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MEASUREMENT OF THE RENAL CLEARANCE OF DRUGS

G.T. TUCKER
University Department of Therapeutics, The Royal Hallamshire Hospital, Sheffield S10 2JF

The concept of renal clearance

The renal clearance of a drug (CLR) is a measure of
the functional ability of the kidney to remove it from
the body independent of other pharmacokinetic pro-
cesses. It is often defined as the volume of plasma
from which drug is, in effect, completely removed per
unit time by the kidney. Obviously this is a virtual
volume, not a real volume. No single millilitre of
plasma necessarily has all of its drug removed in one
transit through the kidney; rather a fraction is re-
moved from each of the many millilitres of plasma
perfusing the organ. This amount is summed and
expressed as though it were derived by completely
clearing a smaller volume of plasma of all its con-
tained drug.
More simply, renal clearance may be defined in

terms of the loss of drug across the kidney, as the
product of renal plasma flow (QR) and the renal
extraction ratio (ER):

CLR = QR ER (1)

where ER = (concentration of drug in renal arterial
plasma - concentration of drug in renal venous
plasma)/concentration of drug in renal arterial
plasma. Thus, clearance is plainly seen to have units
of flow.
A third definition conceives renal clearance as a

proportionality constant relating the rate of drug ex-
cretion at time t, (dAe/dt), to its concentration in
plasma at time t, (C),:

dAe/dt(2
CLR = /(2)

Although the term 'clearance' usually refers to
irreversible removal, in the context of the renal route
it often represents the net excretion process as some
drug may be transferred back from the kidney to the
plasma.

Significance of renal clearance

The measurement of renal clearance is of primary
value in probing the mechanisms of drug excretion
since it can be used to characterise any process ofdrug
removal in the kidney, whether it be constant or
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changing, capacity-limited or otherwise. Apart from
this there are many other areas where a knowledge of
this parameter may be vital.

If renal excretion contributes significantly to the
overall elimination of a drug, that is, renal clearance
is about 50% or more of total clearance, changes in
renal clearance may have profound implications for
the duration of pharmacological or toxic effects. It
is especially important to know about the renal
clearance of drugs that are predominantly excreted in
an unchanged form in the urine when dosing patients
with lowered kidney function, namely the very
young, the elderly and those with renal disease. A
knowledge of whether the renal clearance of a drug
can be made to become the major component of total
clearance may help in the management of overdosage.
Measurement of renal clearance may also contribute
to an understanding of the mechanisms of specific
drug interactions. In drug development it might be
preferable to select those compounds with relatively
high renal contributions to total clearance since inter-
individual variability in metabolic clearance is greater
and less predictable than variability in renal clearance.
When performing cross-over bioavailability studies
on drugs with relatively high renal clearances correc-
tions for intrasubject variability in renal clearance
may improve estimates of drug absorption (Kwan &
Till, 1973). Furthermore, if the renal clearance of a
drug can be perturbed without affecting its non-renal
clearance, its measurement can form the basis of a
method of determining the absolute extent of drug
absorption without use of an i.v. reference dose
(Lalka & Feldman, 1974; Poust et al., 1977).

Calculation of renal clearance

Apart from invasive methods using equation (1),
methods for calculating renal clearance are mostly
based upon equation (2):

Method (I)

Since the instantaneous rate of urinary drug excretion
cannot be measured, equation (2) is employed directly
in the form:
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CL AAe/At (3)LR C_nidCmjd

where A refers to a finite increment of change and
C.d is the plasma drug concentration at the mid-
point of the urine collection interval.
Note that the renal physiologist usually writes

equation (3) in the form:

CL = Qur.Cur (4)
Cmid

where Qur is urine flow rate and Cur is the concentra-
tion ofdrug in urine. Clearly, the product ofthese two
terms is a rate of drug excretion.

If renal clearance is independent of drug concen-
tration and time the average of several values of the
right hand side of equation (3) may be calculated.
Alternatively, a plot of AAe/At v C,mid should give a
straight line with a slope equal to renal clearance.

