vascularised tissues to which drug distributes rapidly) and other tissues and organs into which a drug distributes extensively. Because of this relatively slow movement, data from plasma samples that are collected at earlier time points after an IV injection of drug indicate that the drug is being lost from plasma as a result of two simultaneous exponential processes, i.e. distribution and elimination. Once distribution equilibrium is reached, drug is then only being lost from the central compartment as a result of a single exponential process (elimination).
 When data are plotted versus time on a logarithmic concentration axis, the curve resembles a hockey stick, with the curved blade indicating where both distribution and elimination are occurring, and the point where the blade straightens out and becomes the straight handle is the point at which distribution reaches equilibrium and net loss of drug from the plasma is due solely to elimination (see the entry for exponential curve for further details).
 The other impact of slow movement between compartments is that the loss of drug from the plasma due to (hepatic and/or renal) elimination is slower than it otherwise could have been, due to the fact that when drug is lost from the plasma, more drug redistributes only slowly from the tissues back to the plasma to replace some of the drug that has been eliminated. This puts a “brake” on the elimination of drug from the central compartment, and prolongs the time it takes for drug to be cleared from the body; the same drug could be cleared faster, and would have a shorter half-life for elimination, if drug moved more rapidly from tissues back into the plasma. This point is discussed in more depth under the manual entry for half-life of elimination.
 
	

			
			


		
	
		
			
	
		

		Type A adverse drug reaction

								

	
				An adverse drug reaction (ADR) related to the pharmacological action of the drug. As a result, these ADRs are dose-dependent, and are predictable. They are sometimes referred to as “on-target side effects” since the side-effects result from the drug having an action at the intended target, where the magnitude of the action was greater than desired. This may result from a deliberate or inadvertent overdose (for example, a “normal” drug dose given to a patient who has reduced clearance for the drug). The incidence of type A adverse reactions, which occur far more often than type B adverse drug reactions, can be reduced through improved training of healthcare professionals in the principles of ADME.
 
	

			
			


		
	
		
			
	
		

		Type B adverse drug reaction

								

	
				Sometimes called “off-target” or idiosyncratic effects. These occur due to effects on targets that are not the intended drug target, and they may be caused by reactive metabolites. They are often immunological in nature, and as such, are often not dose-dependent. They usually only occur in a relatively small proportion of patients and they are more difficult to predict. Many Type B adverse drug reactions (ADRs) may only be observed during post-marketing surveillance.
 
	

			
			


		
	
		
			
	
		

		Volume of distribution

								

	
				See apparent volume of distribution.
 
	

			
			


		
	
		
			
	
		

		Weak acid

								

	
				An uncharged drug that can donate a proton and become negatively-charged. Weak acids dissociate incompletely at relatively neutral pH values and thus an equilibrium exists between uncharged and charged drug. AH ⇋ A– + H+. If you add H+ to this equilibrium (i.e. lower the pH) then more of the drug will exist as uncharged AH. The pH at which the drug is 50% charged is the drug’s pKa. So as you lower the pH away from the pKa of a weak acid, the proportion of uncharged drug increases from 50% and moves towards 100%.
 
	

			
			


		
	
		
			
	
		

		Weak base

								

	
				An uncharged drug that can accept a proton and become positively-charged. Weak bases dissociate incompletely at relatively neutral pH values and thus an equilibrium exists between uncharged and charged drug. B + H+ ⇋ BH+. If you add H+ to this equilibrium (i.e. lower the pH) then more of the drug will exist as charged BH+. The pH at which the drug is 50% charged is the drug’s pKa. So as you lower the pH away from the pKa of a weak base, the proportion of uncharged drug decreases from 50% and moves towards 0%.
 
	

			
			


		
	
		
			
	
		

		Zero order elimination

								

	
				When therapeutic concentrations of a drug saturate the elimination mechanism(s) primarily responsible for eliminating that drug, then as the drug is eliminated and its concentration falls, the proportion of the eliminating proteins occupied (i.e. b/Bmax) remains at or close to 100%. Therefore, the rate of elimination does not fall. As such, a constant AMOUNT of drug is eliminated in unit time, rather than a constant PROPORTION of drug (as is the case with first order elimination). So a graph of plasma concentration versus time will be a straight line with a negative slope. Only for the last brief period of elimination, when the elimination mechanism is no longer saturated with drug, does elimination occur with first-order (i.e. concentration-dependent) kinetics. An example of zero order elimination is clearance of ethanol.
 When low therapeutic concentrations of a drug almost saturate the primary elimination mechanism(s), and a higher therapeutic concentration does saturate the primary elimination mechanism(s), the drug is said to display dose-dependent kinetics. Drugs displaying this behaviour may show a marked increase in elimination half life at higher therapeutic doses compared with lower therapeutic doses.
 
	

			
			


		
	
		
			
	
		

		Part 2 -- Pharmacodynamics

	

	
		
	

		


		
	
		
			
	
		

		Affinity

								

