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Therapeutic Drug Monitoring

Clinical Pharmacokinetic and Pharmacodynamic Concepts

| ntroduction

Pharmacokinetics is the study of the absorption, distribution, metabolism, and excretion
(ADME) of drugs.

Pharmacodynamics. the relationship between drug concentration and pharmacological
response.

Clinical pharmacokinetics is the application of pharmacokinetic concepts and principles in
humans to design individualized dosage regimens which optimize the therapeutic response and
minimize the adverse drug reaction.

Therapeutic drug monitoring (TDM):

TDM is the clinical laboratory measurement of drug
concentrations in plasma, serum, or blood and using this
information to individualize dosage so that drug

concentrations can be maintained within atarget therapeutic = - Primary goals of clinical
range. pharmacokinetics  include

enhancing efficacy and
decreasing  toxicity  of
patient’s drug therapy

Note to remember:

* Laboratories routinely measure patient serum or plasma
samples for many drugs, including antibiotics (eg,
aminoglycosides and~  vancomycin),  theophylline,
antiepileptics (eg, phenytoin, carbamazepine, valproic acid, = - The TDM is study the
phenobarbital, and ethosuximide), methotrexate, lithium, = Pharmacokinetic only
antiarrhythmics  (eg, lidocaine and digoxin), and

Immunosuppressants (eg, cyclosporine and tacrolimus).

Criteriaof drugs suitablefor TDM: (Q: When TDM isvaluable?) Answer:

1- A good relationship exists between plasma concentrations and clinical effects. This
relationship alows the prediction of the pharmacologic effects of changing plasma drug
concentrations.

2- The drug should have a narrow therapeutic index. (i.e., The therapeutic concentration is close
to the toxic concentration).

3- At any given dosg, thereis large interindividual variability in the plasma concentration of the
drug and/or its metabolites.
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4- The therapeutic effect cannot be readily assessed by the observation of the clinical parameters
l.e.,, a precise clinica endpoint is not avalable (e.g., anticonvulsants, anti-arrhythmic,
antidepressants, etc.).

5- An appropriate cost-effective analytical test must be available for the analysis of the drug
and/or its active metabolites.

Usesof TDM:
1. Calculate loading and maintenance drug doses.
A. Loading doseisalargeinitial dose given to achieve therapeutic drug levels

B. Maintaining dose is a dose given at a fixed amount of dose at fixed intervals to keep drug
concentrations within the therapeutic range.

2. Calculate the drug dosage regimen. The dosage regimen is a systemized dosage schedule with
two variables

A. The size of each drug dose.

B. The time between consecutive dose administrations.

3. Perform dosage adjustments (for example, in renal and hepatic diseases)
4. Design of dosage form and determination of the route of administration
» Sustained release versus immediate release oral dosage forms.

« parenteral versus oral dosage forms.

5. Perform bioequivalence studies and pharmacokinetic evaluations of drug formulation
(excipients).

6. Predict drug-drug and drug-food interactions. (Drugs and food can affect (ADME)
Phar macokinetic models

Pharmacokinetic models are relatively simple mathematical schemes that represent complex
physiologic spaces or processes. Accurate PK modeling is important for the precise
determination of the elimination rate. The most commonly used pharmacokinetic models are
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1. One-compartment model

One compartment model

In one compartment model, the body acts as a single
uniform compartment into which the drug is administered
and from which it is eliminated

* Thisis the simplistic view of the body in which the drug
entersthe bloodstream and isthen rapidly equilibrated with

other parts of the body. This model doesn't predict actual g Defors By
drug concentration in the various tissues but assumes that "
drug tissue concentration will be proportional to the drug = W

plasma concentration

« If a drug rapidly equilibrates with the tissue
compartment, which uses only one volume term, the
apparent volume of distribution (V)

LASVA DRUG CONCENTRATION
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* A log scale plot of the serum level decay curve of aone : °© 2 4 & 8 0

The compartment model yields astraight line eg
aminoglycosides)

Figure 1. One compartment model

2. Two-compartment model Two compastment model

Drugs showing a slow equilibration with peripheral tissues are
best described with atwo-compartment model A log scale plot
of the serum level decay curve of a 2-compartment model
yields a biphasic line e g vancomycin

3. Non-compartment model

Sometimes pharmacokinetic analysis can be conducted without mmed m e
specifying any mathematica models (non-compartmental e
methods), which is highly dependent on the estimation of
total drug exposure Total drug exposure is most often
estimated by the area under the curve (AUC) methods.

PLASMA DRUG CONCENTRATION
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Figure 2. Two compartment model
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Steady-state condition:

In pharmacokinetics, a steady state refers to a situation where the overall intake of adrugis
fairly in dynamic equilibrium with its elimination. In practice, the steady state could be reached
mostly after 3 to 5 times the half-life for the drug after regular dosing is started.

Steady-state condition is extremely important because
usually steady-state serum or blood concentrations are
used to assess patient response and compute new dosage
regimens. Figure 3
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Figure 3
Linear pharmacokinetics: (1% order kinetic)

If aplot of steady-state concentration versus doseyields astraight line, the drug is said to follow
linear pharmacokinetics. In this situation, steady-state serum concentrations increase or decrease
proportionally with dose (e.g., a 50% increase in dose yields a 50% increase in steady-state
concentration). Most drugs follow linear pharmacokinetics.

o Half-lifeisindependent of concentration, (half-life will remain constant, no matter how high the
concentration).

e Clearance isindependent of the schedule

e Drug exposure (is not affected by changesin drug schedule

Non-Linear pharmacokinetics. (Zero order kinetic)

When steady-state concentrations change disproportionately after the dose is atered, a plot of
steady-state concentration versus dose is not a straight line and the drug is said to follow non-
linear pharmacokinetics.

Definition: “Kinetics resulting from saturable drug transfer, leading to variation of the Standard
Kinetic parameters with drug concentration”
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When the dose of a drug is increased, we expect that the concentration at a steady state will
increase proportionaly i.e., if the dose rate is increased or decreased say tow folds, the plasma
drug concentration will aso increase or decreased tow folds. However, for some drugs, the
plasma drug concentration will change either more or less than would expect from a change in
dose rate. This is known as non-linear pharmacokinetic behavior and can cause problems when
adjusting doses

Nonlinear kinetics is usually due to saturation occurring in one of the pharmacokinetic
mechanism’s protein binding, hepatic metabolism, drug absorption, auto-induction, or active
renal transport of the drug.

Linear phar macokinetics

Non-Linear pharmacokinetics

Known as dose-independent or conc.

independent pharmacokinetics

Known as dose-dependent or conc.

dependent pharmacokinetics

The  absorption, distribution, and
elimination of drugs follow 1 order kinetics

At least one of the pharmacokinetic
processes (absorption, distribution, and
elimination) is saturable (i.e., depending on
the mechanism of the equation)

Pharmacokinetic parameters such as tl),
total body clearance, and volume of
distribution are constant and don’t depend
on the drug conc.

Pharmacokinetic parameters such as typ,
total body clearance, and volume of
distribution are conc. dependent

The change in drug dose results in a

The change in drug dose results in more

than proportional or less than proportional
changein drug conc.

proportional change in drug conc.

Saturable elimination above a certain drug concentration, the elimination rates tend to reach a
maximal value. Once this maximum capacity is reached, there is no further increase in the
elimination rate when plasma drug concentration increases Therefore, in non-linear elimination
kinetics drug clearance decreases with increased drug concentration

Saturable binding or reabsorption above a certain drug concentration, drug-protein binding,
or drug reabsorption in kidney tubules tend to reach maximum capacity. This led to a
disproportionate increase in the rate of elimination with increasing drug concentration e.g. With
a high dose of vitamin)

Saturable absor ption above a certain drug concentration at the absorption site, there is no
further increase in absorption rate. Therefore the absorption rate constant and possibly the
bioavailability decrease with doses lead to concentrations at the absorption site above the
maximal absorption capacity.



Chapter 1
Therapeutic Drug Monitoring

Fifth class- Il course
2022-2023

+ When steady-state concentrations increase more than expected after adosage increase, the

most likely explanation is that the metabolism of the drug has become saturated. This
phenomenon is known as saturable or Michaelis-Menten pharmacokinetics Both
phenytoin and salicylic acid follow Michaelis-M enten phar macokinetics.