Deviations from the expected line may be apparent,
particularly for data collected immediately after an
i.v. bolus injection when plasma drug concentrations
are falling rapidly (Figure 1). Ideally, C,md should be
measured in the arterial circulation (Brun, Hilden &,
Raaschou, 1949a). If peripheral venous samples are
used their early drug content may be considerably
lower than that in the renal arteries, especially when
the samples are taken from a limb with minimal
cutaneous vasodilatation (Kosaka, Takahashi &
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Mark, 1969). This would tend to cause a positive
deviation from the true line. On the other hand, a
negative deviation occurs if the observed rate of ex-
cretion lags behind the plasma drug concentration. A
factor contributing to this possibility is the delay in-
troduced by flow of urine through the dead space of
the kidney pelvis and the ureters (Bojesen, 1949).
This dead space time is about 5 min, but varies with
diuresis (Brun, Hilden & Raaschou, 1949b). Thus,
the first sample of urine collected after an i.v. bolus
injection of drug may contain less drug than the
amount excreted and later ones will contain more.
The net effect will be a negative deviation from the
expected rate of excretion v plasma drug concentra-
tion plot followed by a positive deviation as the
plasma drug concentration declines with time (Figure
1). When excretion of drug through the tubular cells
contributes significantly to renal clearance, any dis-
equilibrium between the concentration of drug in
plasma and that in the renal interstitial fluid may also
contribute to deviations from linearity when rate of
excretion is plotted against a rapidly changing plasma
drug concentration (Conn etal., 1964).
The accuracy -of estimates of renal clearance

obtained using equation (3) will depend upon the
urine collection interval. However, Martin (1967) has
calculated that when the decline of dAe/dt is ex-
ponential, the error arising from the use of AAe/At
does not exceed 2% even when At is as large as one
half-life of the drug. The error will differ from this
when the decline of dAe/dt is not first-order but
should be less than normal experimental error if At is
reasonably small. Again, the greatest errors are likely
to be seen using data collected during the distribution
phase after i.v. bolus injection of drug. If necessary,
the logarithmic mean of the plasma drug concentra-
tion during the urine collection interval may be used
to calculate renal clearance.

Mathematical problems with the choice of At are,
of course, avoided completely if renal clearance can
be measured under steady-state conditions (ss) during
constant rate i.v. infusion of drug. In this case:

CLR (AAe/At)ss (5)Cmid, s

. __11_51 A practical lower lmit for At is about 0.5 h. After
0 2 4 6 8 10 micturition the volume of urine remaining inside the

Cmid (pg ml-1) bladder in a normal subject is about 1-2 ml (Griffiths,
1980). Therefore, assuming a normal urine flow of

i 1 Relation between urinary excretion rate 1-2 ml min-', the volume error in urine collection
'At) and mid-point serum concentration (C,.W) of every 0.5 h would be up to 7%. Accurate urine collec-
llin G at different times after i.v. injection of 100 tions would necessitate bladder catheterization and
the drug in man. The subject was able to empty his wash-out with a measured volume of sterile water or

Dr at will so that urine samples could be collected at saline. A diuresis induced by the oral administration.

als down to 5 min. Note the negative deviation
red by a positive deviation from the line represent- of 200f400 of water every 20 min according to

bnstant renal clearance as serum drug concentra- urne flow may also be helpful reducing errors in

eclines. Numbers by each point indicate time drug recovery resulting from incomplete bladder

es after injection. (Data from Heatley, 1956.) emptying.
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If there is appreciable reabsorption of drug from
the bladder this may impose an upper limit on At.
Thus, Colburn (1978) observed that saccharin was
cleared from rat plasma more quickly when the urine
was removed from the bladder at 5 min intervals than
when it was left for 60 min. In general, the reabsorp-
tion of drugs from the urinary bladder has not been
widely studied (Borzelleca, 1965).

Method (II)

Expressing the right hand side of equation (2) as
dAe/C.dt and integrating the top and bottom with
respect to time yields:

AeCLR = AUC (6)

where Ae is the cumulative amount of drug excreted
unchanged in the urine up to time t and AUC is the
area under the plasma drug concentration versus time
curve up to time t. In the limit, the right hand side of
equation (6) goes to infinity, therefore, renal clearance
is also given by:

CLR = AUC(c)) (7)

where Ae (Xc) is the total amount of drug recovered
unchanged in the urine and AUC (co) is the area
under the plasma drug concentration versus time
curve extrapolated to infinity. If the drug is known to
be eliminated entirely in the urine, Ae (Xc) may
be replaced by the dose in equation (7) and renal
clearance can be determined without measurement of
drug in urine.

