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PHARMACOKINETICS II:  DRUG ELIMINATION & MULTIPLE DOSING 
 

Learning Objectives 
 
By the end of the lecture, you should be able to: 
 
1.  Explain the difference between first-order, zero-order and dose-dependent kinetics of drug 

elimination. 
2.  List examples of commonly prescribed drugs that follow zero-order, first-order and dose-

dependent kinetics. 
3.   Understand the concept of steady-state with regard to plasma drug concentrations. 
4.  Explain the importance of different pharmacokinetic parameters on the duration of drug  

action. 
5.  Know the primary pharmacokinetic parameters and their effects on loading dose and 

maintenance dose. 
6. Understand how repetitive drug administration or continuous drug infusion can attain 

therapeutic drug concentrations. 
7. Know the roles of the kidney and liver in the elimination of drugs from the body. 

 

Drug List:   digoxin, lidocaine, gentamicin, tobramycin, vancomycin, theophylline, warfarin, phenytoin, 
lidocaine,  penicillin G, aspirin, ethyl alcohol, propranolol 

 
 
An Outline of Topics for Review 
 
1.  Review the plasma concentration versus time curve. 

a. Distribution phase. 
b. Elimination phase. 

 
2.  Review the apparent volume of distribution (Vd). 

a. The dilution principle 
b. Why is Vd larger than anatomically possible (for some drugs)? 

 
3.  The loading dose. 

a.  Definition 
b.  Rationale 
c. Dependence on Vd 

 
4.  The maintenance dose. 

a. Definition 
b. Rationale 
c. Dependence on CLE 

 
5. The concept of steady-state. 

a.  The plateau principle. 
b.  Dependence of eventual steady-state levels on the maintenance dose and not on the 

loading dose. 
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6. Drug administration by continuous infusion. 
Estimation of clearance from the infusion rate and the steady-state plasma concentration 
(CL= I/ Css). 

 
7.   Kinetics of drug elimination. 

a.  First-order kinetics. 
b.  Zero-order kinetics. 
c.  Dose-dependent kinetics. 
d.  Examples of drugs that are eliminated by these types of kinetics. 

 
8. Elimination clearance (CLE). 

a. Definition. 
b. The relationship of k and t½ to clearance. 

 
9. Elimination half-life: Clearance and Volume of Distribution as primary pharmacokinetic 

parameters 
a.  k a dependent parameter (k = Cl/Vd) 
b.  t½ a dependent parameter (t½ = 0.69 Vd/CL) 

 
10. Renal Insufficiency. 

a.  Affects on Clearance 
b.  Adjustment of dosing rate. 
 

11. Hepatic Clearance. 
a.  Determinants: hepatic blood flow, protein binding, intrinsic clearance. 
b. Restrictive hepatic clearance (CLH = f • CLint). 
c. Non-restrictive hepatic clearance (CLH = Q). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Units:  pico = 10-12 (e.g. pM) 
 nano = 10-9 (e.g. ng) 
 micro = 10-6 (e.g. µm) 
 milli = 10-3 (e.g. mL) 
 centi = 10-2 (e.g. cm) 
 deci = 10-1 (e.g. dL)  

kilo = 103 (e.g. kg) 
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REPETITIVE DOSING: IT TAKES ~4 
ELIMINATION HALF-LIVES TO 
REACH STEADY-STATE. 
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MAINTENANCE DOSING 
• Dosing strategy to maintain a steady-state 

concentration of drug in the body. 
 
• Dose is based on replacing the amount of drug 

cleared from the body since the previous drug administration. 

 
• Clearance is the primary determinant for calculating the maintenance dose. 

 
STEADY-STATE CONCENTRATION 
 A function of dosing rate and elimination clearance 

 Rate of drug administration = rate of drug elimination 

 Continuous I-V infusion:  

• Steady-state attained after approximately four elimination half-lives 

• Time to steady-state independent of dosage 

MD = CL x TC x T/F 
MD = Maintenance Dose (e.g. in mg)  
CL = Clearance (e.g. in L/hr) 
TC = Target Concentration (e.g. in mg/L) 
T = Dosing interval (e.g. in hr) 
F = Bioavailability 
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A LOADING DOSE MORE RAPIDLY ACHIEVES A THERAPEUTIC DRUG LEVEL. Loading 
dose is dependent on the Volume of Distribution. 

