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Chapter 2 ® Guidelines for Collection and Analysis of Pharmacokinatic Dats g

of these guidelines and refationships. This materdal may
be helpful as « checklist in designing animal or human
sxperiments i phannacokinerics and in reviewing drug
disposition reporss: with greater eluboration. it has served
a3 a basis for a graduate course in physiologic pharmace-
kineties.

CONTEXT OF PHARMACOKINETICS

A pharmacokinetic analysis must be made in comest of, be
consistent with, and explain the array of basic data regard-
ing the properties and disposition characteristics of the
rug,

“The tasks of wmodel and equation selecrion and inter-

protation of data require a fundamental appreciation and
integration of principles of physiology, pharmacology.
bochemistry, physiochemical, analytical methodology,
pruthematics, and statsticsPharmacokinetics has derived
from these disciphoes, and the relevant aspets of many of
these areas must be considered in reaching any conclusions
regarding a parriculsr set of data)The physicochemical
properties of a drug such as chemi€al form fsajt, ester, com-
plex. stability. pariition coefficient, pKa, and molecular
weight can affect drug absorprion, distribution, and clear-
ance. A drug dispositian profile must be correlated with
studies of structure-activity, disposition in alternative spe-
vies, perfused organ experiments, tissue or microsomal me-
tabolism, tissue drug residues, disease-state effects, and
pharmacalogy and toxicology, For example, a much larger
LD for oral doses of a drug campared with parenteral
adeministration may be indicative of either poor gastroinies-
tinal absorption fow aguerus solubility] or & substantial
fist-pass effect. Drug metabolism pathways may differ
among species, but the hintransformation raze Nonay and
Kt of microsomes, homogenates, and perfused organs can
ofen be applied directly 1o whole- body disposition rases
and often correlute among species.! ™

In general, the pharmacokinetic model and analysis
shoald either conform to, or account for, the known
propertles and geeurmilated data related 1o the drug. One
set of disposition data may misrepresent the characteris:
ties of the drug because of any one or a combination of
reasons. Experienced judgment is usually reguired in the
final interpretarion of any experimental findings and anal
ysis,

ARRAY OF BASIC DATA

Pharmacokinetic studies often serve 1o answer specific
questions abow the properties of a drug. For exsample, a
limited experimental protocel can eastly resolve the gues-
tion of how renal impairment affects the systemde clearance
of an antibiotic {n the tog design and implementation of
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pharmucokinetic studies, an ideal and complete artay of

experimental data should include several cunsidera;iﬁnsg

A, The dosage form should be pre-aralyzed Al calrula-
tions stem from knowledge of the exart Gose given teg, CL
= Dose 7 AUC larea under the plasima concemtration-time
curvel). Most commercial dosage forms are inexact, and
content uniformity should be examined. Vials or ampules
of injectables wypically contain some overage and require
analysis or aliquoting for administration of 3 precise dose,
Solid dosage forms are required w vield an average of the
stated quantity of drug with limired vartabilicy, but bath
injectable and solid forms may be inaceurate for pharmaco-
kinetic purposes. Manninen and Korilonen? provide an ex-
cellent example of hath the varability and lack of siated
quantity of digoxin in many commercial tablets. One prod-
uct contained & range of 19 to 1899 of the stated 0.25.
mg dose of digoxin, whereas the most uniform product,
Lanoxin, exhibited a range of ahout 95 to 108% for one
batch of drug. To evaluate the porential uncertainty of the
dose of drug used in disposition studies, it may be necessary
to collect and analyze replicate doses of the product used.
Poorly soluble and highly potent drugs are of most concern
regarding erratic formulation.

B. Acouracy in adminisiration of the dose showld be con-
firmed. Al doses should be tmed vxactly for starting time
and duration of administrations. For ease in subsequent
caleulations, pharmacokinetic squations can he used to
cormect data from short-term infusion studies o the infer-
repts expected after bolus injection. The particular materi-
als used in drug administration may cause loss of drug. In
one of the most dramatic examples, MacKichan of al>
found immediate loss of about 50% of a duse of infravenous

iazepam by adsorption during passage through the plastic
tubing of an infusion ser. Indine fliration can also signifi-
cantly reduce the potency of drugs administered Intrave.
noysiy.”