Like method (I) the approach based upon equa-
tions (6) and (7) gives a time-average value of renal
clearance, but over a longer time interval. Since it
requires more prolonged urine collections it is in-
validated if samples are incomplete. However, unlike
that of method (I), the accuracy of method (II) is not
affected by any unacknowledged error in the time of
collection of sequential samples or by incomplete
bladder emptying. Of necessity, method (II) will be
less sensitive to changes in renal clearance with time
than method (I).
Although the use of equations (6) and (7) demands

a continuous urine collection, the method could also
be used to estimate renal clearance over any period of
time, t, to t2, after drug administration.

Thus:

CLR Ae (tl, t2) (8)CR=AUC (tl, t2)(8
The simplest methods of accurately estimating

AUC values include the use of a planimeter or the
application of the trapezoidal rule. For data obtained
after extravascular drug input Chiou (1978) advocates

the linear trapezoidal method be used for pre-peak
and plateau data and the logarithmic trapezoidal
method for post-peak data.

In addition to methods (I) and (II), less direct
metlOCds W.iC.h depend upon the specf-ca-on oUa
compartmental model may also be used to calculate
renal clearance (Garrett, 1978). These, however, are
superfluous.

Chemical aspects

The accuracy of any estimate of renal clearance will
obviously depend upon the use of a specific assay
method for the drug in question. It is also important
to check the stability of the compound in plasma and
urine samples.
A more subtle complication arises if metabolites of

drug excreted in the urine are unstable and revert
back to the parent compound on standing, thereby
resulting in an overestimate of its renal clearance.
Perhaps the best example of this relates to the lability
of ester glucuronides of drugs such as ketoprofen,
naproxen and probenecid. Initial reports suggested
that appreciable quantities of these compounds are
excreted unchanged in the urine. However, if pre-
cautions are taken to assay urine samples immediately
after short collections, virtually all of these drugs are
found in the form of their ester glucuronides (Upton
et al., 1980). Even the minute amount of unchanged
drug detected under these circumstances may be an
artefact derived from hydrolysis of the conjugate
while still inside the bladder.

Physiological and physicochemical determinants of
renal cdrance

The major processes involved in the renal clearance
of drugs are glomerular filtration, active secretion
and passive reabsorption (Weiner, 1975). The first
two give a positive contribution while the last gives a
negative contribution:

CLR =

Rate of filtration + Rate of secretion -
Rate of reabsorption

C (9)

Active reabsorption is also a possibility but, with
the exception of many endogenous compounds that
may be given exogenously (e.g. sugars, amino acids
and vitamins) and of oxypurinol, a metabolite of
allopurinol, there are few examples of drugs which
have been proved to undergo this process (Torretti&
Weiner, 1976). Salicylate, probenecid and other
drugs that block the reabsorption of urate may do so
by acting as competitive substrates. However, since
they are also extensively reabsorbed by passive dif-
fusion it is difficult to recognise any participation in
an active reabsorption process (Weiner & Fanelli,



764 G.T. TUCKER

1974). Passive secretion of drugs is considered to be
an unlikely possibility on the basis of unfavourable
concentration gradients and blood flow considera-
tions (Torretti & Weiner, 1976). The processes of
intra-renal drug distribution and metabolism com-
plicate the measurement of renal clearance and are
discussed separately.

Glomerularfiltration

Since the mechanism of this process is one of ultra-
filtration the concentration of filtered drug is
essentially equal to the concentration of unbound
drug in plasma (Cu). Hence:

Rate of filtration = GFR.Cu = GFR.fu.C (10)

(where GFR = glomerular filtration rate and fu =
unbound fraction of drug in plasma. Note that,
ideally, the value of Cu should be corrected for the
fact that 7-8% of plasma volume is occupied by
macromolecules (Weiner, 1975)).