	
				The affinity of a ligand for its target refers to how tightly the ligand binds to the target. The numerical value for affinity, the KD, is the concentration of ligand at which 50% of the targets are bound by ligand in the absence of any other competing ligand(s). The KD may be identified from a hyperbola showing binding plotted against ligand concentration. The lower the KD value, the more tightly the ligand binds.
 Collisions between a ligand and a target protein are random. After a collision occurs, a ligand will remain bound for a period of time before it dissociates from the target protein. All other things being equal, a ligand with a higher affinity (lower KD) can be used at a lower dose than a ligand that binds less tightly to the target protein. This reduces the likelihood of off-target side-effects of the drug.
 The following details provide a more in-depth explanation of the meaning of KD and the importance of association and dissociation rates, for students who wish to know more.
 Mathematically, the KD is an equilibrium constant, specifically a dissociation constant, for equilibrium binding between a ligand, L, and a protein, P:
 [image: ]
 As indicated, the KD is equal to ([L][P])/[LP] at equilibrium (equation (i) in the example below), and also to the value obtained by dividing koff, the rate constant for ligand dissociation (units of s-1), by kon, the rate constant for ligand association (units of M-1s-1) (equation (ii) in the example below).
 As an example, consider the scenario where a ligand is applied at a concentration of 15 nM to a population of target proteins at a concentration of 10 pM. The ligand is present in large (1500-fold) excess over the target proteins – this is the case for most ligands at concentration that bind to an appreciable portion of their targets – with the result that when some of the ligand binds to a portion of the target proteins, there is no appreciable change in the concentration of unbound ligand. However, there is a clear increase (from an initial value of 0) in the proportion of target proteins bound by a ligand. In this example, 30% (3 pM) of the target proteins are bound at a ligand concentration of 15 nM, leaving 7 nM unoccupied.
 [image: ]
 It should be apparent from equation (i), above, that as the concentration of ligand, [L], increases, the concentration of unoccupied protein, [P] in the numerator, will decrease while the concentration of the ligand-protein complex, [LP] in the denominator, will increase. When [L] reaches the KD value of 35 nM, values for [P] and [LP] will be identical, at 5 pM – in other words, 50% of the target proteins are bound by ligand.
 In equation (ii), above, a value for kon (the denominator of the equation) has been chosen that is, by convention, fairly typical of rate constants for association of a small ligand with a large protein target. The value of this second-order rate constant itself indicates the number of association events that could occur in one second between a single protein target and a ligand present at a concentration of 1 M. As such, a value for kon of 1×107 M-1s-1 suggests that a single association event takes 1/1×107 s, or 0.1 µs, to occur. More intuitively, multiplying the rate constant (1×107 M-1s-1 ) by [L] and [P], if both L and P were present at a concentration of 1 M, yields a value for the initial (and extremely short-lived) rate of formation of the LP complex of 107 Ms-1. With the more physiologically relevant values from the example above, with [L] = 15 nM and [P] = 10 pM, the concentration of [LP] would increase at an initial rate of (1×107 M-1s-1 × 15 nM × 10 pM), or 1.5 pM s-1. At equilibrium, this association rate would have slowed somewhat due to the reduction in the concentration of free P, to (1×107 M-1s-1 × 15 nM × 7 pM), or 1.05 pM s-1.
 Rate constants for associations between ligands and target proteins have historically been considered to lie within an order of magnitude of 1×107 M-1s-1, between 1×106 M-1s-1 for slower events, to 1×108 M-1s-1 where the rate of association is limited largely by the rate at which a ligand can diffuse through an aqueous environment towards its binding site on a target protein. As such, binding affinities were thought to correlate more closely with values for koff.  More recently, it has become clear that values for association rate constants for many drugs lie across a wider range, between 1×104 M-1s-1 and 1×108 M-1s-1, and it is now recognised that variations in kon are just as important as those in koff with respect to the impact upon drug binding affinities and binding behaviour.
 The information provided by the first-order rate constant for dissociation of the LP complex, koff, is very similar to that provided by other first-order pharmacokinetic rate constants such as kel. This value indicates the proportion of the LP complex that breaks apart in unit time to yield free L and unoccupied P, and the rate at which dissociation occurs is found by multiplying the dissociation rate constant by the concentration of the LP complex. In the example above, this rate would be maximal once equilibrium is reached, and would equal 3 pM × 0.35 s-1, or 1.05 pM s-1. You will note that this value is identical to the association rate at equilibrium, calculated above. At equilibrium, of course, by definition the (forward) rate of association is equal to the (reverse) rate of dissociation.
 There is also a half-life that can be obtained for the dissociation process, from 0.693/ koff; in the example above, the dissociation half-life would be equal to 0.693/0.35 s-1, or 2 seconds. This value tells us that if we were to place a population of LP complexes into a large volume of aqueous buffer, the complex would dissociate with a half life of 2 seconds, and almost all of the protein would exist as free P within 5 half-lives, or 10 seconds.
 Another useful value that can be obtained directly from koff is the target residence time for the drug. This value, which is equal to 1/koff, is the average time for which a drug remains bound to its target protein before dissociating. In the above example, the target residence time would be 2.86 seconds. Drugs that have very low koff values have correspondingly long residence times, and are often referred to as “slow-off” drugs.
 Although slow-off compounds do not bind irreversibly to their targets, they share many of the behavioural attributes of irreversible drugs. For example, drugs with long residence times may remain bound to their targets long after tissue concentrations of free drug have been depleted through clearance, thereby uncoupling the duration of effect from pharmacokinetic control of drug concentrations in tissues. Slow-off drugs can be particularly effective in circumstances where there is likely to be significant competition for binding, such as when the drug targets a synaptic receptor for a neurotransmitter, quantal release of which results in high synaptic concentrations of the endogenous agonist. In such a situation, a slow-off drug could remain bound, while a drug with a higher koff would be more likely to dissociate and might have very little opportunity to rebind in the face of overwhelming levels of competing neurotransmitter.
 There may also be an added benefit of reduced severity of off-target side effects. Even if the KD values for the slow-off drug are similar for its primary target and for a secondary protein through which off-target side-effects are induced, a much longer target residence time for the primary target results in a prolonged therapeutic effect that is accompanied only initially by a much shorter period during which off-target side-effects are experienced before unbound drug redistributes from the tissues back to the plasma, leaving occupied primary targets and unoccupied secondary proteins.
 The rate constant for association clearly contributes to the drug’s binding affinity, with higher kon values resulting in lower KD values and higher binding affinity. Drugs with very high kon values are referred to as “fast-on” drugs, and it is not surprising that the drugs with highest binding affinities and longest target residence times are “fast-on, slow-off” compounds. In contrast, “slow-on, fast-off” ligands have low binding affinity, very short target residence times and are not generally suited for use as therapeutic agents.
 Although target residence time is equal to 1/koff and is independent of kon, fast-on drugs may experience extended durations of effect as a result of a phenomenon termed drug rebinding. When the rate constant for association is as large as, or larger than, the rate constant for diffusion of free drug away from the target, drug that dissociates from a target is more likely to re-associate with the same target, or with another target in close proximity, than to diffuse away into the cytosol or extracellular fluid. When target proteins are present on a cell surface, dissociation of drug from those proteins into the aqueous environment in immediate proximity to the membrane can elevate the localised concentration of drug to a value significantly higher than the concentration of free drug in solution further from the membrane. Since association rate is equal to kon × [L] ×  [P], this increase in [L] serves to increase the likelihood of rebinding of the drug, and in tissues with high concentrations of receptor, the increase in [P] and the consequently greater impact on elevating localised drug concentrations further increase rebinding.
 The table below illustrates a variety of combinations of values for kon and koff that generate four groups of drugs, with the members of each group sharing a common KD for binding affinity. Barely a decade ago, drugs with similar binding affinities for a common target would have been considered as sharing similar binding properties, and as likely to evoke similar therapeutic effects with respect to responses dependent upon binding behaviour. However, in addition to KD, target residence time and rebinding potential should also be considered. Consider the example of a receptor for which the signal transduction pathway that links agonist binding to a cellular response is a slow process. Perhaps it is more important for an agonist to remain bound to the receptor for a prolonged period in order to generate an intracellular signal sufficiently large to elicit a cellular response, than for the agonist simply to bind with high affinity. Simply put, one lower affinity binding event with a target residence time of 30 seconds may be able to generate a cellular response that six higher-affinity binding events with an average target residence time of 5 seconds each, can not.
 In the table, rebinding potential is indicated as being greater for fast-on ligands of lower binding affinity, based on the assumption that lower affinity drugs are, through necessity, probably present at higher concentrations, and the association rate depends upon ligand (and target) concentrations in addition to the value of kon.
 	kon (M-1s-1) 	On label 	koff (s-1) 	t½ off
  	Off label 	KD 	Target residence time 	Rebinding potential 
  	3×107 	Fast on 	3×10-5 	6.4 h 	Slow off 	1 pM 	9.26 h 	+ 
 	1×106 	 	1×10-6 	8 days 	Slow off 	1 pM 	11.6 days 	 
 	5×104 	Slow on 	5×10-8 	5.3 months 	Slow off 	1 pM 	7.7 months 	 
 	3×107 	Fast on 	0.003 	3.9 min 	 	100 pM 	5.6 min 	++ 
 	1×106 	 	0.0001 	1.9 h 	Slow off 	100 pM 	2.8 h 	 
 	5×104 	Slow on 	5×10-6 	1.6 days 	Slow off 	100 pM 	2.3 days 	 
 	3×107 	Fast on 	0.3 	2.3 s 	Fast off 	10 nM 	3.3 s 	+++ 
 	1×106 	 	0.01 	69 s 	 	10 nM 	100 s 	+ 
 	5×104 	Slow on 	0.0005 	23 min 	Slow off 	10 nM 	33 min 	 
 	3×107 	Fast on 	30 	0.02 s 	Fast off 	1 µM 	0.03 s 	++++ 
 	1×106 	 	1 	0.7 s 	Fast off 	1 µM 	1 s 	++ 
 	5×104 	Slow on 	0.05 	13.9 s 	 	1 µM 	20 s 	 
  