C. Attertion 10 mpthuds und sttes @f Bleod colleciian ix
rieceed. lddeally, blood samples sheuld be collected by direct
venipuncture in clean glass tubes withowm anticpaguiant.
Otherwise, the mesence of possitie artifacts shoudd he
tested. In the absence of any in vitro aruifacss, serum and
plasma concenvrations are usually identical and these
terms are commanly used inlerchangeably. However, there
are several reasons why they may not be identical. For ey
ample. the presence of heparin can result in increased free
fatty acid concentrations, causing altered plasina protein
binding.” Also, the type of blood collection tube or antico-
agulant may be s facior® 17 protein binding i temperature
dependent, it may be necessary W o centrifuge the blood
sumple at 3770 (o avoid changes in red blood cefl-plasma
distribution of some compounds.? These problems primar-
ily pertain o weak bases, surh as propranolot and imipra-
mine for which binding 1o o, acid ghaoprotein is apprecia-
ble and displacement alters plasima-red blood cell drug
distribution.
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190 Basic Coneepls and Principles

Plasraa or serum protein binding and red bload cell pat-
ridioning should be measured & 37°C over the expected
range of plesns doag concentrations. Both rate and degree
of hinding and ke are theoretically imporiant, This in-
formation may be especially needed for interpretation ov
normatization of vonlinear disposition patiems, Some-
fimes the site of blood collection und the presence of a
roumiguet can alter the composition of the bloud sample
serum proleins, caleiunm, andd iagrEshim CONCCRITaNonm:
dse by 5 1o 13% during venous stasis.”

One of the major assurptions used o most phurmact-
kinetic studies is that venous blood collected from one
site adequately reflects circulating arterial hloud concen-
trations. For practical purposes. venous tlood samples
are usually collecwed. The phammacokingtic analvsis may
reed 1o be sonewhat gualified, berause arterial and capil-
wry blond concenirativng may differ maskedly from ve-
nous blood eoncentrations of many drugs.' The AUC of
areriad versus venous blood s expected 1o he identicsl
tor a nonclearing nrgan, and tws the principal difference
expected is in distibution volames. Physiclogicaily, organ
uptake of drugs ocours from the arterial blood, and clear
anee organ models are based on arterial-venous extracuion
principtes.

B. Serum tor blood; concentration dara after nrave-
ruas irtjectinn (holas or infusion provides pastial charier
fration of drug disposition propereies. Accurate assessment
of volumes of disuibution, distribution clearance RIS PN
and svstemie cleatunce (CL van hest be atteined with intya-
venous washour data.

£, Seruen tor Dloadi concentranton data after oral doses
of the drag in soluiion gnd comprion dovege farms provides
additional pharmeacokinetic paramelers refuted to absorp-
tion ard intrinsic clearnnce The doses or resultant serum
ar hinod concemrarions of deag) should be comparable
1o those frum the intravenous dose. These data permit
aseessrnent of either arad clearance (Gl oF hioavailahils
iry (F, and of the mesan ahsomption time (MATL I rele-
vant, other routes of wdmindstration should he sudied.
For these, the U5, Food and Dvug Administraton (FDA)
midelines for bioavailability studies shoula be con-
sulted.’”

£ Three dosage levels Gioth ol awd infravennusi
should be ariministered 1o span the usual therapeutic range
of the drug 10 permit assessinent of possible dose-depen-
gence tnonlinearity! in absorption, distriburdon, and elinsi-
nation.

G. [irfrary gxcretion raies of rdvig Gas a function of drae.
done, and rowte of edministration) should by measured 1o

accomparyy thy above seaties. Urinary excretion is often a
major soute of drug elovination, and anolyses permit guan-
sitation of renal clearance {CLyk Collectionof other excreta
or hady fluids (feces, hile, milk, salival may permiit determni-
nation of other relevam efimination oy distribudonal path
WIYS.