Infusion rate = CL x Css

• F

LD = TC x Vd/F 
LD = Loading Dose (e.g. in mg)  
Vd = Volume of Distribution (e.g. in L) 
TC = Target Concentration (e.g. in mg/L) 
F = Bioavailability 
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KINETICS OF DRUG ELIMINATION 

 

FIRST-ORDER KINETICS OF DRUG 
ELIMINATION 

 1st-order elimination (or kinetics): the 
elimination rate of the drug is a constant 
fraction of the drug remaining in the body 
per unit time (rather than a constant 
amount of drug per unit time). 

 Elimination half-life (t½) is constant. 

 Most drugs used clinically obey 1st order 
kinetics. 

 
 

ZERO-ORDER KINETICS OF DRUG 
ELIMINATION 

 Drugs that are eliminated primarily by 
metabolism may display zero-order 
kinetics of elimination. 

 When metabolic pathways are saturated, 
metabolism occurs at a fixed rate, i.e. it 
does not change in proportion to drug 
concentration. 

 A fixed amount of drug is metabolized per 
unit time (zero-order kinetics).  
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First-order Elimination of Lidocaine 
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DOSE-DEPENDENT KINETICS OF DRUG ELIMINATION 

 When a drug’s elimination is mediated predominantly by 
metabolism, its elimination will tend to follow first-order 
kinetics when concentrations are well below the KM of 
the metabolic enzymes, but will follow zero-order 
kinetics at doses that greatly exceed the KM of the 
metabolic enzymes. 

 Common examples include phenytoin, ethanol, and 
aspirin. 

 

ELIMINATION CLEARANCE 

 Volume of plasma cleared of drug per unit time. Units are ml/min or L/hr (“flow”). 

 Drug elimination may occur through the kidneys, the liver, the lung, and other organs. 

 Total Clearance is equal to the sum of all these individual and simultaneously occurring 
organ clearances: 

CLtotal = CLrenal + CLhepatic + CLother 

 

ELIMINATION HALF-LIFE 

Time to eliminate 50% of the body content of the 
drug—it is a function of both Clearance and Volume 
of Distribution. 

 

RENAL FAILURE 

• Impaired renal function often results in 
reduced clearance of drugs that are 
eliminated primarily by the kidneys. 

• Dosing rate must be reduced by the 
ratio of measured clearance in renal failure (CLRF) to expected normal, average clearance 
(CLN). 

• The dosing rate may be reduced by decreasing the dose, increasing the dosing interval, or 
both. 

• Creatinine clearance (CrCL), 
estimated using the Cockcoft & Gault 
equation, can provide an 
assessment of renal function. The 
ratio of CrCL in renal failure to CrCL 
in a patient with normal renal function can also be used to adjust the dosing rate. Creatinine 
clearance is not the same as clearance of a drug. 

 
 

DOSE-DEPENDENT
ELIMINATION RATE

dC
dt = -

VMAX . C
KM + C

DOSE-DEPENDENT
ELIMINATION RATE

dC
dt = -

VMAX . C
KM + C

dC
dt = -

VMAX . C
KM + C

0.69 Vd

CL
t ½ =

0.69 

k
=

Dosing RateRF = Dosing RateNormal x CLRF

CLN

Dosing RateRF = Dosing RateNormal x CLRF

CLN  

CrCL (ml/min) =
(140- age) x wt (kg)

72 x [serum Cr] (mg/dL)
x 0.85

if female
Cockcroft & Gault Eq:

CrCL (ml/min) =
(140- age) x wt (kg)

72 x [serum Cr] (mg/dL)
x 0.85

if female
Cockcroft & Gault Eq:
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HEPATIC CLEARANCE 

Determined by: 

1. Hepatic Blood Flow (rate of drug delivery to the eliminating organ). 
 

2. Plasma Protein Binding (fraction of drug available for clearance). 
 

3. Intrinsic Clearance (hepatocellular metabolism and/or biliary excretion). 
 
 
1. RESTRICTIVE HEPATIC CLEARANCE 

 Drugs with low hepatic extraction (Q>>f•CLint) 

 Little "first pass metabolism" when given orally.   

 A change in binding or drug metabolism/excretion 
activity will have a greater effect on hepatic 
clearance than changes in liver blood flow.  
Capacity-limited clearance. 

 Examples: warfarin, phenytoin   

 
 

 

 

2. NON-RESTRICTIVE HEPATIC CLEARANCE 

 Drugs with high hepatic extraction (Q<<f•CLint)—extensive first pass metabolism. 

 Hepatic clearance is sensitive to changes in liver blood flow and less sensitive to 
alterations in binding or intrinsic clearance. Flow-dependent clearance: conditions that 
reduce hepatic blood flow (CHF, hypotension) will reduce hepatic clearance. 