 For reasons such as those described above, the pharmaceutical industry no longer focuses solely on identifying ligands with high binding affinity; they also now consider target residence time and the potential for slow-off ligands for those receptors where residence time has a major impact upon the drug’s effectiveness, and also association rate constants where rebinding of fast-on ligands may offer advantages, or present obstacles, compared with drugs that associate at more modest rates.
 
	

			
			


		
	
		
			
	
		

		Agonist

								

	
				An agonist is a ligand that binds to a protein target (e.g. a receptor) and activates the target. An agonist has both affinity for, and efficacy at, its target receptor.
 For example, if the target is an ion channel, an agonist would bind to the channel protein and would open the channel to allow ions to flow into or out of a cell. As a result of activating (i.e. changing the behaviour of) the protein, the physiology of the cell or tissue on which that protein is located can be altered. Acetylcholine is an agonist at muscarinic receptors. When acetylcholine binds to these receptors, it triggers an intracellular signal transduction process that may cause an increase in intracellular calcium, which then triggers calcium-dependent processes such as muscle contraction. Most endogenous ligands for receptors are agonists. Further, most endogenous agonists are full agonists, which means they are able to evoke a maximal response from a tissue. This is discussed further under the manual entry for efficacy.
 
	

			
			


		
	
		
			
	
		

		Allosteric (effect)

								

	
				An allosteric effect typically results from a drug binding to a target protein at a site different from the agonist binding site, and (presumably) causing a shape change in the protein. This shape change does not necessarily have a direct effect on the protein’s behaviour (although it is possible to cause direct activation of a receptor by an allosteric ligand). More usually, the presence of the allosteric ligand modifies the protein’s responses to the binding of agonists or antagonists at the usual agonist binding site on the protein. Binding affinity may be increased or decreased, or agonist efficacy may be enhanced or reduced. For example, binding of benzodiazepines (such as diazepam) to the GABAA receptor doesn’t stimulate the receptor directly, but rather enhances the response of the receptor to binding of the natural agonist, GABA.
 