H. Many drig mebolites are either pharmucologically
active o otwinise of pharmacokinetic interest. Phase |
products such as hydroxylated or demethylated metabo-
lites are most commondy either avtive or toxic,” Their mea-
surement will allow evaluatdon of AUC and mean residence
rime {METY and perhaps peomii quantitation of metaboli
formaton and disposition clearances,

L addtiple-dose and sioady-state experinenis are neces.
sary if therapennic e of the drug relivs on chroaic dosing
or steady-state concentrativns, The duration of multiple-
dosing in relation o the terminal half-tite i crucial for as-
certaining appticability 1o steady-state conditdons, Com-
parative single-dose and muliipte-dose studivs permit fur
ther assessment of linearity or allow determination of
clironic or time-dependent drug effects fnanstationariyl,
such as enzyme induction.” unusual aceumutation, ' of
drug-induced alterations in disposition. For example ami-
noglycoside upeke o tssues is exrremely stow and Giffi-
cult to assess from single-dose studies. M uitipte-dose washi-
out measurement {Fig 2-11 led to observation of a slow
disposition phase for gentaricin thar was the result of tis-
sue accumulation and release.™’

J. Tissue analyses add reatiny antd specificios & drug dis-
rribution characteristics. Comprohensive studies in animals
permit detection of unusual tssue afinities whiic generat-
ing partition coefficients K for individual tissues (Vi
“This can lead to complete physinlogic mosdels for the drug
in cach species studied.’ ” Autopsy or biopsy studies inn man
may extend or complement pharmacekinetic experiatons:
This approack was fourd 16 be exiremely helpful in con-
Hrming the scung tssue binding of gemaricin in man that
was anticipated on the basis of serum concentration pro-
filos (see nset of Big 2-33.0

K. Suitable drug disppsition studivs In palionts with
varions Giwases and ages or gloen secondury drigs form
tire basis of clinical phurnacokinetics. Perturbations in
organ functon, blood fumw, of response will often sher
deug disposition in 3 way that may warrant guantifative
charscterization. General principles may not always apply.
and guch drug needs Individualized study. For example,
although hepatic dysfunction may diminish the rew of
oxidation of many drugs, some compounds, such as oxa-
zeparm and lorazepam, are predaminantly metabolized by
glucuronide conjugation, 2 process fargely unaffected by
fiver dispases such as clirhosis,'™ Each discase state may
require evatuation of direct efiects on pharmacokingtic
provesses such us changes o yenal clearance taused by
kidney disease, However, indirert changes elso recutire
attention, such as the effects on both distribution and
clearance caused by altered plasma protein binding."’
Commaonty encountered padent factors such as smoking
habit!® and obesity may cause unusual changes in drug
disposidon and requite specific study and notation in
patient suveys.
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Lo Many questions of drag disposition cant be resolved
from selevted, carefully designed studies, and altornative
fypwes of informaiton may be siufficivas to validate parious
asqonptions and reduce sxperimentat provedures. The in-
vestigator's obligation is to adequately assess the litera-
ture, 1o pvold unwarnnited assumynions. and to seek ox.
perimental strategies that would resolve 2 propased
Hypothesis.

A comprehensive overvivw of pharmacekineric nee
drugy development has been vonstructed by Balant et

DRUG ASSAYS

Ceradnty of specificly, senstivite. and AUCRTACY (1 mews
surement of drugs and their 1*;'1(&‘4{“34%' is & sine qua non
in phammaeokinetics and deserves eonsiderable attentio,
Guidelines far quality assorance in laboratory analysex
have been conctsely sunumarized by the Arerican Cherni-
eal Seciery, ™ It is now commuonplace to report the lincarity,
the vocfiiciens of variadion of the assay at low and high drug
vonenntrations, the minimuim level of detestion, and the
procedures wsed to assure specificity and stabi 1 espee
cially in the presence of meabaolites. sec ondary drugs, and
in specimens from diseased patients, Microbiologic assays
are notaricusty unreliable with problems caused | by other
antibiotics and active metzholifes,

An eareme case of metabolite inclusion is in use of ra-
divisotopic rracers: total radicisotope counts generafly
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Time, days

yield mal drug and metabolite activity and possibly the
products of radiolysis. Separation of parent drug and indi-
vidual membolites is required for specificity. Microbiologic,
enzynatic, and immunsoassays are often of uncertain speci-
fictiy, and matrix effects msy reguite preparaton of stan-
dands in each patient’s pretemiment plasma. Most drug
companies provide analytical grade sarnples of their drugs
{and sometimes metabolimes) 1a gualified investigators on
writien requesi.