Figure 4. When doses are increased for most drugs,
steady-state concentrations increase proportionaly,
leading to linear pharmacokinetics (solid line).
However, in some cases, proportiona increases in
steady-state concentrations do not occur after a dosage
increase. When steady-state concentrations increase ‘
more than expected after a dosage increase (upper 100 1 J o

dashed line), Michaelis Menten pharmacoki netics may % A%+ Salurable Protein

be taking place If steady-state concentrations increase : o _N"ﬂ”"_: Or autoncucton
less than expected after adosage increase lower dashed 0 20 40 6 800 1000

line saturable plasma protein binding or autoinduction
are likely explanations.
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Clearance (CL)
o Definition: clearance (Cl) is the volume of serum or blood | \what isthe benefit of Clearance?
completely cleared of the drug per unit of time. Thus, the

. . . : : To calculate the maintenance dose
dimension of clearance is the volume per unit of time, such

asL/h or mL/min.
e Theliver ismost often the organ responsible for drug metabolism
e Clearanceis adescriptive term used to evauate the efficiency of drug removal from the body
Clearance is not an indicator of how much drug is being removed it only represents the
theoretical volume of blood that is cleared of drug per unit of time
Because clearance is a first-order process the amount of drug removed depends on the
concentration
e Clearance (CL) is computed by taking the ratio of the dose and area under the serum
concentration/time curve (AUC) for a drug that is administered intravenously
CL=Dose/AUC

If the dose is administered extra vascularly the bioavailability fraction (must be included to
compensate for a drug that does not reach the systemic vascular system:
CL=(FD)/ AUC
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From the previous equation we can cal culate the volume of distribution (V) using the area

under the serum concentration/time curve (AUC): The benefit of K. isto calculate the
e

V=D/ (Ke* AUC) timeinterval

Where K. is the élimination rate constant. For doses administered extra vascularly, the
bioavailability fraction (F) must be included to compensate for a drug that does not reach the
systemic vascular system:

V=(FD)/ (Ke* AUC)
Clearance can be thought of as the proportionality constant that makes the average steady-state
drug level equal/proportional to the rate of drug administration
Clearance (rate out) can be calculated from the dose (maintenance dose) (rate in) and average

steady-state concentration:

Cl=MD/Css This equation of Clearanceis
used for individualized patients.

Clearance is the most important pharmacokinetic parameter because it determines the
maintenance dose (MD) that isrequired to obtain agiven steady-state serum concentration (Css):
MD=Css.Cl

Since the concentration of the chemical inits volume of distribution is most commonly sampled
by analysis of blood or plasma, clearances are most commonly described as the plasma clearance
or blood clearance of a substance.

Hepatic Clearance: depends on the intrinsic ability of the enzyme to metabolize a drug
(intrinsic clearance; Cl'i); the unbound fraction of drug present in the blood (free fraction);
and liver blood flow.

* The relationship between the three physiological factors and hepatic drug clearance is:

~ LBF-(fz - Cl',,)
" LBF+(f,-CI..)

LBF isliver blood flow, fg isthe fraction of unbound drug in the blood, CI” isintrinsic
clearance

For drugs with alow hepatic extraction ratio, hepatic clearance is mainly a product of the free
fraction of the drug in the blood or serum and intrinsic clearance:

Cl=fg. Cl'int
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Drug interactions that displace drug molecules bound to proteins will increase the fraction of
unbound drug in the blood (1fg) ; more unbound drug molecules will be able to |eave the
vascular system (drug-protein complexes are far too big to exit the vascular system) and
enter hepatocytes where the additional unbound drug will be metabolized and hepatic drug
clearance will increase.
Additionally, drug interactions that inhibit or induce the cytochrome P 450 enzyme system
(Decreasing or increasing Cl i respectively) will change the hepatic clearance of the
medication accordingly. The hepatic clearance of drugs with low extraction ratios does not
change much when liver blood flow decreases secondary to the liver or cardiac disease
Examples of drugs with low hepatic extraction ratios include valproic acid, phenytoin, and
warfarin.
For drugs with a high hepatic extraction ratio, hepatic clearance is mainly a function of liver
blood flow:

Clu=LBF
The rate-limiting step for drug metabolism in this case is how much drug can be delivered to the
liver because the capacity to metabolize drug is very large In this case, hepatic clearanceis very
sensitive to changesin liver blood flow due to congestive heart failure or liver disease However,
the hepatic clearance of drugs with high extraction ratios does not change much when protein
binding displacement or enzyme induction or inhibition occurs due to drug interactions.
Examples of drugs with high hepatic extraction ratios include lidocaine, morphine, and most
tricyclic antidepressants.

Renal clearance:

The physiological determinants of renal clearance are glomerular filtration rate (GFR), the free
fraction of drug in the blood or serum (fg), the clearance of drug

via rena tubular secretion (Clsec), and the fraction of drug

reabsorbed in the kidney (FR): 1. V=dose/conc.
. 2. V=CI/Ke

Cly=| (y GRR) - i gy | s e
RBF+(f,CY' )
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The volume of distribution:

The volume of distribution (V) is aterm that relates the _ o
measured concentration (Cp) at atime to the mass of the | TNe benefit of Volume of distribution
drug (at that time This term is defined as the appar ent to calculate loading dose
volume of distribution (V)

The volume of distribution is ahypothetical volume that relates drug serum concentrations to the
amount of drug in the body Thus, the dimension of the volume of distribution isin volume units,
such asL or mL

At any given time after the drug has been absorbed from extravascular sites, the serum and tissue
drug concentrations are in equilibrium, the serum concentration for a drug (C) depends on the
amount of drug in the body (Ag) and the volume of distribution

C=A&g/V.
(As=Amount of the drug in the body. V=V olume of distribution)

The large volume of distribution indicates that the drug distributes extensively into body tissues
and fluids

If the volume of distribution (V) isknown for apatient, it is possible to administer aloading dose
(LD) that will attain a specified steady-state drug concentration Css.

LD=Css*V

The volume of distribution can be very small if the drug is primarily contained in the blood
(warfarinV 57 L), or very large if the drug distributes widely in the body and is mostly bound to
bodily tissues (digoxin V 500 L)

The physiologic determinates of the volume of distribution are the actual volume of blood (Vg)
and size (measured as a volume) of the various tissues and organs of the body (V) Therefore, a
larger person, such as a 160 kg football player, would be expected to have a larger volume of
distribution for a drug than a smaller person, such as a 40 kg grandmother

How the drug binds in the blood or serum compared to the binding in tissuesis also an important
determinant of the drug’s distribution volume. for example, the reason warfarin has such a small
volume of distribution isthat it is highly bound to serum albumin so the free fraction of the drug
in the blood fg isvery small

Digoxin has a very large volume of distribution because it is very highly bound to tissues
(primarily muscle) so the free fraction of drug in the tissues

fr unbound drug concentration in the tissue/total tissue drug concentration)
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This equation can help clinicians understand why a drug has a large or small volume of
distribution or why the volume of distribution might change under various circumstances An
example is how the volume of distribution changes when a plasma protein binding drug
interaction occurs If adrug that is highly bound to plasma proteinsis given to a patient and then
a second drug that is also highly bound to the same plasma protein is given concurrently, the
second drug will compete for plasma protein binding sites and displace the first drug from the
protein In this case, the free fraction in the serum of the first drug will increase fg resulting in an
increased volume of distribution

V=V~ (Ip/fDVT

We can caculate the volume of distribution (V) using the area under the serum
concentration/time curve (AUC):

V=D/ (Ke *AUC)

Where K. is the rate elimination rate constant. For doses administration extravascularly, the
bioavailability fraction (F) must be included to compensate for a drug that does not reach the
systemic vascular system:

V= (FD)/ (Ke* AUC)

Half-life and eimination rate constant:

When drugs that follow, linear pharmacokinetics are given to humans, serum concentrations
decline in a curvilinear fashion (Figure 5). When the same data is plotted on a semilogarithmic
axis, serum concentrations decrease in a linear fashion after drug absorption and distribution
phases are complete (Figure 6). This part of the curveis known as the elimination phase.

The time that it takes for serum concentrations to decrease by 1/2 (one-half) in the elimination
phaseisaconstant and is called the half-life (ti2). The half-life describes how quickly drug serum
concentrations decrease in a patient after amedication is administered, and the dimension of half-
lifeistime (hour, minute, day, etc.).
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Figure 5. Serum concentration/time profile for a patient receiving
a drug oraly (solid line) and by intravenous bolus (dashed line).
When the drug is given oraly, serum concentrations initially
increase while the drug is being absorbed and decline after drug
absorption is complete. 5 . —

Conconteaton (mgfL)
"

Figure 6. Data from Figure 3 is plotted on semilogarithmic axes.
Serum concentrations decline in a straight line in both cases. '

Another common measurement used to express how quickly drug serum concentrations decline
inapatient isthe elimination rate constant (ke). The dimension for the elimination rate constant
isreciprocad time (hour %, minute™, day™, etc.).

If the amount of drug in the body is known, the elimination rate for the drug can be computed by
taking the product of the elimination rate constant and the amount of drug in the body (AB):

Elimination rate= AB - ke
The half-life and elimination rate constant are related to each other by the following equation, so
it is easy to compute one once the other is known:

t12=0.693/Ke

The elimination rate constant can also be measured graphically by computing the slope of thelog
concentration versus the time graph during the elimination phase:

ke=—(In C1~In C2)/ (t: ~ t2) gl’\i’:;‘i?ga[:(gnifs ;igg —~ Rae of
The benefit of keis to determine
Time interval

Half-life is important because it determines the time required to reach a steady state and the
dosage interval. It takes approximately 3 to 5 half-lives to reach steady-state concentrations
during continuous dosing.