If glomerular filtration is the only mechanism of
renal elimination of a compound (i.e. rate of filtration
= rate of excretion), then:

CLR = fu.GFR (11)

Active secretion

There appear to be several active transport mechan-
isms in the proximal tubule capable of causing the
secretion of drugs, the most important being the
separate organic anion and organic cation systems
(Weiner, 1975; Torretti & Weiner, 1976).
Using an approach originally applied to describe

the hepatic clearance of drugs, the following equation
was suggested to express the rate of renal tubular
secretion (Levy, 1980):

Rate of secretion = QR fllCLUS,int-C (12)

where QR' is the flow rate of plasma perfusing the
renal tubular secretion sites and CLus, it is the in-
trinsic renal tubular clearance referred to unbound
drug in plasma. The latter represents the clearance by
secretion of free drug in the absence of any flow
considerations. Two limiting cases of this equation
are of inrerest. When QR' >> fu.CLus, int the rate of
secretion approaches fu.CLus, jt.C and is seen to be a
function of the concentration of unbound drug in the
plasma. The secretion of frusemide in the isolated
perfused rat kidney is consistent with this expectation
(Bowman, 1976). Conversely, when QR'<< fu.CLuS
nt the rate of secretion tends to QR'.C. On approach-
ing this limit the rate of renal tubular secretion will be
a function of total drug in plasma since an avid
removal mechanism operating on unbound drug
causes dissociation of bound drug which then also

becomes available for secretion during transit
through the kidney.

Since there appear to be limited quantities of the
specific membrane carriers that effect active secretion
processes, the mechanism is saturable. Accordingly,
within the limits of experimental determination, the
kinetics of the systems can be described by the
Michaelis-Menten treatment (Weiner, 1975; Torretti
& Weiner, 1976) such that intrinsic renal tubular
clearance may be written in the form:

CLu, i
Tmax

i= Kmn' + CU

or, when referenced to total drug in plasma:

Tmax
CLS, int = Kl

(13)

(14)

where Tmax is the transport maximum (mass.time-')
and KinI and Km refer to the Michaelis constants,
(mass. volume-') for unbound and total drug, re-
spectively.

If glomerular filtration and active secretion are the
only mechanisms of renal elimination, renal clearance
is given by:

CLR = fu.GFR + QR'+f.CLus, intCR =QR' + fU -CLUS, int

(15)

In the limit, when active secretion is rapid com-
pared to plasma flow, this equation reduces to:

CLR = fu.GFR + QR' (16)

Since the maximum value ofQR' will be the difference
between total renal plasma flow (QR) and GFR, then
the maximum possible value of renal clearance is
given by:

CLR = fu.GFR + (QR - GFR) (17)
Under these circumstances and if drug is not bound to
plasma protein its renal clearance should be identical
to renal plasma flow. Division of CLR by fu gives
renal clearance referenced to unbound drug. Doing
the same to the right hand side of equation (17)
indicates, therefore, that this value may exceed total
renal plasma flow.
Apart from that bound to plasma proteins any drug

carried by the erythrocytes may also be available for
active secretion. In this case, provided that equilibra-
tion of drug between erythrocytes and plasma is rapid,
the value ofC in equation (15) may be replaced by the
concentration of drug in whole blood, and the other
terms redefined with reference to this concentration.
The validity of this modification is difficult to estab-
lish, however, since a proportion of the erythrocytes
may be separated off by 'plasma skimming' and
shunted into the renal veins without contacting the
renal tubules (Milne, Scribner & Crawford, 1958;
Levy, 1980).
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Passive reabsorption

Passive reabsorption may occur throughout the
nephron. The driving force is largely supplied by
reabsorption of water which concentrates the urine
with respect to plasma. Since normal urine flow is
about 1-2 ml min-' drug may be concentrated in the
urine at least 100 fold compared to the concentration
of unbound drug in plasma (i.e. GFR/Qur - 100).