Sample Handling

Coupled with assay reliabiliny s concem for the stability of
drug inbiclogicspecinens, oven inthe frozen sate, Am ipiail-
L is unusual in that i s Tess stable when frezen than when

refrigeraied.”” Some drug esters, such as hewseilfin pro-
drug of ampiciliin), continue hydroly zing in bicod and dur-
ingthe bicassay. Penicitlomine s unsiable in the presence of
plasms proteins, and immediate deproteination afier hlood
cotiection avoigsioss of reduced penicilamine before analy-
welosporineisbest assaved in ELFTA rather than bepa
sinized blood as the Luoey vields red hiood cel] agpregares
thatincrease assay variabiliy™ Measwementof drug stabil.
ity in blood will reveal whetber hvdrolysis can necur in blood
arwhether exposure 1 ather hody argans is vequired. Addi.
tonal concars in handiing samples from a pharmacoki-
netic siudy intlude labeling and record-keeping procedures
and documentation of storage conditions,
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Sample Timing

Approprime pharmavokinetic evaluation requires propetly
timed specimens. The simplest and Jeast ambiguous exper-
iment is the determination of sysiemic plasma clearance
during continuous fnfusion at sieady-state

‘Fg. 2-10

where k, Is the infusion rate and €, 38 the steady-siale
plasma concentration. Far this equation to apply, the infu-
sion potiod must be sufficienty long tabout five terminal
disposition haif-lives; w allow sivady-state o be attained:
Alternatively. a loading dase ov short-term infusion may be
administered to more ropidly achieve equilibriuom.

Practical methods are available™ for designing optimal
spmpling strategies for nete experiedy in which the
nuinber of speciens is lmited, such as inthe clinic. Opti-
mal designs largely depend on the likely “true” model pa-
rameter values, the structure of the model. and weasuare-
ment error, A sagquential approsch has been advacated with
pilut studies and a sampling schedule that distributes ume
points over the major phases of drug dispasitinn as the fist
step. Subsequent experiments can then resolve g specilic
hypathesis.

4 conwnon and severe problem in applied pharnaceki-

netics ie the inadequate or incomplele measurement of

drag washout from the system. either hecause of premature
termination of sample cotlection or because of analytical
Hinitations, The “true” terminal disposition phase must be
examined for most aspuects of data reatment and interpre-
tation 1o be accurate. For example, the early distributive
veoside disposition measured by bioassay

phase of aminog
had long been accepted as the only phase, yet more ser
tive radisiramunoassays, fenglier sample collection, and
evatuaton of multiple-dase washout revealed the stower
phase of profunged drug release from tissues {

The two primary physiclogic parameters in pharmaceki-
nerics, namely wwstemic clearanee and steady-state volume
of distriburion, can be most easily calculated by use of the
ares voder the plasma concenbaton-time gune @ LEIoy
and the area under the moment curve (AUMC). Both area
ealues require evapolaton of plasma concentrations 10
tivne infiphy. and the AUMCs o particular, prone to sxag-
gerated error froman inaccurate teyminal slope ™ H analvt-
fenl or ethica! ronsicaus limi blood swople availabiiey,
extended sativa or arine collection may aid in defining the
terminal disposition slepe while adding ofie oF Two other
pharmacokinetic parameters 1o ihe analysis. Urine may be
particilarly wseful in this regard (it renal clearance is lin-
gar}, as sample volumes are large and uririe concentrations
uften greatly exceed plasma values.

The “midpoint” {Cy is generally the most desirable time
1o collect blood samples to match an gxeretion interval (o
assess 4 Hime-dependent clearance processtt
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Clearanve = (Bg. 2.2}

The arithmetic mean time 1s acceptable for slow processes,
but errors will be fncurred if the kinetic provess produces
rapid changes in plasma concenirations: i is commuon te
miss an early exponential phase of drug disposition be-
cause of infrequent bloed sumpling. For & polyexponendal
curve with intercepts C, and stopes of 3, the totdd AUC &

ALH = AU Ry (ka. 2-3)
If the initial diswibutive phase s missing farea = T/ ),

then the error incurred in catculation of a clearance param-
eter ICL = Dose 7 AU i

(Eg. 2-4)

BASIC PHYSIOLOGIC PARAMETERS

The evolurian of camplete physiologic models’ and clear-
ance concepts applied ro perfused organ system 5 with
the resteictions incurred by the limited irovivo visibility of-
fered by most Blond or plasra drug disposition profiles,
has led to the use of pardal physiclogic models for descrip-
tion of pharmacokinetic data. One such modet is shown in
Figre 242, Iis construction and use should he viewed with
some conceptual flexibilin. and this material will apply to
linear processes unless stated otherwise,