 Examples: lidocaine, propranolol 

CLH = Q[ f . CLint

Q + f . CLint]
The Rowland’s Equation:

CLH = Q[ f . CLint

Q + f . CLint]CLH = Q[ f . CLint

Q + f . CLint]
The Rowland’s Equation:

 
Q = Liver blood flow 
f   = Free Fraction (unbound) 
CLint = Intrinsic Clearance 

CLH = f • CLint  

CLH = Q
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BASIC CONCEPTS IN PHARMACOKINETICS 
 
 
Pharmacodynamics:  A major subdivision of pharmacology dealing with the actions and the 
mechanisms of action of drugs (i.e., the concepts of drug-receptor interactions and the dose-
response relationship are studied under pharmacodynamics). 
 
 
Pharmacokinetics: The other major subdivision of pharmacology, dealing with the quantitative 
description of absorption, distribution, metabolism and elimination of drugs (i.e., 
pharmacokinetics provides the scientific basis for dose selection and also deals with the time-
course of drug action). 
 
 
Bioavailability: For drugs given orally, it is defined as the fraction of the administered dose that 
reaches the systemic circulation unchanged.  A drug may have incomplete bioavailability (less 
than 100%) if it is incompletely absorbed or if it undergoes metabolism while going through the 
liver via the portal circulation (first-pass metabolism).  Some drugs have high bioavailability 
(e.g., 90-100% of a dose of warfarin, phenytoin, theophylline or digitoxin will reach the systemic 
circulation unchanged after oral administration).  Other drugs will undergo extensive first-pass 
metabolism in the liver and will have a low bioavailability when given orally (e.g., about 30-35% 
of a dose of lidocaine or propranolol will reach the systemic circulation unchanged after oral 
administration). 
 
 
Apparent Volume of Distribution: A primary pharmacokinetic parameter used to relate the 
dose administered to the resulting plasma concentration of drug.  This parameter is calculated 
in reference to plasma concentration of drug, and may be large or small (sometimes much 
larger than anatomically possible), depending on the tissue:plasma partition ratio for the drug in 
question (e.g. the apparent volume of distribution for digoxin is of the order of 9.8 liters/kg body 
weight, which in a 70 kg individual would amount to a total apparent volume of distribution of 
686 liters, reflecting the much higher affinity of digoxin for tissues than for plasma).  Knowledge 
of the apparent volume of distribution is important for the appropriate calculation of loading 
doses.  The apparent volume of distribution is also a primary determinant of the drug’s 
elimination half-life (t½). 
 
Apparent Volume of Distribution (Vd) = Loading Dose/Co (initial concentration) 
 
When given intravenously, some drugs distribute rapidly from the intravascular compartment to 
the peripheral target tissues (e.g. plasma lidocaine is in equilibrium with tissue lidocaine in a 
matter of minutes), whereas other drugs distribute rather slowly (e.g. plasma digoxin does not 
reach equilibrium with tissue digoxin for at least 6-8 hours after an i.v. dose).  This is relevant to 
the proper interpretation of plasma concentrations of drugs. For drugs that distribute slowly, the 
elimination phase of the plasma concentration vs. time plot should be extrapolated back to the 
zero time axis to determine C0 for Vd calculations. 
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Clearance: The other primary pharmacokinetic parameter, clearance determines the rate of 
drug elimination.  Just as, for example, creatinine clearance, the clearance of a drug may be 
defined as the volume of plasma that is cleared of drug per unit time.  Some drugs undergo only 
renal clearance (e.g. gentamicin, tobramycin, vancomycin), some are eliminated only via 
hepatic clearance (e.g. theophylline, warfarin, phenytoin, lidocaine), and others undergo both 
renal and hepatic clearance (e.g. digoxin, procainamide, penicillin G).  The term nonrenal 
clearance is often used to include hepatic clearance and any other extrarenal route of clearance 
for a drug.  Renal and nonrenal clearances are additive, such that: 

 
Clearance of elimination = Renal clearance + Nonrenal clearance 

 
Clearance of elimination is another major determinant of a drug’s elimination half-life (t½). 
 
 
Elimination Half-Life (t½): This concept is applicable to drugs that follow first-order 
(exponential) kinetics of elimination.  It is defined as the time required to eliminate one-half 
(50%) of the body content of a drug.  It is important to note that elimination half-life is dependent 
on both the apparent volume of distribution and the clearance of elimination, according to the 
following relationship: 
 

t½ = 0.69 x Apparent Volume of Distribution 
Clearance of Elimination 

 

Volume of distribution and clearance are the primary parameters and are biologically 
independent of each other.  Thus, half-life could change if either or both volume of distribution 
and clearance change.  Consequently, t½ reflects rate of drug clearance only when volume of 
distribution is constant (congestive heart failure appears to reduce both the apparent volume of 
distribution and the clearance of lidocaine, so that the t½ of this drug may appear normal and 
may be misleading in the choice of the proper infusion rate; the reduced volume of distribution 
also requires a reduction in the loading doses). 
 