In the special case when reabsorption goes to
equilibrium, Cur = Cu and substitution into equation
(4) gives:

CLR = C = Qur.fu (18)

Accordingly, the renal clearance of drugs that are
largely reabsorbed should be sensitive to changes in
urine flow, a condition which requires that the drug
must be sufficiently non-polar. Examples of such
drugs, whose urine concentration approaches their
unbound concentration in plasma, include ethanol,
phenytoin and theophylline (Rowland & Tozer,
1980). Equation (18) also predicts that if the plasma
binding of drug is extensive, its renal clearance will be
extremely low. Changes in urine flow will not in-
fluence the clearance of polar drugs that are not re-
absorbed (e.g. gentamicin, penicillin); only their
concentrations in urine will be affected.

If a drug is a weak acid or a weak base the extent of
its reabsorption may vary with urine pH as well as
urine flow. Adjustment of pH mostly occurs at the
end of the distal tubule and in the collecting duct.
Assuming that reabsorption is specific for the un-

ionized drug species and that this species is suf-
ficiently lipid-soluble that its reabsorption goes to
equilibrium, then equation (18) is modified as follows
(Milne et al., 1958; Rowland & Tozer, 1980): For
weak acids:

C 1 + 10(pHur - pKa) 1CLR = fu.Qur [ 1 + 10 (PHplasma--pKa) (19)

The same equation is applicable to weak bases after
inversion of the signs within both inner brackets; thus
(pH - pKa) becomes (pKa - pH).

In practice, however, equation (19) and the
analogous one for weak bases are rarely accurate in
predicting observed clearances. Reasons for this have
been discussed at length (Milne et al., 1958; Weiner,
1975; Mudge, Silva & Stibitz, 1975) and include
partial permeability of the ionized drug, false refer-
ence to arterial rather than renal capillary plasma and
failure to obtain equilibrium owing to diffusion
limitations. The latter possibility implies that the rate
of reabsorption will depend not only upon equili-
brium considerations but also on kinetic factors.
These will largely be a function of the diffusion co-
efficient of the un-ionized drug and the fraction of

un-ionized drug in the lumen of the tubule. Provided
that the permeability of the un-ionized form is suf-
ficiently high, both equilibrium and kinetic con-
siderations indicate that the renal clearance of weak
acids with pKas of 3-7.5 and ofweak bases with pKas
of 7.5-12 will be sensitive to changes in urine pH
(Weiner & Mudge, 1964; Rowland& Tozer, 1980).
Because of the uncertainties surrounding the con-

trol of rate of reabsorption, it is best to define it
operationally, in terms of the fraction of the amount
of drug filtered and secreted that is reabsorbed. This
fraction, FrcabS, will be a constant if urine pH and flow
are fixed. Therefore, renal clearance becomes (Levy,
1980):

CLR = fui.GFR + QR' ftl.CLUS, in

QR' + fUQCLUS,nt

Freb fu.GFR + QR' fU CLUS lnX (20)QR' + fU.C-LUS, int
Note that equation (20) indicates that Freabk is the

same for filtration and secretion, a reasonable
assumption since most reabsorption occurs distal to
secretion.

Renal haemodynamics

Alterations in renal perfusion can modify the renal
clearance of a drug through effects on GFR, tubular
secretion and tubular reabsorption (Duchin &
Schrier, 1978).

Normally, modest increases or decreases (10 to
20%) in renal blood flow within the autoregulation
range do not result in proportional changes in GFR.
Severe renal ischaemic episodes, however, do lead to
a significant lowering of both renal blood flow and
GFR. The effect of renal blood flow on tubular
secretion has already been considered (equation
(12)). Volume depletion and a lowered sodium intake
may reduce both renal blood flow and GFR while
saline infusion and osmotic diuretic administration
may increase renal blood flow and water excretion.
These changes would also tend to enhance and im-
pair, respectively, the passive reabsorption of drugs.