Volumes
3 is consids
CThe mind-

The drug eoncentration in blood o plasimoa (&
ered to be part of the central compartment
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Figure 2-4 Basic semiphysiologic pharmatokingtic modet for
drugy distribution end elmination {symbols are defined in the
text). The clearance organ s pharmagokineticatly paraived a8
separate from other corapartments for drugs with high intrinsic
cloararicrs (Cla). atiowing charavienzation of the Hyst-pass
input,
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TABLE 2-1 B PHYSIOLOGIC DETERMINANTS OF
DRUG PARTITION OR DISTRIBUTION RATIOSB
BETWEEN TISSUES AND PLASMA

Plgwma proten binding
Tiasus binding
Lipid parttioning

Active transport
Donnarn ion effect
pH diffgrencas

aarn value of Vs plasma volume (V) but, either because
drug diffuses rapidly out of plusass or the number of eavly
tme data are linited, the Vo value often exceeds V.
Drug tovated outside of YV, oV b, of course, gresenc in
ies, The apparent vohume of the tssue compartment
s two basic determinunts: physiologie weight or vol-
and partition or distribution {acmrs

uriie of pach tssue V)
iKud. hranalysis of plesima concentration-time profiles, i
sues must eommonly be clustered wogether fincluding ﬂw
clearing organs), thus:

UIEID - VI o {ka. 2-5
This equation leads to the dofinition of one of the privuaey
pharmacokinetis parqmeters with a physinlugic basis, vob-

ume of distribution at steadv-state 1V )

fg. 2.8

H plasima and tssue binding are the sole determinants of
nonhomogeneous distribution of drug in the body, then
one delintion of V. i

V,omV e ?~~ -4 Bg. 2-7:

where L, and f, wre the bactons of unbound drug in
plassna and tissue.™ Other factars may also contribute o
the apparent partition coefficient of drugs berween tssues
and plasma (Table 2-1). Sinee, by definiion. V,, and 3V,
vonstitute wial body weight {TBW),

then the guetiont of

Ko o Vo ! TBIV

; {Bg, 2.8
defines the distribution coefficiont Ky a physicochemical
antd physielogle nicasure of the average tissue to plasma
ratie of the drug throughout the body. Approximate values
of Ky, and the primary rationalizaton of the size of Ky, are
provided in Table 2-2 fur several common dougs. Noomal~
fzation of V., for TBW Is thus of value for generating the
K and for making imer-individual and interspecies com-
parisons of this paramerer.
One gualification of V.., s needed. Dmg eyuilibration
between plasma and dssue of a clearing organ is m&c ted
by blood Bow Q) and intrinsic &.imumw (0L Y For
hepatic tissue, shis yields the following relationship be-
tween the o partiion cocflicient (K and the lower,
apparent value RP that would be experimentally mea-
sured af steady-stare,

Distribution Clearance

The least appreciated element of the basic pharmacokinetic
propesies of drugs i the distribution clearanee (Chal or
ircompartimental clearance, This rerm refleets the flow

TABLE 2-2 8 DISTRIBUTION COEFFICIENTS (Kol FOR VARIOUS DRUGS AND PROBADLE PHYSIOLOGIC

{PHYSICOCHEMICALY CAUSE

QRUG

ngignyaning green

Strong bn‘ssjmg o plasma proteing and 1y

ed exiravasoular permeability

fraahin Distribution limited to plaame and interstitial Huld owing to lesrge mslecuinr waight
5,500} and Hpid insolubdty

Theuphylline 08 Modesate plasma binding snd distribution primarily indo 1otal body waler

Anlipyring G.6 Slight plasma binding and fairly uniform distribution into towsl body water

Gantaricin 1.1 Strong tissue ninding {commen 1o aminoglycosides)

Tetracyaline 1.6 Suong tissue binding to salcum inbops

Oiazepam 1.7 Appraciabie pid partitioning

Digoxin 8.0 Strong binding 1 Na/K transport ATRasa in cell membranes

tenipramine 0o Sirong tissue binding {common ta weak bases?
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