	

			
			


		
	
		
			
	
		

		Allosteric modulator

								

	
				Allosteric modulators are drugs that influence a protein’s response to ligand binding; this could mean enhancing or reducing a receptor’s response to agonist, or substrate turnover by an enzyme, or molecules transported by a transporter protein. Positive allosteric modulators enhance or increase the size or rate of response, while negative allosteric modulators reduce the size or rate of response. There is no competition between the allosteric modulator and the ligand binding to the agonist binding site, active site or transporter site, although there may be an allosteric effect that results in reduced binding of the primary ligand; this can give the appearance of competition, but it is straightforward to differentiate in carefully-done experiments.
 
	

			
			


		
	
		
			
	
		

		Antagonist

								

	
				An antagonist is a ligand that binds to a protein and prevents stimulation of the protein by an agonist. Usually, binding of an antagonist is competitive and reversible, i.e. binding occurs to the same site at which agonists bind. While antagonist is bound, agonist can not bind and activate the receptor; the agonist must wait until the antagonist dissociates from the protein.
 The effects of a competitive antagonist can be overcome by increasing the concentration of agonist. The reason antagonists have a therapeutic effect when administered to patients is because, in the body, receptors are being continuously (or regularly) exposed to endogenous agonist, so the presence of antagonist reduces the cells’ response to the endogenous agonist through competition.
 If the antagonist binds reversibly to an allosteric site, there is no direct competition for binding, and effects of the antagonist can not be overcome by increasing the agonist concentration.
 A few antagonists can bind irreversibly to the agonist binding site. Several enzyme inhibitors bind in this way, to the substrate binding site on the enzyme. Inhibition (the term used to specify antagonism of an enzyme) can not be overcome by increasing concentrations of an agonist or substrate.
 
	

			
			


		
	
		
			
	
		

		Association

								

	
				Association refers to the binding interaction between a free ligand (L) and a free receptor or other target protein (P) to create a complex between the two species (LP):
 [image: ]
 The rate of association is governed by an association rate constant, referred to here as kon, but often also as k1.  The units of kon for the binding interaction between one ligand molecule and one target protein are M-1s-1. The meaning of kon is not intuitively apparent; the numerical value indicates the number of association events that could occur between a single protein target and a ligand present at a concentration of 1 M, in one second, if the protein was always available to associate with a ligand. This abstract idea is easier to visualise if the reciprocal of the association rate constant is thought of as the time required to complete one association event. For example, if kon is 1×107 M-1s-1, then a single protein target molecule could form a complex with ligand (present at 1 M) 107 times every second, or alternatively, one association event is completed every 10-7 seconds.
 The actual rate of the forward reaction (creating LP) is found by multiplying the concentrations of the two reactants, L and P, by the association rate constant. Thus, rate = kon[L][P]. The rate calculated in this way indicates the initial rate of increase in concentration of the LP complex. However, as the concentrations of the reactants are depleted, the association rate slows (often rapidly), and a plot of [LP] versus time would be exponential.
 Popular convention has been that for many biological interactions between small molecule ligands and target proteins, values for kon lie within an order of magnitude in either direction from 1×107 M-1s-1 – in other words, between 1×106 M-1s-1 and 1×108 M-1s-1. As such, differences between binding affinities of different ligands for a protein target have been considered as due largely to differences in dissociation constants. However, it is now accepted that association rate constants lie across a very wide range and that effects on drug behaviour may be quite profound.
 Further details and examples may be found under the manual entry for affinity.
 
	

			
			


		
	
		
			
	
		

		Binding

								

	
				This is the term used to refer to the interaction between a ligand (L) and a receptor or other protein target (P). The shape of a binding curve (binding plotted against ligand concentration) is usually hyperbolic, and is described by the Hill-Langmuir equation. Binding is usually reversible and saturable, reaching a maximum at very high ligand concentrations when every protein target molecule present is occupied by a ligand for the maximum possible proportion of the total time.
 There are two components to reversible binding: association and dissociation, the rates of which are determined by the product of the concentration(s) of the species involved in the reaction ([L] and [P] for association, [LP] for dissociation) and the rate constants for association (kon) and dissociation (koff). At equilibrium, rates of association and dissociation are equal. Dividing koff by kon yields a value for KD, a measure of the binding affinity.
 
	

			
			


		
	
		
			
	
		

		Competition

								

	
				Competition occurs when two (or more) ligands are present that bind to the same site on a protein. The protein may be a target (such as a receptor), or a soluble plasma protein, or a protein involved in clearance of the ligands (such as a CYP enzyme or a renal transporter). As a result of competition, binding of all ligands involved to the protein of interest will be reduced. The consequences would then depend on the role the protein plays, and the degree to which binding of each ligand is reduced.
 For example, competition for binding to plasma proteins could increase free (unbound) concentrations of drugs that are normally highly bound to plasma proteins, possibly increasing clearance of those drugs, increasing volume of distribution for those drugs, and increasing the therapeutic effects (and side effects) of those drugs. Competition for binding to a drug metabolising enzyme between two drugs might decrease clearance of one or both drugs, and might increase oral bioavailability of one or both drugs. Competition for binding to a target protein, such as that occurring between an endogenous agonist and an administered antagonist, would reduce binding of (and therefore the cellular response to) the endogenous agonist. This is how antagonists usually work.
 The binding curve for one compound (binding versus concentration) is shifted to the right when a competing ligand is present. As a result of this shift, the KD for the compound is apparently increased, but the Bmax is not changed. This curve shift is observed regardless of whether binding data are plotted on a linear concentration axis (when the curve would be a hyperbola), or on a logarithmic concentration axis (when the curve would be sigmoidal).
 The following example demonstrates how to determine the proportion of a population of target proteins occupied by each of two or more competing ligands.
 Fractional occupancy of three ligands
  In order to determine the proportion of a population of target proteins occupied by each of two or more ligands competing for a common binding site, it is necessary to know the concentration of each ligand present, as well as the KD for the binding interaction between each ligand and the target protein. In this example, we will consider the contributions of 3 ligands present together with their common target protein.
 	Ligand A: KD 10 µM, concentration 5 µM
 	Ligand B: KD 2 nM, concentration 6 nM
 	Ligand C: KD 1 mM, concentration 2.5 mM
 