Interpretation of renal clearances of drugs
measured in patients must take the above factors into
account and also the possibility that common diseases,
such as heart, liver and renal failure, may be asso-
ciated with abnormal renal perfusion (Duchin &
Schrier, 1978).
Vigorous exercise can decrease renal blood flow by

as much as 35% and this had been shown to lower the
renal clearance of atenolol by about 8% (Mason et
al., 1980).
Many drugs can alter renal haemodynamics and,

therefore, have the potential for modifying their own
clearance and that of other compounds. Agents
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causing renal vasoconstriction include noradrenaline,
adrenaline and organomercurial and thiazide diuretics,
while prostaglandins, dopamine, glucagon, fruse-
mide and ethacrynic acid can increase renal blood
flow. Potent vasodilators such as minoxidil, sodium
nitroprusside and diazoxide may diminish renal per-
fusion when autoregulation is impaired (Duchin &
Schrier, 1978).

Auto-inhibition of renal clearance mediated by an
effect on renal blood flow is a possible explanation for
the marked time-dependent decrease in the renal
clearance of bethanidine (Shen et al., 1975; Chremos
et al., 1976), debrisoquine (Silas et al., 1978) and
guanethidine (Hengstmann, 1980) after single doses.
In each case changes in clearance occurred in the
absence of any noticeable hypotensive response and
may have been the result of intra-renal release of
noradrenaline leading to renal vasoconstriction.

Effects ofrenal disease

As a general rule the renal clearance ofdrugs parallels
the decline of GFR in renal impairment, even when
tubular secretion is the main route of excretion. The
decrease in renal blood flow is generally proportional
to the lowering ofGFR limiting any compensation by
tubular secretion of a deficient glomerular excretion
(Fabre & Balant, 1976). Complicating the issue, how-
ever, are potential decreases in plasma drug binding
(Reidenberg, 1976) and inhibition of the secretion of
acidic drugs by the accumulation of endogenous
organic acids when the GFR is very low (< 25 ml
min-') (Duchin & Schrier, 1978; Rose, Pruitt &
McNay, 1976; Rose, O'Malley & Pruitt, 1977).

Effects ofage

The renal clearance of drugs per unit of body surface
area is generally lower in neonates and infants (Rane
& Wilson, 1976; Morselli, 1976; Morselli, Franco-
Morselli & Bossi, 1980) and in the elderly (Crooks,
O'Malley & Stevenson, 1976) compared to that in
normal young adults. However, the exact effect of
age on clearance may vary considerably depending
upon the particular drug since the different processes
involved in renal excretion mature and deteriorate at
different rates. Also, in the newbom, the effects of a
low GFR and immature secretory systems may be
offset to some extent by relatively low plasma drug
binding compared to that in adults and by a low
reabsorptive capacity owing to a relative inability to
concentrate urine and, possibly, to the presence of
protein in the glomerular filtrate (Morselli, 1976;
Morselli et al., 1980). A relatively low urinary pH in
neonates could further help to reduce the reabsorp-
tion of basic drugs. Providing that the fraction of
water reabsorbed is constant, these considerations

suggest that changes in urine flow should have less
effect on renal drug clearance in newborn babies
compared to adults. Hogg etal. (1977) have observed,
however, that the rate of urinary excretion of
pethidine is exquisitely sensitive to urine flow in the
neonate. They rationalised this on the basis that
changes in urine flow in these patients are more likely
to be mediated by variability in renal plasma flow
affecting GFR than by the effects of fluid intake.

Eluddation of renal processes from measurement of
renal clearance

Netprocess

Substitution of rate of filtration by fu.GFR in
equation (9) and rearranging gives:

CLR -1+
fu.GFR

[ Rate of secretion - Rate of reabsorption 1
L ~~~~fu.GFR.C j(21)

Therefore, if the free fraction of drug in plasma and
the glomerular filtration rate are measured, the ratio
of the renal clearance of drug divided by their product
provides information on the relative importance of
the various processes involved in excretion. A ratio of
less than one signifies net reabsorption; a ratio of
unity indicates that either the drug only undergoes
filtration or that its rates of secretion and reabsorp-
tion are equal; and a ratio greater than one indicates
net secretion.

Renal clearance as a function ofplasma drug binding

Equation (20) predicts that as plasma drug binding
decreases renal clearance will increase. Therefore, if
renal clearance values are not constant within an
experiment in which plasma drug concentration
varies this may be explained by progressive saturation
of binding at high concentrations.
Levy (I98O ias indicated how the relationship be-

tween renal clearance and plasma binding may be
useful in the interpretation of mechanisms of excre-
tion. For the limiting case where secretion rate is a
function of unbound drug concentration in plasma,
equation (20) simplifies to:

CLR = fu.