 
Steady-State Concentrations: With continuous drug administration (maintenance therapy) by 
either constant rate i.v. infusion or constant oral dosing rate (e.g., lidocaine infused at a rate of 2 
mg/min i.v., or digoxin given orally at a dosing rate of 0.25 mg/day), most drugs will accumulate 
exponentially until a plateau or steady-state concentration is reached.  With dosing at a constant 
interval, concentrations will fluctuate above and below the steady-state concentration. Once 
steady-state has been achieved (the rate of drug administration is equal to the rate of drug 
elimination), the following relationship applies: 
 
 Steady-State Concentration =   Dosing Rate  

Elimination Clearance 
 
Thus, there is a directly proportional relationship between the dosing rate and the steady-state 
plasma concentration.  This is true for most drugs used in clinical medicine, since most drugs 
follow first-order kinetics of elimination (the rate of drug elimination is proportional to the 
amount of drug present in the body). 
 
Some drugs like phenytoin, aspirin and ethyl alcohol are exceptions to the rule in that they 
follow dose-dependent kinetics of elimination.  At low doses and plasma concentrations, they 



Pharmacology & Therapeutics Pharmacokinetics II-Elimination & Multiple Dosing 
August 9, 2012 K. Byron, Ph.D. 
 

 9

follow apparent first-order kinetics, but at higher doses and plasma concentrations the metabolic 
pathways become saturated and the drugs exhibit zero-order kinetics of elimination (a constant 
amount of drug is eliminated per unit time; drug metabolism is capacity-limited and is not 
proportional to the amount of drug present in the body).  Thus, changes in the dosing rate may 
result in disproportionate, non-linear changes in drug concentrations, and toxicity may develop. 
 
With first-order kinetics, if the dosing rate is doubled, the steady-state concentration will double.  
With dose-dependent kinetics, doubling the dose may result in tripling or quadrupling the 
steady-state concentration, with the attendant risk of toxicity. 
 
Maintenance Dosing: Maintenance dosing is a regimen whereby a drug is administered at 
regular intervals (or continuously infused) to achieve a steady-state plasma concentration. Once 
steady-state is achieved, the maintenance dose matches the amount of drug cleared since the 
previous dose was administered (or the infusion rate matches the rate of elimination). 
Maintenance dosing is therefore dependent on the clearance of elimination according to the 
formula: 
 
MD = CL x TC x T/F 
 
where MD = maintenance dose (e.g. in mg), CL = clearance of elimination (units of flow, e.g. 
L/hr), TC = target concentration (at steady-state; units of concentration, e.g. mg/L), T = interval 
(units of time, e.g. hr), and F = bioavailability. 
 
An alternative representation of this relationship is that the maintenance dosing rate 
(dose/interval) equals the product of clearance and target concentration: 
 
F x MD rate (mg/hr) = CL x TC = infusion rate (for continuous i.v. administration) 
 
The time to reach the steady-state target concentration is approximately 4-6 elimination half-
lives. At steady-state the plasma concentration can be adjusted by a proportional change in 
maintenance dose (if the clearance and interval are constant and assuming first-order kinetics 
of elimination). For example, doubling the maintenance dose would double the plasma 
concentration (but it would take 4-6 elimination half-lives to achieve the new steady-state). 
 
When the drug is administered at regularly spaced intervals, the plasma concentrations will 
fluctuate above and below the steady-state concentration. The magnitude of the fluctuations will 
be directly proportional to the ratio of interval to the elimination half-life.  
 
In some cases, a loading dose may be given to more rapidly achieve a therapeutic plasma 
concentration. The loading dose is dependent on volume of distribution rather than clearance 
and is intended to rapidly achieve a specific concentration of drug: 
 
LD = Vd x TC/F 
 
where LD = loading dose (e.g. in mg), Vd = volume of distribution (e.g. in L), TC = target 
concentration (e.g. in mg/L), and F = bioavailability. 
 