 First, we normalise the data by expressing the concentration of each ligand present as a multiple of its own KD value for the target protein.
 	Ligand A (KD 10 µM, concentration 5 µM) is present at 0.5 × KD
 	Ligand B (KD 2 nM, concentration 6 nM) is present at 3 × KD
 	Ligand C (KD 1 mM, concentration 2.5 mM) is present at 2.5 × KD
 
 Then, we obtain the sum of the ligand concentrations, expressed as a multiple of their KD values. In this example, we would add 0.5 × KD, 3 × KD and 2.5 × KD, to obtain 6 × KD.
 We then use the Hill-Langmuir equation to determine the total fractional occupancy of the population of target proteins. If competing ligands are present at 6 (× KD) then to obtain b/Bmax, the proportion of targets occupied, we can simply express the value for the KD as 1 (× KD):
 b/Bmax = [L]/(KD+[L]),   b/Bmax = [6]/(1+[6]),  b/Bmax = 6/7 or 85.7%
 Note that the same answer would be obtained by choosing any arbitrary value for KD, and using a value 6 × greater for the concentration of ligand present.
 We have determined that 85.7% of the receptors are occupied by a ligand of some kind. It is straightforward to determine the relative contributions of each of the three competing ligands to this total occupancy.
 	Ligand A is present at 0.5 × KD and would occupy (0.5/6) of 85.7%, or 7.1% of the targets
 	Ligand B is present at 3 × KD and would occupy (3/6) of 85.7%, or 42.9% of the targets
 	Ligand C is present at 2.5 × KD and would occupy (2.5/6) of 85.7%, or 35.7% of the targets
 
 
 
  
 
	

			
			


		
	
		
			
	
		

		Dissociation

								

	
				Dissociation refers to the departure of a ligand from its binding site on a protein. The rate of dissociation is governed by a dissociation rate constant. The more tightly a ligand binds to its binding site, the longer the ligand remains bound after it associates with the receptor before it dissociates from the receptor.
 Dissociation refers specifically to the breaking-apart of a complex LP to yield a free ligand (L) and a free receptor or other target protein (P):
 [image: ]
 The rate of dissociation is governed by a dissociation rate constant, referred to here as koff, but often also as k-1.  The units of koff, a first-order rate constant, for the dissociation event are s-1. The value of koff indicates the proportion of the LP complexes that would dissociate to yield L and P in unit time if the rate of dissociation at the time of interest was maintained for the entire time period in question. That being said, the dissociation rate becomes slower as [LP] falls, and a plot of [LP] versus time would be exponential.
 The rate of the reverse reaction (yielding L and P) at any point in time is found by multiplying the concentration of the complex, [LP], remaining at that time by the dissociation rate constant. Thus, rate = koff[LP]. A half-life for dissociation of the complex can be found from ln 2/koff, while 1/koff yields a value for the mean target residence time – the average time for which a ligand molecule remains bound to the target before dissociating.
 Further details and examples may be found under the entry for affinity.
 
	

			
			


		
	
		
			
	
		

		Drug

								

	
				A drug may be defined as a chemical substance (usually of known structure), other than a nutrient or essential dietary ingredient, which, when administered to a living organism, produces a biological effect. As such, environmental chemicals and toxins, insect venoms, chemical warfare agents, bioactive dietary components and drugs of abuse, whether legal or illegal, may all be classed as drugs, although students in professional clinical science programs are most interested in therapeutic medicines.
 The study of drug action is the focus of the subject of pharmacology. Pharmacology has been broadly defined as the chemical control of physiology.
 
	

			
			


		
	
		
			
	
		

		Efficacy

								