[GFR + CLus, int - Fre,bs (GFR - CLus, int) ] (22)
Therefore, assuming that secretion mechanisms are
far from saturation, a plot of renal clearance versus fu
should be linear and should pass through the origin.
Data obtained for salicylic acid in rats appear to be
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Figure 2 (a) Relationship of renal clearance to plasma drug concentration. Curve (A): drug undergoes filtration
plus saturable secretion; Line (B): drug undergoes filtration only.
(b) Relationship between rate of urinary excretion and plasma concentration of a drug undergoing filtration plus
saturable secretion. Curve (A): observed data; line (B): represents the contribution of glomerular filtration; curve
(C): represents the difference between curve (A) and line (B) and gives the excretion rate by tubular secretion as a
function of plasma drug concentration. Tmax = transport maximum of the secretory process.

consistent with this expectation (Levy, 1980). If re-
absorption can be minimised, for example by
manipulating urine pH in the case of partially-ionized
drugs, it should be possible to solve equation (22) for
CLus,mt and, in turn, for F,r,b,
For the limiting case where secretion is a function

of total drug concentration in plasma, equation (20)
simplifies to:

CLR = fu.GFR (1- Fbs) + CLS, int (1- Fb)
(23)

Thus, assuming again that secretion mechanisms are
far from saturation, a plot of renal clearance versus fu
yields a straight line with a positive intercept. Since
the slope divided by the intercept is GFR/CLs, int, a
knowledge of GFR allows CLs, int to be determined
without experimental manipulations involving
alteration of reabsorption or administration of com-
petitors of the secretion mechanism. Knowing CLs,
int' Fmab. may then be calculated by rearranging
equation (23). Data obtained for sulphisoxazole in
rats are consistent with equation (23) (Yacobi &
Levy, 1979).

Renal clearance and saturation ofcarrier transport

If active secretion becomes capacity-limited total
renal clearance will decrease as drug concentration
increases (Figure 2a). The parameters describing the
secretion process are best examined from a plot of
rate of excretion against plasma drug concentration.
This will not give a straight line passing through the
origin (curve A, Figure 2b). However, assuming a
constant plasma binding, the data at higher concen-

trations will be linear and, if there is no reabsorption,
the extrapolated intercept will estimate the transport
maximum, Tmax. The line constructed parallel with
this linear segment and passing through the origin
(line B, Figure 2b) will have a slope equal to fu.GFR.
By subtracting line B from curve A, curve C is plotted
which represents the rate of secretion as a function of
plasma drug concentration. This may then be charac-
terised by the Michaelis-Menten equation to yield
values ofTmax and Km for the transport process.

In practice, the analysis of secretion processes in
this manner may be complicated by concentration-
dependent plasma binding which will tend to offset
the effects of saturable secretion on the clearance
versus drug concentration relationship. Saturable
active reabsorption will do the same and, in common
with passive reabsorption, will prevent the calcula-
tion of true transport maxima (Garrett, 1978; Weiner
etal., 1961).

It may be possible to estimate the contribution of
active secretion to overall renal clearance of a drug by
co-administration of an inhibitor of the transport pro-
cess. For example, the secretory component of
digoxin clearance was determined by comparing renal
clearance of the drug before and after blockade with
spironolactone (Steiness, 1974). A difficulty with this
approach, however, is knowing when inhibition is
complete. It may be prudent to assess the effects of
several dose levels of the inhibitor.

Renal clearance as afunction ofurineflow andpH

A contribution of passive reabsorption to the renal
clearance of a drug will be apparent if the value of

767
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clearance varies with urine flow, urine pH or both.
These, in turn, will be dependent upon fluid intake,
diet, posture and day-night cycle. Also, the drug
itself may induce changes in urine flow or pH result-
ing in concentration- and time-dependent renal
clearance. Ethanol and nicotine, which influence
urine flow by decreasing and increasing ADH
secretion, respectively, are examples of such drugs
(Haggard, Greenberg & Carroll, 1941; Matsukura et
al., 1979).