Half-lifeisaso used to determine the dosage interval for adrug. For example, it may bedesirable
to maintain maximum steady-state concentrations at 20 mg/L and minimum steady-state
concentrations at 10 mg/L. In this case, it would be necessary to administer the drug every half-
life because the minimum desirable concentration is one-haf the maximum desirable
concentration.
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The half-life and elimination rate constant is known as dependent parameter s because their
values depend on the clearance (Cl) and volume of distribution (V) of the agent:

t12=(0.693 - V)/CI
ke = CI/V
The half-life and elimination rate constant for a drug can change either because of a change in
clearance or a change in the volume of distribution.

Because the values for clearance and volume of distribution depend solely on physiologica
parameters and can vary independently of each other, they are known as independent
parameters.

Bioavailability:

When adrug is administered extravascularly, the entire Single dose

r—

dose may not enter the systemic circulation. The S

fraction of theadministered drugthat isdeliveredto  § 20 |}, - Intravenous AUC

the g_/ste_njic circulation _ Is known as the .g L 4

bioavailability or can be defined as the rate and the & ! N\ ~ Oral AUC

extent to which the active ingredients or active moiety § N /

is absorbed from a drug product and become available £ | Bhars..

at the site of action & ol 1 s

Thebioavailability (would be computed by dividing the 0 1 5 | 110 | 1'5 |

area under the curve after oral administration AUCpo Time (h)

by the AUC after intravenous administration AUCi.v. Figure 7. The area under the serum
F=AUC p-o/AUE[v concentration/time curve (AUC).

If it is not possible to administer the same dose intravenously and extravascularly because poor
absorption or presystemic metabolism yields serum concentrations that are too low to measure,
the bioavailability calculation can be corrected to alow for different size doses for the different

routes of administration.
F = (AUC:/AUC,) (D.\/Dro)
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Bioequivalence

The absence of significant difference in the rate and extent to which the active ingredient or
active moiety in pharmaceutical equivalents or pharmaceutical alternatives becomes available at
the site of drug action when administered at the same molar dose under similar conditions in an
appropriately designed study.

Concentration/time curves are superimposable when the area under the total serum
concentration/time curve (AUC), maximum concentration (Cmax), and time that the maximum
concentration occurs (Tmax) are identical within statistical limits (Figure 8).

Figure 8. Area under the serum
concentration/time curve (AUC), the
maximum concentration (Cmax), and the
time that the maximum concentration =k - _
occurs (Tmax). 3 Tew | 40

Concordm
THELN S LI PO Rt S |
]

L=
&

The ratio of the area under the serum concentration/time curvesfor the generic (AUC generic) and
brand one (AUC uang) drug dosage forms is known as the relative bioavailability (since the
reference AUC is derived from the brand name drug dosage form.

Freative = AUCgenerit‘jAUCbrand

The United States Food and Drug Administration ( has defined bioequivaence as "the absence
of a significant difference in the rate and extent to which the active ingredient or active moiety
in pharmaceutical equivalentsor pharmaceutical aternatives becomesavailable at the site of drug
action when administered at the same molar dose under similar conditions in an appropriately
designed study The ratio of the area under the serum concentration/time curves for the generic
(AUC generic) and brand name ( drug dosage forms is known as the relative bioavailability (F)
since the reference AUC is derived from the brand name drug dosage form
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The area under the plasma drug concentration-time curve (reflects the actual body exposure to
the drug after administration of a dose of the drug and is expressed in mg*h/L This area under
the curve is dependent on the rate of elimination of the drug from the body and the dose

administered

The AUC isdirectly proportional to the dose when the Drug follows linear kinetics

The AUC isinversely proportional to the clearance of AUC
thedrug That is, the higher the clearance, the lesstime
the drug spends in systemic circulation and the faster ? Acorpion Eimiratian
the declinein the plasmadrug concentration Therefore,
. . . ) lam Vgev nacmtsim of
in such situations the body’s exposure to thedrug and 2 g n Bt
the area under the concentration-time curveissmaller. =
-!_D
— =
AUC= Dose/Cl z AUC 1, 0 Al teme st which g
Cl = Dose/ AUC Z {Area Undar the Curve) :“,:::,:‘:‘m
- Dvessd 42 exparam
(e (wwnt conemptaton
o g i i
+ Tt .
brag bt taber
Figure 7. The area under the curve (AUC)
Pharmacokinetic Parameter Abbreviation Fundamental Units  Units Example
Area under the curve AUC Concentration X time  pug X he/mlL
Total body clearance Ch Volume/time Uhr
Renal clearance Ck Volume/time Uhr
Hepatic clearance Ch Volume/time Uhr
Apparent volume of dstribution Vo Volume L
Volume of distribution at steady state Ve Volume L
Peak plasma drug concentration Coran Concentration mg/L
Plasma drug concentration G Concentration mg/L
Steady-state drug concentration CuorC, Concentration mg/L
Time for peak drug concentration Tons Time he
Dose Dy Mass mg
Loading dose D, Mass mg
Maintenance dosa Dy Mass mg
Amount of drug in the body Ds Mass mg
Rate of drug Infusion R Mass/time mg/hr
First-order rate constant for drug absorption ks 1/time I/hroehr!
Zero-order rate constant for drug absorption ks Mass/time r
First-order rate constant for drug elimination  k{sometimes 1/time 1/hr o he™!
referred to as kel)
Elmination half-life tw Time he
Fraction of drug absorbed F (no units) Ranges fromOto |
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Clinical Pharmacokinetic Equations and Calculations

One-compartment model equationsfor linear pharmacokinetics:

< I ntravenous Bolus Equation

e Used when: -

A- A drug is given as an intravenous bolus, which distributes from the blood into the tissues
quickly.

B-A short infusion of 5-30 minutes can avoid these types of adverse effects, and if the
intravenousinfusion timeisvery short compared to the half-life of the drug so that alarge amount
of the drug is not eliminated during the infusion time, intravenous bolus equations can still be
used.

C-If the drug given by 1.V infusion and distribution is not rapid, it is still possible to use a one-
compartment model intravenous bolus equation if the duration of the distribution phase and
infusion time is small compared to the haf-life of the drug and only a small amount of drug is
eliminated during the infusion and distribution phases.

¢ Inthis case, aone-compartment model intravenous bolus equation can be used:

C = (D/V)e k!

Wheret is the time after the intravenous bolus was given (t = O at the time the dose was
administered), C isthe concentration at time=t, V isthe volume of distribution, and ke isthe
elimination rate constant.

*V=D/Co..ceoevnnn. or V=D/[Co— Cpredose], If NOt first dose

ke=—(In C1 —In C2) / (tl - £2)

For example, a patient is given a theophylline loading dose of 400 mg intravenously over 20
minutes. Because the patient received theophylline during previous hospitalizations, it is known
that the volume of distribution is 30 L, the elimination rate constant equals 0.115 h™%, and the
half-life (ty.) is (ty2 = 0.693/ke = 0.693/0.115 h't = 6 h). To compute the expected theophylline
concentration 4 hours after the dose was given, a one-compartment model intravenous bolus
eguation can be used:

C = (D/V) &% = (400 mg/30L) e~ 1150~ (4N = 8 4 mgy/L .
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Pharmacokinetic parameters for patients can also be computed for use in the equations. If two or
more serum concentrations are obtained after an intravenous bolus dose, the elimination rate
constant, half-life, and volume of distribution can be calcul ated.

For example, a patient was given an intravenous loading dose of phenobarbital 600 mg over
aperiod of about an hour. Oneday and four days after the dose was administered phenobarbital
serum concentrations were 12.6 mg/L and 7.5 mg/L, respectively.

Cancenteation

1- The elimination rate constant can be computed using the following equation:
ke=—(In C1—In C2)/ (t1 — to),

Wheretl and C1 are the first time/concentration pair and t2 and C2 are the second
time/concentration pair;

Ke =—[In (12.6 mg/L) — In (7.5 mg/L)}/ (1 d— 4d) = 0.173 d ™.

2-The elimination rate constant can be converted into the half-life using the following equation:
t12=0.693/0.173d 1 =4d.

3- The serum concentration at time = zero (CO) ( theinitial concentration )can be computed
using avariation of the intravenous bolus equation: CO = C/e™ ¢,

Wheret and C are atime/concentration pair that occurs after the intravenous bolus dose.

Either phenobarbital concentration can be used to compute CO. In this case, the
time/concentration pair on day 1 will be used (time 1=d, concentration = 12.6 mg/L): CO =
Cle™*® = (12.6 mg/L)/e—(0.173 d'%) (1 d) = 15.0 mg/L.

The volume of distribution (V) is then computed by dividing the dose by the serum
concentration at time = 0.

V =D/C0=600mg/ (15mg/L) =40L.
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s Continuous and I nter mittent I ntravenous | nfusion Equations

Some drugs are administered using a continuous intravenous infusion, and if the infusion is

discontinued the serum concentration/time profile decreases in a straight line when graphed on
semi-logarithmic axes.

10 -+ 5% = I-.:l-"f'll

e ——
I/_,A""'_""d_._

Concentration (jsgiml

a 5 1C 15 20 25 30

Tume: (1)

We can calculate the concentration at any time depending on whether the infusion is running or
stopped or we are in a study state or not.