	
				Efficacy refers to the property of an agonist that allows the agonist to activate a target protein following binding to the protein. While an antagonist can bind to a protein and evoke a structural change that does not result in activation of the protein (the induced-fit model) or bind to an inactive conformational state of a protein (the conformational selection model), an agonist can evoke a structural change in the protein that does activate the protein, or can bind to an active conformation of the protein. As such, “efficacy” does not refer to an “activity” associated with an agonist molecule as such, but simply to the ability to elicit a cellular response as a result of structural properties of the agonist molecule that just happen to result in a shift in the protein’s structure that causes activation. For example, if the protein target is a ligand-gated ion channel, binding of an agonist would increase the likelihood of the channel existing in an “open pore” conformation that allows ions to flow, whereas the protein’s response to binding of an antagonist would not result in an open-pore conformation.
 The following details provide a more in-depth explanation of the nature of efficacy.
 Binding of an agonist to a receptor results in activation of a signal transduction system within the cell, which is usually a multi-step process that amplifies the single binding event of an agonist associating with a single receptor to cause multiple, repeated events, or a magnified response, within the cell. For example, binding of an agonist may open a sodium channel, allowing positively-charged sodium ions to flow into the cell. If enough ions are able to flow through one channel during the target residence time of the agonist (see the manual entry under affinity for further discussion of target residence time), or, more likely, through multiple channels each opened by an agonist molecule, to cause a depolarisation of the cell beyond a threshold level, then opening of voltage-activated calcium channels in the cell membrane will occur. This allows calcium ions to flood into the cell and interact with a large number of calcium-sensitive proteins such as calmodulin, leading to cellular responses including, for example, smooth muscle contraction or stimulation of glycolysis.
 With respect to this example, an agonist with high efficacy may be able to open the sodium channel protein for a longer period of time, or to open the channel pore to a larger diameter, compared with effects of an agonist with lower efficacy. Both of these effects would result in more sodium ions flowing into the cell following binding of a single high efficacy agonist to a single receptor, compared with the result of binding of a single low efficacy agonist to a single receptor. As a consequence of this, it may be necessary for the lower efficacy agonist to be present at a higher relative concentration than the high efficacy agonist in order to evoke a response of similar magnitude, because the lower efficacy drug needs to activate more receptors for a longer period of time to facilitate the influx of sufficient sodium necessary to reach the subsequent depolarisation threshold.
 From the discussion above, we can draw the conclusion that an agonist does not necessarily need to activate all of the receptors on a cell surface in order to initiate a response from the cell. Indeed, if it was necessary to occupy all of the receptors (b/Bmax = 1), the concentrations of agonist required would be incredibly high (in theory, infinitely high). However, that is not the case. For a cell with 1000 receptors expressed on its surface, an agonist with high efficacy may only need to bind and activate 20 receptors (2%) to evoke a maximum response from the cell, whereas an agonist with lower efficacy may need to bind and activate 200 receptors (20%) to evoke a maximum response. The proportion of receptors that are not required by the agonist (i.e. 98% for the first agonist and 80% for the second agonist) are referred to as spare receptors, or sometimes as the receptor reserve. Efficacy can be given a numerical value to allow more quantitative comparisons to be made between different agonists, and this value is related to the proportion of a population of receptors for a particular agonist in a particular tissue that must be activated in order to evoke a maximum response from that tissue. The details of how to determine this value are complex and are far beyond what a clinician should understand on the topic. However, in general terms, the lower the proportion of the total receptor population that is required by an agonist to evoke a maximum tissue response, the higher the efficacy of that agonist.
 The biological impact of spare receptors is to increase the efficiency of endogenous agonists. This is explained further in the manual entry under spare receptors.
 Any agonist that is able to evoke a maximum response in a cell is referred to as a full agonist. As such, any agonist that has spare receptors or a receptor reserve in a particular tissue is, by definition, a full agonist in that tissue. However, some agonist drugs are unable to evoke a maximum response in a tissue even when they are present at concentrations high enough to occupy all of the receptors. These drugs are referred to as partial agonists in that particular tissue.
 The efficacy of a particular agonist that activates a particular type of receptor varies between different tissues (and thus different cell types) in which that receptor is located. This is because different cell types express different numbers of receptors, while signal transduction systems may also vary in their efficiency in different cell types. As a result, it is possible for a drug to be a full agonist in one tissue and a partial agonist in another tissue, and for this reason, it is not appropriate to state that a drug is a full agonist or a partial agonist without also identifying the tissue or organ in which the receptors are located. What does not vary, though, is the relative efficacies of different agonists; if agonist X has 5-fold higher efficacy than agonist Y in one tissue, it will also have 5-fold higher efficacy in a different tissue, regardless of differences in the actual efficacy values for drug X in the two tissues. This is a critical point with respect to drug discovery, since drugs are often tested in tissue systems expressing the target of interest that are not the tissues in which the drug is ultimately designed to act when administered to a patient. A potential new agonist drug may show low efficacy and elicit a rather weak response in a test system, but if an established agonist known to show high efficacy in a patient shows low efficacy in the test system that is only marginally better than that of the novel drug, then the novel drug will show high efficacy, close to that of the established agonist, in a patient. This is the basis for the Operational Model for Agonism, a procedure for determining agonist efficacy and extrapolating to predict efficacy in different tissues, developed by Scottish pharmacologist and Nobel laureate, Sir James Black.
 
	

			
			


		
	
		
			
	
		

		Equilibrium dissociation constant

								

	
				The equilibrium dissociation constant, or KD, refers to the concentration of a ligand that occupies 50% of an available population of receptors in the absence of any other competing ligand. The KD can be obtained from a binding curve for the interaction of the ligand with the receptor of interest. The higher the binding affinity, the lower the KD value. An in-depth discussion of the parameters contributing to the value for KD may be found under the entry for affinity.
 A ligand will have different KD values for different proteins, with the lowest KD usually being for its “target” protein. As a result, low concentrations or doses of a drug will show selectivity for binding to its target protein, but if concentrations of free drug in the body increase (perhaps as a result of increasing the dose, or competition for plasma protein binding, or reducing clearance by inhibiting CYP enzymes) then the drug can start to bind to a significant proportion of one or more alternative proteins, as well as to a greater proportion of the target proteins. This may result in both on and off target side effects.
 