It may be possible to determine the total extent to
which reabsorption contributes to net excretion by
suppressing it through manipulation of urine flow or
pH. In the case of amphetamine it appears that re-
absorption is negligible when urine pH is maintained
just below 5 by the administration of ammonium
chloride, since increases in urine flow under these
conditions cause no further increase in excretion of
the drug (Beckett & Rowland, 1965). On the other
hand, even when urine is alkalinized to a pH of about
7.6 by administration of sodium bicarbonate, the
renal clearance of phenobarbitone can still be en-
hanced by fluid-loading, indicating that its reabsorp-
tion is difficult to suppress completely (Linton, Luke
& Briggs, 1967).
Although it is relatively easy to control urine pH at

extreme values, intermediate values cannot be main-
tained consistently. For this reason, quantitative
relationships between the extent of tubular reabsorp-
tion of drugs, (F,e,b), and urine pH are difficult to
obtain. However, an approach to this problem was
suggested by Beckett, Boyes & Tucker (1968a,b)
using amphetamine as an example.

Renal cleatance and renal drug metabolism

If a drug is metabolised by the kidney as well as by the
liver, its renal clearance, measured in the normal
way, will be an underestimate. Renal metabolism
should be suspected if the apparent renal clearance of
a metabolite when formed from the parent drug ex-
ceeds its renal clearance measured after it has been
administered per se. Renal metabolism of a number
of compounds has been demonstrated, mainly involv-

Drug in urine

Drug in blood K

Metabolite in4) 3/ ~urine

Metabolite in blood

Figure 3 Scheme of drug elimination involving the
production of a single end-metabolite in both liver (L)
and kidney (K).

ing pathways of acetylation, demethylation and
glycine conjugation (Wan & Riegelman, 1972a;
Bekersky et al., 1980).

Consider the simplest case where a drug forms a
single metabolite in both liver and kidney and this
metabolite when administered as itself is cleared
solely by 'the kidney (Figure 3). If it can be assumed
(1) that metabolite formed in the kidney cannot be
reabsorbed back into the blood; (2) that any transport
limitations within the tubule cell are the same when
metabolite is formed there and when it is presented
from the blood; and (3) that the drug does not inter-
fere with the renal clearance of metabolite and vice-
versa, methods are available which allow calculation
of the true renal clearance of drug and of the fraction
of total drug metabolism that occurs in the kidney
(Wan & Riegelman, 1972a; Garrett, 1978). The latter
is given by:

fiR
= I CLR (m)

fin CLR (m)app (24)

where fin is the fraction of the dose metabolised, flnR
is the fraction of the dose metabolised in the kidney,
CLR (m) is the renal clearance of metabolite after
giving it per se and CLR (m)pp is the apparent renal
clearance of metabolite after administration of drug.
The above approach has been used to estimate the

renal contribution to the overall metabolism of
methyldigoxin in man (Hinderling, Garrett &
Wester, 1977), benzoic and p-aminobenzoic acids in
animals (Wan & RiegeIman, 1972a;. Wan, Von
Lehmann & Riegelman, 1972) and salicylic acid in
animals and man (Wan & Riegelman, 1972b; Von
Lehmann etal., 1973). Riegelman's group used simul-
taneous i.v. infusions of drug and radiolabelled meta-
bolite in their experiments. Unfortunately, however,
although they demonstrated that the presence ofdrug
did not alter the rate of urinary excretion of labelled
metabolite, they did not monitor the plasma concen-
tration of this species. It is possible, therefore, that
the drug might have influenced the renal clearance of
metabolite which would invalidate determinations of
fmR/fm using equation (24) (Kamath & Levy, 1974).

In a clinical context it may be important to know
which drugs are extensively metabolised in the kidney
as this may have implications for dosage in patients
with renal failure if the disease is associated with
impaired function of kidney enzyme systems.

Summary

In this review I have considered the definition of renal
clearance, reasons for measuring and methods of
calculating its value for drugs, physiological and
physicochemical determinants of renal clearance
and its use in the elucidation of mechanisms of drug
elimination by the kidneys.
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