A- while theinfusion is running:

C = (ko/CD(1 — ek = [ko/(K.V)](1 — ek

Cl: drug clearance

Ko: drug infusion rate (mg/h or pg /min)

Cl: drug clearance, Cl = keV

Ke: elimination rate constant

t: the time that the infusion has been running.

Css=K 0/Cl
Css=K 0/KeV
B- If the infusion is allowed to continue until a steady state- is achieved
The steady-state concentration (Css) can be calculated easily:
Css = Kko/Cl =Ko/ (k. V)

C- If theinfusion is stopped

If the infusion is stopped, postinfusion serum concentrations (C postinfusion) can be computed
by calculating the concentration when the infusion ended (C end) by the following equation
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B

keisthe eimination rate constant

= Kt
postinfusion ~ Ccnde e postinfusion,

t posinfusion 1S the postinfusion time (tposinfusion = 0 @ end of infusion and increases from that point)

For example, a patient is administered 60 mg/h of theophylline. It is known from previous
hospital admissions that the patient has the following pharmacokinetic parameters for
theophylline: V =40 L and ke=0.139 h ™1,

1. Calculate the serum concentration of theophylline in this patient after receiving the drug
for 8 hoursand at SteadyState:

For 8 hours mean that theinfusion isrunning

C=[ko/(keV)] (1 — e7*%) = [(60 mg/h)/ (0.139 't - 40 L)](1 — & C¥MDEM =72 mg/L;
At SteadyState:

Css = ko/ (keV) = (60 mg/h)/ (0.139h ™1« 40 L) = 10.8 mg/L.

Post infusion phase

#—— During infuslon — +—— Post infusion —=

2. Cdculate  the  theophylline serum [ = i i
concentration a 6 hours after the infusion w7 /' e e
stopped would be: Bl k dl _ )

. E .|I {C-grﬂ;g;'..raﬁc.r ' I'.I '|'I_., =] _:.' (l- [ ﬁ |
Cpostinfusion — Cend € ket postinfusion 5/ sttheendeof | | ki
y tha infusion) | ) Ll the post mhstian tire
= (7.2 mg/L) e ©139h-D 60 =31 mg/L. | : \H s thve infusion duratic
| ! .

3. Calculate the theophylline serum G I B . =< G
concentration If the infusion ran until s R & R OSOR
Steady State was achieved, the serum concentration 6 hours after the infusion ended would
be:

Cpostinfuson = Cend g ket postinfusion =(10.8 mg/L) e (*139h"DEM =47 mg/L.

The elimination rate constant
ke=—(In C1—In C2)/ (t; — to)
The volume of distribution (V): can be computed using the following equations
1-At steady state and when we know Co
V=Dose/CO or V=Cl/Ke



Chapter 2
Therapeutic Drug Monitoring

Fifth class- Il course
2022-2023

2-in 1.V infusion or befor e steady state

k01— e kel
k(0. —(Ce 7]

LR predass

C predose = Used only if we have multiple doses and we have predose concentration but
when wearein thefirst dose or C predose NOt given in the question = C predose= Z€r'0

< Extravascular Equation

When a drug is administered extravascularly (e.g., oraly intramuscularly, subcutaneoudly,
transdermally, etc.), absorption into the systemic vascular system must take place. If serum
concentrations decrease in a straight line when plotted on semi-logarithmic axes after drug
absorption is complete, a one-compartment model extravascular equation can be used to describe
the serum concentration/time curve

~ FkD
3 V{I'\1— l\\..]

-k. -k 1
(e —e )

where t is the time after the extravascular dose was given (t = 0 at the time the dose was
administered), C is the concentration at time = t, F is the bioavailability fraction, k, is the
absorption rate constant, D isthe dose, V is the volume of distribution, and ke is the elimination
rate constant.

» The absorption rate constant describes how quickly the drug is absorbed with a large number
indicating fast absorption and a small number indicating slow absorption.

» If the serum concentration/time curve displays a distribution phase, it is still possible to use
one-compartment model equations after an extravascular doseisadministered. In order to do this,
serum concentrations are obtained only in the post-distribution phase.

« Since the absorption rate constant is aso hard to measure in patients, it isalso desirableto avoid
drawing drug serum concentrations during the absorption phase in clinical situations.
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FIGURE (3) - Serum concentration/time curves for extravascular drug administration for agents following one-compartment
pharmacokinetics. The absorption rate constant (ka) controls how quickly the drug enters the body. A large absorption rate constant
allows the drug to enter the body quickly while a small elimination rate constant permits the drug to enter the body more slowly. The
solid line shows the concentration/time curve on semi-logarithmic axes for an elimination rate constant equal to 2 h—1. The dashed and
dotted lines depict serum concentration/time plots for elimination rate constants of 0.5 h—1 and 0.2 h—1, respectively.

After the end of the absorption phase the C can be calculated by the equation of 1.V bolus
C = (D/V)e™!

The hybrid volume of distribution/biocavailability (V/F) parameter

Since the volume of distribution relate the dose given with the obtained concentration and since
in the extravascular route not all the dose enter the bloodstream so we use (V/F) to indicate the
value of the volume of distribution

VIF =D/Coieeeeereenennnsc OF
V =D/ [Co — Cpredose], iIf N0t first dose
CO=Cle*e Ke=-=(InCl1—-1In C2)/(t1—t2)
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For example, apatient is given an oral dose of valproic acid 750 mg in capsules. Six and twenty-
four hours after the dose, the valproic acid serum concentrations are 51.9 mg/L and 21.3 mg/L,
respectively. Calculate pharmacokinetic parameters.

518

Loncemireion 1.3

] 1o 1% i) 15 10

Time (day|

The elimination rate constant (ke) is computed using the following relationship:
ke=—(In C1 —In C2)/ (t1 — t2),
where C1 isthe first concentration at time = t;, and C2 is the second concentration at time = ty;
ke=—[In (51.9 mg/L) — In (21.3 mg/L)]/ (6 h — 24 h) = 0.0495 h™.
The elimination rate constant can be translated into the half-life using the following equation:
tyo= 0.693/ke= 0.693/0.0495 h™1 = 14 h.

The hybrid constant volume of distribution/biocavailability (V/F) is computed by taking the
guotient of the dose and the extrapol ated serum concentration at time = 0.

The extrapolated serum concentration at time = zero (Co) is calculated using a variation of the
intravenous bolus equation: Co = C/e*®, where t and C are atime/concentration pair that occurs
after administration of the extravascular dose in the post absorption and post distribution
phases. Either valproic acid concentration can be used to compute CO. In this situation, the
time/concentration pair at 24 hours will be used (time = 24 hours, concentration= 21.3mg/L):

Co=Cle*® =(21.3mg/L) [ g @95h-D 240 = 70 mg/L .
The hybrid volume of distribution/bioavailability constant (V/F) is then computed:
V/F =DI/Co=750mg/ (70 mg/L) =10.7 L.
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< Multiple-Dose and Steady-State Equations

In most cases, medications are administered to patients as multiple doses, and drug serum
concentrations for therapeutic drug monitoring are not obtained until a steady state is achieved.
For these reasons, multiple-dose equations that reflect steady-state conditions are usually more
useful in clinical settings than single-dose equations.

In order to change a single-dose equation to the multiple-dose version, it is necessary to multiply
each exponentia term in the equation by the multiple-dosing factors:

—nk. T —k.T
(1 —e™Y)/(1 —e™")
Where n is the number of doses administered, kiisthe rate constant found in the exponential of

the single dose equation, and 1 is the dosage interval.

Example: the equation for multiple doses of intermittent 1V will be: (Table 2-1)

C = [k/k W1 = e*e') [(1 —e™)/(1 — e*eT)]

Multiple-Dose at steady state

The number of doses (n) is large, the exponentia term in the numerator of the multiple dosing
factor (—nkit) becomes a large negative number, and the exponent approaches zero. Therefore,
the steady-state version of the multiple dosing factor becomes the following: 1/ (1 — e "), where
ki is the rate constant found in the exponentia of the single dose equation and 7 is the dosage
interval.

+ N is T — nkit ) will be large negative number — e -"™* approaches zero
The state version of the multiple dosing factors becomes
Example: the equation for multiple dose of 1V bolus at steady state will be :( table 2-1)

C = (D/V)[e ™ /(1 — e™*)]
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< Average Steady-State Concentration Equation

Css = [F(D/1)]/Cl

where F is the bioavailability fraction, D is the dose, 1 is the dosage interval, and Cl isthe
drug clearance.
This equation works for any single or multiple-compartment model (model-independent
eguation).
The average steady-state concentration equation is very useful when the half-life of the drug
islong compared to the dosage interval or if a sustained-release dosage form is used.
If an average steady-state concentration (Css) is known for adrug, the hybrid pharmacokinetic
constant clearance/bioavailability (Cl/F) can be computed:

CI/F = (D/1)/Css

Designing individualized dosage r egimens using one-compar tment
model equations

» The goal of therapeutic drug monitoring isto customize medication doses that provide optimal
drug efficacy without adverse reactions.

* Note: T should be rounded to the nearest 6, 8, 12, 18, 24, 36, 48, etc hours.