	

			
			


		
	
		
			
	
		

		Hill-Langmuir equation

								

	
				[image: ]This is an equation for a hyperbola that allows you to determine the proportion of total receptors (or other proteins) bound at any given concentration of a ligand, [L], if you know the KD for the ligand interacting with those receptors. In order for binding to show hyperbolic behaviour, the KD for the interaction between ligand and receptor is typically much higher than the concentration of receptors present. Since a therapeutic effect is typically only evident when drug is interacting with a reasonable proportion of the total receptor population, the result of this is that concentrations of drug present are almost always far higher than the concentrations of receptor targets present, and so when a small amount of the free drug binds to the receptors, there is no appreciable change in the concentration of free (unbound) drug.
 The equation shown contains an exponential term, nH. This is the Hill coefficient, and for most drugs, it can be assumed to equal 1 and can thus be ignored. For a few ligands that bind to dimeric or multimeric proteins with multiple subunits and multiple ligand binding sites, binding of one ligand to the protein complex may impact binding of further ligands to further binding sites within the same protein complex, either enhancing or attenuating binding. This phenomenon, called cooperativity of binding, is also seen physiologically, for example in the binding of oxygen to haemoglobin. Cooperativity yields binding curves and dose-response curves that are not simple hyperbolas. The figures below show binding curves on linear (left) and logarithmic (right) axes for three ligands that share a common KD value, but with differing Hill coefficients.
 [image: ](Left panel) Binding curves for three ligands, each with a KD of 10 µM for its target protein. The green dashed line shows binding of a drug ligand with a Hill coefficient of 1. The blue line shows binding of a ligand with a Hill coefficient of 0.4. This drug shows negative cooperativity of binding, meaning that binding of the first ligand reduces the binding affinity of the remaining site(s) for binding of a second ligand. The red line shows binding of a ligand with a Hill coefficient of 3. This drug shows positive cooperativity of binding, meaning that binding of the first ligand increases the binding affinity of the remaining site(s) for binding of a second ligand. (Right panel) The same data are shown plotted on a logarithmic concentration axis, revealing a series of sigmoidal plots of differing steepness. Binding of oxygen to haemoglobin shows positive cooperativity of binding. The physiological consequence of this is that hemoglobin can progress from having no bound oxygen to having four molecules of oxygen bound (corresponding to Bmax) as a result of a relatively small increase in dissolved oxygen concentrations in the pulmonary vasculature, and can then give up all four oxygen molecules as blood passes through tissues in which dissolved oxygen concentrations are a little lower. Without cooperative binding, the modest differences in oxygen concentrations between pulmonary blood and blood elsewhere in the body would have almost no effect on the degree of binding of oxygen to haemoglobin, as the concentration change in oxygen required would span almost two orders of magnitude. From a clinical therapeutic perspective, the target range for the steady state concentration of a cooperative drug may be narrower, or wider, than for most drugs, but this would be reflected in the recommended dosing regimens, and cooperativity is not an issue you need to be concerned with in relation to clinical use of drugs.
 In those situations where a ligand has extremely high affinity for a receptor (such that the KD is down in the same range as the concentration of receptors) OR when the concentration of protein “targets” is extremely high (such as with drug binding to plasma proteins) then depletion of free ligand becomes significant (this is why plasma protein binding has such a significant impact on drug behaviour), and binding is described by a quadratic equation. It is not necessary to be familiar with this equation, but you should be aware that drugs with extremely high affinities for their targets do not follow the same mathematical patterns of pharmacodynamic behaviour seen with most drugs.
 
	

			
			


		
	
		
			
	
		

		Hyperbola

								

	
				The shape of most binding curves for ligands interacting reversibly with a receptor or other target protein is hyperbolic. This is also true for the shape of most dose-response curves. Binding is saturable, reaching a maximum plateau at (theoretically) infinitely high ligand concentrations. The concentration of ligand at which binding is 50% of the maximum possible binding gives the KD for the binding interaction. The shape of the curve is described by the Hill-Langmuir equation. If hyperbolic data are instead plotted on a logarithmic concentration scale, the data appear sigmoidal.
 [image: ](Left panel) Binding curves for three ligands with KD values of 10 µM (red), 30 µM (green) and 100 µM (blue). The three hyperbolic curves will all reach a common plateau at Bmax, while the three X-axis intercepts indicated reveal the KD values. (Right panel) The same data plotted on a logarithmic concentration axis convert hyperbolic data to sigmoids. The X-intercepts now indicate log KD values. The benefits of plotting on a logarithmic concentration axis are clear; binding curves for drugs with KD values that are significantly different can be plotted in their entirety on the same graph. 
	

			
			


		
	
		
			
	
		

		Ligand

								

	
				The term used to refer to any small molecule that binds to a protein to form a complex.
 
	

			
			


		
	
		
			
	
		

		Off-target side-effects

								

	
				A result of a drug binding to a protein that is not the intended target of that drug, changing the behaviour of that protein and causing undesired effects. This may happen when concentrations of the drug in the body are higher than intended, through competition or inhibition ofclearance or increased bioavailability or increased dosing rate. It may also happen when “normal” doses of a drug are administered to an individual who is an “outlier” in terms of clearance or bioavailability or plasma protein binding for that drug. These effects are sometimes predictable.
 Some off-target side-effects are due to immunological responses to drugs or (more often) their reactive metabolites. Such effects are rarely dose-dependent, and they are less easy to predict. See Type B Adverse Drug Reactions.
 
	

			
			


		
	
		
			
	
		

		On-target side-effects

								

	
				Effects resulting from an action at the desired target that is larger than intended. For example, internal bleeding caused by elevated concentrations of anticoagulants. Side-effects increase with increasing dose. These effects are usually predictable. See Type A Adverse Drug Reactions.
 