If drug levels are measured and found to be inadequate, a new target concentration can be 
rapidly achieved using an adjusted loading dose formula: 
 
LD = Vd x (TC – C measured)/F 
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There is no interval specified in the loading dose formula because it does not take into account 
the clearance of elimination. Therefore the loading dose formula cannot strictly be used to 
specify a maintenance dosing regimen—the time it takes for the concentration to decline from 
the calculated target concentration is not figured into the equation. A maintenance dosing 
regimen, based on the clearance of elimination, is normally initiated at its specified dosing 
interval (T) after the loading dose.  
 
Time to Reach Steady-State: With continuous or repetitive drug administration, it is useful to 
know that 90% of the eventual steady-state concentrations will be achieved in a time equal to 
3.3 elimination half-lives (t0.90 = 3.3 t½).  The longer the t½, the longer it will take to reach steady-
state. 
 
If the clearance of a drug is decreased and the t½ prolonged, for example, due to renal or 
hepatic disease, it will take longer to achieve steady-state concentrations, in proportion to the 
increase in t½.  Note that we are talking about the time required to reach steady-state, not the 
actual steady-state concentration that will be reached.  The actual steady-state concentration 
will be a function of the dosing rate (i.e. mg/min, mg/day, etc.) and the elimination clearance 
(see above). 
 
 
 
Reading:  
 
The Merck Manual Online   
Robert S. Porter, MD, Editor  
Justin L. Kaplan, MD, Senior Assistant Editor  
http://www.merck.com/mmpe/sec20/ch303/ch303a.html 
 
 
Goodman & Gilman’s Manual of Pharmacology and Therapeutics   
Laurence Brunton, PhD, Keith Parker,MD, Editors 
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 Drug Use Some pharmacokinetic characteristics 
aspirin Analgesic, antipyretic, anti-

inflammatory. 
Approximates zero order kinetics of elimination 
at high concentrations. 

digoxin Atrial fibrillation, atrial flutter 
and congestive heart failure 

Narrow therapeutic index, large Volume of 
Distribution (Vd), high bioavailability, two-
compartment distribution profile. 

ethyl alcohol Makes you drunk. Mixed order kinetics of elimination; zero-order 
at high concentrations. 

gentamicin 
tobramycin 

Aminoglycoside antibiotics, 
used to treat many types of 
bacterial infections, 
particularly Gram-negative 
bacterial infections 

Cleared exclusively by the kidney, both can be 
highly nephrotoxic, particularly if multiple 
doses accumulate over a course of 
treatment—usually dosed by body weight and 
serum levels are monitored during treatment. 
Tobramycin does not pass the gastro-intestinal 
tract, so for systemic use it can only be given 
intravenously or intramuscularly. 

lidocaine Local anesthetic and 
antiarrhythmic 

Low bioavailability (extensive first-pass 
metabolism in the liver). Lidocaine 
hydrochloride is available in various forms 
including: injectable (for i.v. injection/infusion 
or as local anesthetic), dermal patch, nasal 
instillation/spray, oral (gel, liquid), topical (gel, 
liquid, or patch). Given i.v. it distributes rapidly 
to tissues. Eliminated primarily by metabolism 
in the liver.  Two-compartment distribution 
profile. 

penicillin G Antibiotic used in the 
prophylaxis and treatment of 
infections caused by Gram-
positive bacteria. 

Elimination rate is dependent on renal function 
and is greatly reduced in renal failure: t½ can 
increase as much as 20-fold. 

phenytoin Antiepileptic—acts by 
stabilizing the inactive state 
of voltage gated sodium 
channels. 

Approximates zero-order kinetics of 
elimination at therapeutic concentrations. High 
bioavailability. Eliminated primarily by 
metabolism in the liver.  

propranolol -blocker, mainly used in the 
treatment of hypertension. 

Extensive first-pass metabolism (low 
bioavailability), lipid soluble, large Vd. 

theophylline A methylxanthine drug used 
in therapy for respiratory 
diseases such as COPD or 
asthma 

Theophylline has a narrow therapeutic index. It 
approaches zero-order kinetics of elimination 
at high concentrations. High bioavailability. 
Eliminated primarily by metabolism in the liver. 

vancomycin A glycopeptide antibiotic 
used in the prophylaxis and 
treatment of infections 
caused by Gram-positive 
bacteria. 

Vancomycin must be given intravenously, 
because it is not absorbed orally (it is a large 
hydrophilic molecule which partitions poorly 
across the gastrointestinal mucosa). It is 
eliminated by the kidney. 

warfarin Anticoagulant Warfarin has a long half life. It may be given 
orally once per day, but it is highly protein-
bound and often takes several days to reach 
therapeutic effect. High bioavailability. 
Eliminated primarily by metabolism in the liver. 
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1st ORDER ELIMI

dC
dt =dC
dt =

MOST 
DRUGS