» Example: a patient with simple partial seizures that needs to receive valproic acid capsules (V
=12 L, ke=0.05h", Tha = 3 h, F=1.0) and maintain steady-state maximum

(Cssmax) @nd minimum (Cessmin) concentrations of 80 mg/L and 50 mg/L, respectively:

T = [(In Cssmax — In Cegmin)/Ke] + Tmax = [(In 80 mg/L — In 50 mg/L) / 0.05 h™}] + 3h =124 h,
round to practical dosageinterval of 12 h

D =[(CsmaxV)/F] [(1 — e*7)/e*eTm] = [(80 mg/L - 12 L)/1.0)][(1 — e 00 D{I2h))/ gl~0.05

b3 M) = 503 mg, round to practical dose of 500 mg. The patient would be prescribed
valproic acid capsules 500 mg orally every 12 hours.

% Michadis-Menten equations for satur able pharmacokinetics

When the dose of adrug isincreased and steady-state serum concentrations do not increasein a
proportional fashion, but instead increase more than expected

D=(V,, - Css)/(Km + Css)
* Where D is the dose,

» Css is the steady-state drug concentration,

* Vimax 1S the maximum rate of drug metabolism, and

« Km is the concentration where the rate of metabolism equal V ma/2.
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T Vs s poieces (G
Figure: relation between dosing rate and the clearance in Michaelis -Menten pharmacokinetics
« Form of the equation of astraight line
Y = intercept +[(SIOPE) X]
» The Michaglis Menten equation is rearranged to the following formula
D=Vmax — [Km (D/Css)] ...... (1)
Vmax = (the Y intercent)
Km= (thedope)=-(y1-y2)/(x1-x2)
Km=[(Dosel-Dose?2)]/[(D1/Cssl)-(D2/Css2)].....(2)
Vmax=D + [Km (D/Cs9)] ...... 3)

Note in question you get 2 doses of the drug and 2 Css and will be asked to calculate the actua
pharmacokinetics parameters (Km, Vma) and use of this actual pharmacokinetic parameter to
calculate a new dose to answer the question

1. Calculate actual Km using eg. (2)
2. Substitute the actual km value in eg. (3) to calculate actual Vmax

3. You can use the values of actua Vmax and Km to measure new Css from different dose by
eq. (1)
« An example is a patient receiving phenytoin for the treatment of tonic-clonic seizures. The

patient received a dose of 300 mg/d with a Steady-State concentration of 8 mg/L and a dose of
500 mg/d with a Steady-State concentration equal to 22 mg/L

* The dose/Steady-State concentration ratios are 37.5 L/d and 22.7 L/d for the first and second
doses, respectively ([300 mg/d])/ 8 mg/L = 37.5 L/d; [500 mg/d]/22 mg/L= 22.7 L/d). A plot of
thisdatayields aVmax 807 mg/d and aKm 13.5 mg/L.

* The phenytoin dose to reach a SteadyState concentration equal to 13 mg/L is
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D = (Vmax. Css) / (Km + Css)

D= 807 mg/d 13 mg/L)/ (13.5 mg/L +13 mg/L) 396 mg/d, rounded to a practical dose of 400
mg/d.

Ex. OP is a 28-year-old, 55-kg female with complex partia seizures. She has the following
information available: Css = 8 mg/L while receiving phenytoin 300 mg at bedtime and Css = 22
mg/L while receiving phenytoin 400 mg at bedtime. Compute the patient’s Michaelis-Menten
parameters for phenytoin and the phenytoin dose that would achieve Css =15 mg/L .

Km=[(Dosel-Dose?2)]/[(D1/Cssl)- (D 2/Css2)]
Km=[300-400] / [(300/8)m- (400/22)]

=-100/[37.5- 18.18]

Km =100/19.32 = 5.2 mg/L Css

Vmax=D + [Km (D/Css)]

=300 + {5.2/(300/8)} =495 mg/d

D= (Vmax. Css) / [Km + Css)]

= (495* 15) / (5.2+ 15) = 369.5mg

TABLE 2-1 Single-Dase, Multiple-Dose, and Steady-State One-Compartment Model Equations

ROUTE OF ADMINISTRATION SINGLE DOSE MULTIPLE DOSE STEADY STATE

[ntravencms bolus C=DVe'Y C=DWe Y1 -e*/(l =) C=DVje i1 - ¢')

Contitwous intravenous C= [Nk VK- N/A Cos =k /0 =k /K V)
infusion

[mermitient intravenoms C= KAk VKl =¢) C=kfk VNI = e¥) (1= W1 =) C= /R VIl =) (1 =)
infusion

Extravascutar (postabsorptica, C=|(FDyVk C=|(FDYVEY (1 - ™[l -¢'¥)) C=(FOWV)le /(1 - ¢
postdistrbation)

Average steady-stale NA N/A Css =[RD/)|/Cl
coacentralion (ay rouk
Of admanestration)

Symbol key: C is drug serem concentration # time = 1, [ is dose, V is volume of distibetion, k_ is the climination rae constant, 1 is the namber of adminisiered doses,
tis the dosage interval. K is the infusion rate, O is clearance, (' is infusica Lime. N/A is not applicable.
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Table 2.2. Single Dose, Multiple Dose, and Steady State Pharmacokinetic Constant
Computations Utilizing a One Compartment M oddl.

ROLTE OF

ADMINISTRATION SINGLE DOSE MULTIFLE DOSE STEADY STATE
Intravencues boles LesimCi-mC)ia -1 LoatnC = InColiy <5 KaaiinC, «InColit, <5y
b, =060A, o= 0683% La=0800
V=1, V=G~ Coun) V=G~ Cu)
a=kV Cl=kV Cl=LV
Comtinuss NA NiA Cl= L /Cx
innvenows infusion
Imtermitient LeasmC ~mCha -1y LaedinC, =~ InCoiily = 5) Ke={nC, ~InCoHL, =1
Istravenows infusion | &« DO9IR, L = 093K, L= DS,
V= kgl = e VNG o = (C e Yl | V= Ikl =) [IJIC oy = (C @™ M| | V= I 1 = 0 V) KIC oy = (C et Vi)
Q=kV Cl=kV Cl=LV
Estravasculas L= C =aC /0~y L==(nC - InChla, -t L==inC, =InColHL -1
{essavapeon, o= 0O9IA, L= 003K, =R,
postdistribution) VIF = DIC, ViF = DG, = Crrand) VIF= DRCy = Crugen)
CUF = L (VIF) ClPa L V1) CUF & K VIl
Avernge steady-state | N/A N/A CUF = (vt Cas
conocntratsoa
{a0y moute of
admimsranoa)
Key Symbols
C1 |drnug serum concentration at time = Drug clearance

t1

C2 |drug serum concentration at time =
2

Ke |is the elimination rate constant
tiz |the halfife

V |the volume of distribufion

Ko |continuous infusion rate

t' |is the infusion time

VIF | hybrid constant volume of
distributionbicavailability fraction

w%&i g o
;
|

Concentration at ime =0
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Table 2-3 Equations to Compute Individualized Dosage Regimens for Various Routes of
Administration

ROUTE OF DOSAGE INTERVAL (1), MAINTENANCE DOSE (D OR k),

ADMINISTRATION AND LOADING DOSE (LD) EQUATIONS

Intravenous bolus T={(InCss,, — InCss Wk,

D=Css, V(1 e
LD=Css, V

Continuous intravenous ky=CssCl=Css K,V
infusion LD = CssV

Intermittent intravenous t=|[(InCss_,, ~ InCss_)/k ]+
infusion Ky = Css, K VI =)/ (1 - )

LD=k/1-e*)

Extravascular T [(InCss_ ~InCss Wk |+T,
(postabsorption, D= [(Css, VIFJ[(1 - ¢ Ve o]
postdistribution) LD =(Css,, VVF

Average steady-state D=(Css Cl TW/F = (Css K VTI)VF
concentration (any route | LD = (CssVVF
of administration)

Symbol key:

CsSmax and Cssyiy are the maximum and minimum steady-state concentrations
Ke =isthe elimination rate constant,

V =isthe volume of distribution,

Css = isthe steady state concentration,

ko = isthe continuous infusion rate,

t" = isthe infusion time,

Tma= IS the time that Cssyax OCcurs,

F isthe bioavailability fraction
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Drug dosing in special population

* Renal or hepatic disease will decrease the elimination or metabolism of the majority drugs
and change the clearance of the agent.

» Dialysis procedures, conducted using artificial kidneys in patients with renal failure, remove
some medications from the body while the pharmacokinetics of other drugs are not changed.

* Heart failure results in low cardiac output which decreases blood flow to eliminating organs,
and the clearance rate of drugs with moderate-to-high extraction ratios are particularly sensitive
to aterationsin organ Blood flow.

* Obesity adds excessive adipose tissue to the body which may change the way drugs distribute
in the body and ater the volume of distribution for the medication.

* Drug interactions can inhibit or induce drug metabolism, alter drug-protein binding, or change
blood flow to organs that eliminate or metabolize the drug.

Renal Disease

The equation that describes these various routes of renal elimination is:
=3 o b

RBF - (f,CI’_)
e .| Fa

RBF +(f,CI’_.)