	

			
			


		
	
		
			
	
		

		Partial agonist

								

	
				Unlike a full agonist which is able to evoke a maximal response from a cell or tissue, even a saturating concentration of a partial agonist (i.e. one that occupies 100% of a receptor population) is unable to evoke a maximal response from the cell or tissue. In the figure below, drug A is a full agonist and drug B is a partial agonist in the tissue of interest. As a result, if used as a drug to counter excessive activation of receptors by an endogenous full agonist, the partial agonist reduces the level of stimulation to some degree, thereby acting like an antagonist. But if used to boost activation because of insufficient levels of an endogenous agonist, the partial agonist can increase the overall level of activation and act like an agonist. In both cases, the effect reaches a plateau at high drug concentrations with a sub-maximal level of stimulation of the receptors, which is potentially safer than complete receptor block by an antagonist or maximal receptor activation by a full agonist.
 [image: ]
 It is possible for a drug to behave as a partial agonist in some tissues, but as a full agonist in tissues that express a higher number of receptor targets. As such, it is inappropriate to state that a drug “is a partial agonist” without identifying the tissue that is being referred to. An explanation of the relationship between agonist efficacy and the number of receptors expressed in a cell or tissue may be found under the manual entry for spare receptors.
 
	

			
			


		
	
		
			
	
		

		Selectivity

								

	
				Selectivity refers to the preference that a ligand shows for binding to one target protein ahead of other target proteins. The protein for which selectivity is shown is the one for which the ligand has the lowest KD. As the concentration of the ligand is increased, it will begin to lose its selectivity and will start to bind to other proteins, for which it has a higher KD. This may result in off-target side-effects.
 You may see some drugs referred to as being “specific” in their binding behaviour. This implies that the drug only binds to one target and will not bind to any other target under any circumstances. Since this is very unlikely to happen, selectivity is usually a more correct term to use.
 
	

			
			


		
	
		
			
	
		

		Sigmoid

								

	
				The shape of a binding hyperbola when the data are plotted on a logarithmic concentration scale (logarithmic X-axis). The same information can be obtained from the sigmoidal curve as can be obtained from a hyperbola; the X-value at which the degree of binding is 50% of Bmax is the log10KD value (or ln KD, if a natural logarithmic scale was used). The lower plateau of the sigmoid is typically 0 and the upper plateau is Bmax. In the presence of a competitive inhibitor or antagonist, the sigmoidal curve is shifted to the right.
 An example of hyperbolic and sigmoidal binding curves is provided under the manual entry for hyperbola.
 
	

			
			


		
	
		
			
	
		

		Spare receptors

								

	
				The term, spare receptors, or sometimes “receptor reserve”, refers to the proportion of the total population of receptors on a cell that are not required in order that an agonist is able to elicit a maximum response from the cell. For example, if an agonist need only activate 100 receptors to cause a cell to respond maximally, then in a cell with 2000 receptors, 1900 (95%) of those receptors would be spare since only 5% need to be bound by agonist to evoke a maximal response. The efficacy of the agonist is related to the proportion of receptors required by an agonist to evoke a maximal response, and agonists with a higher proportion of spare receptors have higher efficacy. The proportion of receptors which are spare is specific to a particular tissue and to a particular agonist – in other words, it is not a fixed number for a cell.
 The same agonist described above would also elicit a maximal response in a cell type with 200 receptors expressed on the cell surface. However in that cell, only 50% of the receptors are spare, and the agonist would have lower efficacy in that tissue because it now needs to bind to 50% of the receptor population to elicit a maximal response.
 In both of the above cases, the agonist would be a full agonist in the tissue, because it is able to elicit a maximal response from the cell. Consequently, any agonist with spare receptors in a particular cell type would be considered a full agonist in that cell or tissue. If the agonist described above was applied to a cell type expressing 100 receptors on the surface, it would still be able to elicit a maximum response by binding to 100% of the receptor population, and it would still be considered a full agonist, although there would now be no spare receptors present. However, in a different cell type expressing fewer than 100 receptors on the surface, or perhaps with a less efficient signal transduction system, this agonist would no longer be able to elicit a maximal response by binding to all of the receptors present. In that cell or tissue type, the agonist would be referred to as a partial agonist. Partial agonists do not have a population of spare receptors.
 When identifying a drug as a partial agonist, it is important to clarify which tissue or organ is being referred to, since a drug can be a partial agonist in one tissue but a full agonist in another.
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		Suggested reading

								

	
				The following books are recommended as further sources of information on pharmacodynamics and pharmacokinetics.
 Introductory level
 Rang and Dale’s Pharmacology (10th Edition, 2023). James M. Ritter, Rod J. Flower, Graeme Henderson, Yoon Kong Loke, David MacEwan, Emma Robinson and James Fullerton. Elsevier; ISBN 9780323873956.
 Pharmacokinetics Made Easy (1st Edition, 2002). Donald J. Birkett. McGraw-Hill Professional Publishing; ISBN 0074706098.
 Intermediate level
 Introduction to Drug Disposition and Pharmacokinetics (1st Edition, 2017). Stephen H. Curry and Robin Whelpton. Wiley; ISBN 9781119261049.  If you are going to read only one book to improve your understanding of clinical pharmacokinetics, this should be that book.
 Pharmacology in Drug Discovery and Development: Understanding Drug Response (2nd Edition, 2019). Terry P. Kenakin. Elsevier; ISBN 9780128037522.
 Rowland and Tozer’s Clinical Pharmacokinetics and Pharmacodynamics: Concepts and Applications (5th edition, 2019).   Hartmut Derendorf and Stephan Schmidt. Wolters Kluwer; ISBN 9781496385048.
 Advanced level
 A Pharmacology Primer. Techniques for More Effective and Strategic Drug Discovery (6th Edition, 2022). Terry P. Kenakin. Elsevier; ISBN 9780323992893.
 Shargel and Yu’s Applied Biopharmaceutics and Pharmacokinetics (8th Edition, 2022). Murray P. Ducharme and Leon Shargel. McGraw Hill; ISBN 9781260142990.
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