« fB isthe free fraction of drug in the blood,

=| (f, - GFR)+ (1-FR)

* GFR isglomerular filtration rate

* RBF isrena blood flow,

* Cl'sec isthe intrinsic clearance for tubular secretion of unbound drug,
* FR isthe fraction reabsorbed.

1-Measurement of glomerular filtration rate:

Glomerular filtration rate (GFR) can be estimated using the modified Modification of Diet in

Renal Disease (MDRD) equation:
] ) e X 0.742 mean the female have 74% of
GFR (in mL/min/1.73m? =186 - SCr 1% . Age 02%3. GFR in blood

X (0.742, if female) and X (1.21, if African-American). e Normal valueof SCris0.7-1.2, if its T —
problem a renal function — | GFR,

because | rena function
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For example, the estimated GFR for a 53-year-old African-American male with a SCr = 2.7
mg/dL would be computed as follows: GFR = 186 - (2.7 mg/dL) 11> . (53y) 02%.1.21 =32
mL/min/ 1.73 m2,

M easur ement and Estimation of Creatinine Clearance
Method 1: -
CrClI (in mL/min) = (UCr - Vurine) / (SCr - T),

0 Where UCr is the urine creatinine concentration in mg/dL, | Method 1 is the most appropriate

Vurine is the volume of urine collected in mL, SCr isthe method, because of its collection

serum creatinine collected at the midpoint of the urine between UCr & SCr, while another
.. . . . ) method used only SCr.

collection in mg/dL, and T isthe time in minutes of the

urine collection.

0 Because creatinine renal secretion exhibits diurnal variation, most nephrologists use a 24-
hour urine collection period for the determination of creatinine clearance.

o For example, 24-hour urine was collected for a patient with the following results: UCr =55
mg/dL, Vurine = 1000 mL, SCr = 1.0 mg/dL, T = 24 h x 60 min/h = 1440 min, and

CrCl (inmL/min) = (UCr - Vurine) / (SCr - T) =
(55 mg/dL - 1000 mL) / (1.0 mg/dL - 1440 min) = 38 mL/min.

Method 2:

Cockcroft and Gault: The Cockcroft-Gault method should only be used in patients:
A->18 years old

To detect the obesity patient by equation:

B-Actual weight within 30% of their ideal body weight. | o, overweight = TBW — IBW/IBW X 100
(Not obese)

C- Sable serum creatinine concentrations.
*For male ...CrCl = [(140 — age) BW]/ (72 - SCr)
*For females...CrCl= [0.85(140 — age) BW] / (72 - SCr)

Where CrCl is estimated creatinine clearance in mL/min, ageisin years, BW isbody weight in
kg, and SCr is serum creatinine in mg/dL.

 The 0.85 correction factor for femalesis present because women have smaller muscle mass
than men, producing less creatinine per day.
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IBW (in kg) = 50 + 2.3(Ht — 60) for male or 5 feet = 60 inch.
IBW (in kg) = 45 + 2.3(Ht — 60), for female linch.=2.54cm

« Where Ht isheight in inches, 1 feet = 12inch.

* For example, a 55-year-old, 80-kg, 5-ft 11-in male has
aserum creatinine equal to 1.9 mg/dL. The estimated creatinine clearance would be:

IBW males= 50 + 2.3 (Ht — 60) =50 + 2.3(71 — 60) = 75 kg,

So the patient is within 30% of hisidea body weight and the Cockcroft-Gault method can be
used;

CrCl=[(140 -age) BW]/ (72 - SCr) =[(140—55Yy) 80 kg] / (72 - 1.9 mg/dL) = 50 mL/min.
Method 3:
Jelliffeand Jelliffe method: Used if serum creatinine values are not stable

1-First step in this method is to estimate creatinine production. The formulafor thisis different
for males and females due to gender-dependent differencesin muscle mass:

Ess male = IBW [29.3 — (0.203 - age)]
Ess female = IBW [25.1 — (0.175 - age)]

Where Essisthe excretion of creatinine, IBW isidea body weight in kilograms, and ageisin
years.

2-Step2: correct creatinine production for rena function

Ess corrected = Ess [1.035 — (0.0337 - Scrave)]

Scraverage =SCr 1+SCr2/2

3-Step3: adjust the estimated creatinine clearance value according to whether the rena function
IS getting better or worse

[41IBW(Scr, — Scr, )]
Al

E =Ess. —

coareciced

4-Step4: caculate CrCl
CrClI (in mL/min/ 1.73m?) = E/ (14.4 - Scrave)

Where Scrave is the average of the two serum creatinine determinations in mg/dL, Scrl is the
first serum creatinine and Scr2 is the second serum creatinine both in mg/dL, and At is the time
that expired between the measurement of Scrl and Scr2 in minutes.
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Method 4:

Salazar and Cor coran

A-If patients are not within 30% of their ideal body weight (obese)
B->18 years old

C- Sable serum creatinine concentrations

37 —ace)[(0.285. W 2 2
e _ (137 —age)[(0.285 W)+ (12.1- Ht*)]

\'.'h!l”'-i-zﬁ| = {5] FS{‘:]
- g . L0 R
ol _ (146—age)[(0.287 Wit)+(9.74 - Ht™))
et | Temales b r.ﬁ[}. S{_‘r-}

Where ageisin years, Wt. isweight in kg, Ht isheight in m, and SCr is serum creatininein
mg/dL.

Method 5:
Methodsto estimate creatinine clearance for children and young adultsor children:
1- Age O-1 year,
CrCles (in mL/min/ 1.73 m?) = (0.45 - Ht) / SCr
2-Age 1-20 years,
CrCles (in mL/min/1.73 m?) = (0.55 - Ht)/SCr
0 WhereHt isin cm and SCr isin mg/dL.

Q/ What arethebest way to correct'thedose of adrug eiminated mainly by kidney if renal
impairment occurred A-decrease the dose without any change in time interval or B-
increase the timeinterval without any change in a dose?

Answer:

B- Increase the time interval without any change in a dose since this way produce concentration
time profile similar to that of healthy patient.
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FIGURE 1: Serum concentration versustime profilefor apatient with normal kidney function receiving areally eliminated
drug at the dose of 300 mg every 6 hours (solid line). In a patient with renal dysfunction, it is possible to give the same
dose and prolong the dosage interval (300 mg every 12 hours, dashed line), or a reduced dose at the same dosage interval
(150 mg every 6 hours, dotted line). Giving the same dose at alonger dosage interval in a patient with renal disease usually
results in a concentration/time profile similar to that seen in anormal patient receiving the normal dose. However, giving
a smaller dose and keeping the dosage interva the same usually produces a concentration/time profile with a lower peak
steady-state concentration and a higher trough steady-state concentration.

Therelationship between drug clearance or Ke and creatinine clearance: -

The relationship between drug clearance and creatinine clearance is usually approximated by a
straight line with a slope that is afunction of the rena clearance for the drug and an intercept
that isrelated to the non-renal clearance of the drug.

A-For digoxin, an equation that describes the relationship between digoxin clearance (Cl) and
creatinine clearance (CrCl in mL/min) is:

Cl (in mL/min) =1.303 - CrCI + CINR

where CINR isnon-renal clearance and equals 20 mL /min in patientswith moderate-severe heart
failure and 40 mL/min in patients with no or mild heart failure.

a 50 1 G0 180
Croatinites Clagrancs [mltmin)

FIGURE 2: Relationship between creatinine clearance and digoxin clearance used to estimate initial digoxin clearance
when no drug concentrations are available. The Y - axisintercept (40mL/min) is non-renal clearance for digoxin in patients

with no or mild heart failure. If the patient has moderate to severe heart failure, non-renal clearance is set to a value of
20mL/min.

Elimination rate constant (ke) can also be estimated using creatinine clearance, but it is a
dependent pharmacokinetic parameter whose result is reliant on the relative values of clearance
and volume of distribution (ke = CI/V).
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+ Because of this, changesin the elimination rate constant may not always be due to changesin
the renal elimination of the drug.

+ For the aminoglycoside antibiotics, an equation that represents the relationship between
aminoglycoside antibiotic elimination rate constant (ke) and creatinine clearance (CrCl in
mL/min) is:

Ke (in h—1) = 0.00293 - CrCIl + 0.014

QAL

a 50 10K 150
Creatlinine Claaranca [mLvrin

FIGURE 3: Relationship between creatinine clearance and aminoglycoside elimination rate constant (ke) used to estimate
initial aminoglycoside elimination when no drug concentrations are available. The y-axisintercept (0.014h-1) is hon renal
elimination for aminoglycosides.

< Volume of distribution in decreased renal function
Volume of distribution can also change in patients with decreased renal function.

A- The volume of distribution of drugs can increase in patients with poor kidney function If
Plasma protein binding displacement of drug occur by endogenous or exogenous substances that
would normally be eliminated by the kidney but accumulate in the blood of patients with poor
kidney function.

B- The volume of distribution of a drug can decrease if compounds normally excreted by the
kidney accumulate to the extent that displacement of drug from tissue binding sites occurs.

C- Digoxin volume of distribution decreases in patients with decreased rena function
according to the following equation:

V (inL) =226 + [(298 - CrCl)/ (29.1 + CrCl)]

Where CrCl isin mL/min. The decline in volume of distribution presumably occurs because of
displacement of tissue-bound digoxin.
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Hepatic Disease

0 Unfortunately, there is no single laboratory test that can be used to assess liver function in the
same way that measured or estimated creatinine clearance is used to measure renal function.

The most common way to estimate the ability of the liver to metabolize drug isto determine the

Child-Pugh scor e for a patient. ) )
Child-Pugh Scores is used to assess the

Deter mination of Child-Pugh Scores prognosis of chronic liver disease mainly
cirrhosis.

The Child-Pugh score consists of five laboratory tests
or clinical symptoms. The five areas are serum albumin, total bilirubin, prothrombin time,
ascites, and hepatic encephal opathy.

Each of these areasis given ascore of 1 (normal)-3 (severely abnormal; Table 3-2), and the
scores for the five areas are summed.

The Child-Pugh score for a patient with normal liver function is 5 while the score for a patient
with grossly abnormal serum albumin, total bilirubin, and prothrombin time valuesin addition
to severe ascites and hepatic encephalopathy is 15.

TABLE 3-2 Child-Pugh Scores for Patients with Liver Disease™

TESTAYMPTOM SUORE 1 POINT SUOHE 2 POMNTS SUGRE 3 POINTS
Todal bilirubin (mgfdL) <20 20-3.0 =30
Serum albumin (g/dL.) =13 J8-35 =18
Prothrombin Lime < 46 -]

{seconds prolonged

over coqtrol )
Asciles Absent Shight Moderate
Hepatic encephalopathy Moac Moderate SEverne

Hepatic Clearance: -

Liver blood flow averages 1-1.5 L/min in adults with about one-third coming from the hepatic
artery and about two-thirds coming from the portal vein. Orally administered medications must
pass through the liver before entering the systemic circulation, so if the drug is metabolized by
theliver, aportion of the dose may beinactivated by the hepatic first-pass effect before having a
chance to exert a pharmacologic effect. In addition to hepatic metabolism, drugs can be
eliminated unchanged by the liver in the bile. The equation that describes hepatic drug
metabolism is
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_ LBF-(f,-CL,)

(‘l“ -3 . ’
LBF +(t, -CL,)

Where LBF is liver blood flow, fg is the fraction of unbound drug in the blood, and Cl'int is
intrinsic clearance.

There are two major types of liver disease: hepatitis and cirrhosis.

Patients with acute hepatitis usually experience mild, transient decreases in drug metabolism that
require no or minor changes in drug dosing.

If the patient develops chronic hepatitis, it is likely that irreversible hepatocyte damage will be
more widespread, and drug dosage changes will be required at some point.

In patients with hepatic cirrhosis, there is a permanent loss of functional hepatocytes so drug
dosage schedules usually need to be modified.

When hepatocytes are damaged, they are no longer able to metabolize drugs efficiently, and
intrinsic clearance decreases which reduce the hepatic clearance of the drug. If the drug
experiences a hepatic first-pass effect, less drug will be lost by presystemic metabolism and
bioavailability will increase.

A simultaneous decrease in hepatic clearance and liver first-pass effect resultsin extremely lar ge
increasesin steady-state concentrations for orally administered drugs.

Liver blood flow also decreases in patients with cirrhosis because hepatocytes are replaced by
nonfunctional connective tissue which increases intraorgan pressure causing portal vein
hypertension and shunting of blood flow around the liver.

The decreasein liver blood flow resultsin lessdrug delivery to still-functioning hepatocytes and
depresses hepatic drug clearance even further.

The liver produces albumin and, probably, a.1-acid glycoprotein, the two major proteinsthat bind
acidic and basic drugs, respectively, in the blood.

In patients with cirrhosis, the production of these proteins declines. When this is the case, the
free fraction of drugsin the blood increases because of alack of binding proteins.

Additionally, high concentrations of endogenous substances in the blood that are normally
eliminated by the liver, such as bilirubin, can displace drugs from plasma protein binding sites.
The increased free fraction in the blood will alter hepatic and renal drug clearance as well asthe
volume of distribution for drugs that are highly protein bound

(V = VB + (fB/fT) VT)

Since clearance typically decreases and volume of distribution usually increases or does not
appreciably change for adrug in patients with liver disease, the elimination rate constant (ke)
almost always decreases in patients with decreased liver function

(Ke=CIN)
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I mplications of Hepatic Disease on Serum Drug Concentration Monitoring and Drug
Effects

The pharmacokinetic aterations that occur with hepatic disease result in complex changes for
total and unbound steady-state concentrations and drug response. The changes that occur depend
on whether the drug has alow or high hepatic extraction ratio. As previously discussed, hepatic
drug metabolism is described by the following equation:

ql, = LBI; (f; (‘I,;,»
LBF +(f,-CI,)

1-For drugs with a low hepatic extraction ratio (<30%)

The numeric value of liver blood flow is much greater than the product of the unbound fraction
of drug in the blood and the intrinsic clearance of the compound (LBF >>fB- Cl'j,;), and the sum
in the denominator of the hepatic clearance equation is almost equal to liver blood flow and the
sum in the denominator of the hepatic clearance equation is amost equal to liver blood flow
[LBF =~ LBF + (fg - Cl'in))]. When this substitution is made into the hepatic clearance equation,
hepatic clearance is equal to the product of free fraction in the blood and the intrinsic clearance
of the drug for adrug with alow hepatic extraction ratio:

EBP-{£-CL) = =
H= 3 == 1y - Cl,

LBF

Cl

2-For drugs with a high hepatic extraction ratio (=70%)

For drugs with a high hepatic extraction ratio (>70%), the numeric value of liver blood flow is
much less than the product of unbound fraction of drug in the blood and the intrinsic clearance
of the agent (LBF<<fB-Cl'int), and the sum in the denominator of the hepatic clearance equation
is dmost equal to the product of free fraction of drug in the blood and intrinsic clearance
[fB-Cl'int~LBF+(fB-Cl'ir))]. When this substitution is made into the hepatic clearance equation,
hepatic clearanceis equal to liver blood flow for adrug with a high hepatic extraction ratio:

—_— LBF ' {f]i ' Cl;|1l«}
f -CI

it

s = LBF

3-For drugswith intermediate hepatic extraction ratios

For drugs with intermediate hepatic extraction ratios, the entire liver clearance equation must be
used and all three factors, liver blood flow, free fraction of drug in the blood, and intrinsic
clearance are important parameters that must be taken into account. An extremely important point
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for clinicians to understand is that the factors which are important determinants of hepatic
clearance are different depending on the liver extraction ratio for the drug.

Answering the question of drug interaction
The equation used to answer the questions
1- The hepatic clearance

The hepatic clearance of drugs with low hepatic extraction ratios equals to the product of free
fraction in the blood and intrinsic clearance

(ClH = fB.Cl'int).

While hepatic clearance of drugs with high hepatic extraction ratios equals to liver blood flow
only.

(Cly= LBF).
2- Volume of distribution
(V= VH + |fH,f{r'.I,jV.I_]

3-Half-life:
(t,, = [0.693 - V]/Cl)

4- Steady-state concentration: Affected by bioavailability (F) and clearance (CL)
Css = [F(D/1)]/Cl

5-The unbound steady-state concentration of the drug in the blood equals the product of the
total steady-state concentration and the unbound fraction of the drug in the blood

(s, =150ss

6-The effect of the drug: -increases when the unbound steady-state concentration increases
and decreases when Cssu declines.

7-Bioavailability (F): -When hepatocytes are damaged, they are no longer able to metabolize
drugs efficiently, and intrinsic clearance decreases which reduce the hepatic clearance of the
drug. If the drug experiences a hepatic first-pass effect, less drug will be lost by presystemic
metabolism and bioavailability will increase.

S0, bioavailability used only for oral drugs and inversely proportional with LBF, Fg, CL i
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e.g.. For answering

1-You haveto know if thedrugislow or high extraction ratio in order determine what
the factorsthat effect on CL. are

2-You haveto know what is/ arethe parameter (s) that changed according to the given
guestion and what ar e the effect of this changein the factors accor ding to the equations
from1lto7.

Drug interactions

Plasma Protein—Binding Displacement Drug | nter actions

A-For a drug with a low hepatic extraction ratio, plasma protein—binding displacement drug
interactions cause major pharmacokinetic alterations, but these interactions are not clinically
significant because the pharmacologic effect of the drug does not change (see figure 4 below)
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Because the clearance of the drug is dependent on the fraction of unbound drug in the blood and
intrinsic clearance for a low hepatic extraction ratio agent, the addition of a plasma protein—
binding displacing compound will increase clearance (1Cl = 1fgCl'in)) and volume of distribution
(1V = VB H11e/f{]VT).

Because half-life depends on clearance and volume of distribution, it is likely that because both
increase, half-life will not substantially change (ty.=[0.693 « 1V]/1Cl).

However, it is possible that if either clearance or volume of distribution changes
disproportionately, half-life will change.

The total Steady-State concentration will decline because of the increase in clearance (| Css =
ko/1Cl, where ko is the infusion rate of the drug). However, the unbound Steady-State
concentration will remain unaltered because the free fraction of the drug in the blood is higher
than it was before the drug interaction occurred (Cssu = 1B | Css).
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The pharmacologic effect of the drug does not change because the free concentration of the drug
in the blood is unchanged. An example of this drug interaction is the addition of diflunisal to
patients stabilized on warfarin therapy.

Diflunisal displaces warfarin from plasma protein-binding sites but does not augment the
anticoagulant effect of warfarin.

B- For drugs with high hepatic extraction ratios given intravenously, plasma protein—binding
displacement drug interactions cause both major pharmacokinetic and pharmacodynamics
changes (see Figure 5).
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Because the clearance of the drug is dependent solely on liver blood flow for an agent of this
type, total clearance does not change.

However, both the volume of distribution [1V = VB + (1fB/fT) VT] and half-life [1ty. = (0.693
*1V)/CI] will increase because of the plasma protein—binding displacement of the drug.

Because total clearance did not change, the total Steady-State concentration remains unaltered.
However, the free concentration (1Cssu = 1fg . Css) and pharmacologic effect (Teffect oc 1Cssu)
of the drug will both increase.

If available, unbound drug concentration could be used to document the drug interaction. If a
drug with a high hepatic extraction ratio is given orally, a plasma protein—binding displacement
drug interaction will cause a simultaneous increase in the unbound fraction of the drug in the
blood (11fs) and the hepatic presystemic metabolism of the drug. Hepatic presystemic metabolism
Increases because the higher unbound fraction of drugsin the blood allows more drug molecules
to enter the liver where they are ultimately metabolized. The increase in hepatic presystemic
metabolism leads to an increased first-pass effect and decreased drug bioavailability (| F).

Total Steady-State drug concentrations will be lower because of decreased drug bioavailability
[|Css = (|F [D/t])/Cl].
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However, the unbound Steady-State drug concentration and pharmacologic effect remain
unchanged due to this type of drug interaction because the increase in the unbound fraction is
offset by the decrease in the total Steady State concentration (~Cssu = 1fB | Css).

Inhibition Drug I nteractions

Inhibition of hepatic drug metabolism is probably the most common drug interaction encountered
in patients. For drugs with low hepatic extraction ratios, this type of drug interaction produces
clinically significant changes in drug pharmacokinetics and effect. FIGURE 6
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FIGURE 6: Changes in physiologic parameters (LBF = liver blood flow, Cl'int = intrinsic clearance, fB = free fraction of
drug in the blood), pharmacokinetic parameters (Cl = clearance, V = volume of distribution, ty» = haf-life), and drug
concentration and effect (Css = total steady-state concentration; Cssu = unbound steady-state concentration; effect =
pharmacol ogic effect) for alow hepatic extraction ratio drug if intrinsic clearance decreases (indicated by arrow). An uptick
in the lineindicates an increase in the val ue of the parameter, while a downtick in the line indicates a decrease in the value
of the parameter. Intrinsic clearance could decrease due to loss of functional hepatocytes secondary to liver cirrhosis or a
drug interaction that inhibits drug-metabolizing enzymes.

The addition of a hepatic enzyme inhibitor will decrease the intrinsic clearance and total
clearance for the drug (| Cl = fg | Cl'in). Because the volume of distribution remains unaltered, the
half-life of the drug will increase (1ti2=[0.693 « V]/|Cl).

As aresult of the total clearance decrease, total Steady-State drug concentrations will increase
(1Css =ko/| Cl).

The rise in unbound Steady-State drug concentration will mirror that seen with total drug
concentration, and the effect of the drug will increase in proportion to unbound concentration.

An example of this drug interaction is the addition of ciprofloxacin to a patient stabilized on
theophylline therapy.

For drugs with high hepatic extraction ratios, this category of drug interaction produces variable
effects depending on the route of administration for the drug. If the drug is given intravenously
and an enzyme inhibitor is added, the decrease in intrinsic clearance is usually not substantial
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enough to cause major pharmacokinetic and pharmacodynamics effects because clearance is a
function of liver blood flow FIGURE 7
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FIGURE 7 Changes in physiologic parameters (LBF = liver blood flow, Cl'int = intrinsic clearance, fB = free fraction of
drug in the blood), pharmacokinetic parameters (Cl = clearance, V = volume of distribution, t1/2 = half-life), and drug
concentration and effect (Css = total steady-state concentration; Cssu = unbound steady-state concentration; effect =
pharmacol ogic effect) for ahigh hepatic extraction ratio drug if intrinsic clearance decreases (indicated by arrow). A uptick
in the lineindicates an increase in the value of the parameter, while a downtick in the line indicates a decrease in the value
of the parameter. Intrinsic clearance could decrease due to loss of functional hepatocytes secondary to liver cirrhosis or a
drug interaction that inhibits drug-metabolizing enzymes.

However, if the drug isgiven oraly and an enzyme inhibitor is added to therapy, the presystemic
metabolism of the medication may be greatly depressed and the first-pass effect can decrease
dramatically leading to improved drug bioavailability.

This effectiveincrease in administered oral dose will increase the total and unbound steady-state
drug concentrations, and lead to an increase in the pharmacologic effect of the drug.
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Induction Drug I nteractions

Drugswith low hepatic extr action ratios exhibit clinically significant drug interactionsthat alter
drug pharmacokinetics and pharmacologic response when hepatic enzyme inducers are
coadministered. FIGURE 8
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FIGURE 8 Changes in physiologic parameters (LBF = liver blood flow, Cl'int = intrinsic clearance, fB = free fraction of
drug in the blood), pharmacokinetic parameters (Cl = clearance, V =volume of distribution, t1/2 = half-life), and drug
concentration and effect (Css = total steady-state concentration; Cssu = unbound steady-state concentration; effect =
pharmacol ogic effect) for alow hepatic extraction ratio drug if intrinsic clearance increases (indicated by arrow). An uptick
in the lineindicates an increase in the value of the parameter, while a downtick in the line indicates a decrease in the value
of the parameter. Intrinsic clearance could increase due to a drug interaction that induces drug-metabolizing enzymes.

Enzyme inducers increase the intrinsic clearance of the drug and thereby increase the totad
clearance of the medication (1CI = fg1Cl'iy). The increase in total clearance will cause a shorter
half-life as the volume of distribution remains unchanged (|ty> =[0.693 « V]/1Cl).

Increased total clearance will aso cause decreased total SteadyState concentration (|Css=
ko/1Cl), unbound Steady-State concentration (|Cssu = fg|Css), and pharmacologic effect
(Jeffect oc | Cssu).

Carbamazepineis a potent enzyme inducer that, when added to a patient’s therapy, can causethis
type of drug interaction with many other medications such as warfarin. FIGURE 8

Changes in physiologic parameters (LBF, liver blood flow; Cl'i, intrinsic clearance; {B, free
fraction of drug in the blood), pharmacokinetic parameters (Cl, clearance; V, volume of
distribution; ti, haf-life), and drug concentration and effect (Css, tota Steady-State
concentration; Cssu, unbound SteadyState concentration effect, pharmacologic effect) for a low
hepatic extraction ratio drug if intrinsic clearance increases. Intrinsic clearance could increase
due to adrug interaction that induces drug-metabolizing enzymes.
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For drugs with high hepatic extraction ratios, this type of drug interaction resultsin variable
effects depending on the route of administration for the drug.

If the drug is given intravenously and an enzyme inducer is added, the increase in intrinsic
clearance is usually not large enough to cause major pharmacokinetic and pharmacologic effect
aterations because total clearance is afunction of liver blood flow. FIGURE 9
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FIGURE 9 Changes in physiologic parameters (LBF = liver blood flow, Cl'int = intrinsic clearance, fB = free fraction of
drug in the blood), pharmacokinetic parameters (Cl = clearance, V = volume of distribution, t1/2 = half-life), and drug
concentration and effect (Css = total steadystate concentration; Cssu = unbound steady-state concentration; effect =
pharmacol ogic effect) for ahigh hepatic extraction ratio drug if intrinsic clearance increases (indicated by arrow). An uptick
in the line indicates an increase in the value of the parameter, while a downtick in the line indicates a decrease in the value
of the parameter. Intrinsic clearance could increase due to a drug interaction that induces drug-metabolizing enzymes.

However, if the drug is given orally and an enzyme inducer is added to the treatment regimen,
presystemic metabolism of the medication may be increased and the first-pass effect augmented
leading to decreased drug bioavailability. This effective decrease in administered oral dose will
decrease the total and unbound steady-state drug concentrations and lead to a decrease in the
pharmacol ogic effect of the agent.

Changes in physiologic parameters (LBF, liver blood flow; Cl'iy, intrinsic clearance; fg, free
fraction of drug in the blood), pharmacokinetic parameters (Cl, clearance; V, volume of
distribution; ty, half-life),

and drug concentration and effect (Css, total steady-state concentration; Cssu, unbound steady-
state concentration; effect, pharmacologic effect) for a high hepatic extraction ratio drug if
intrinsic clearance increases. Intrinsic clearance could increase due to a drug interaction that
induces drug-metabolizing enzymes.



