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The therapeutic technique of hemodialysis and the concept of clearance have both followed a long
but instructive course of development. In addition, it recently has been shown that physiological
changes occurring during hemodialysis have important clinical consequences both in the treatment
of drug toxicity and in the selection of appropriate replacement doses of therapeutic drugs. Two ma-
jor approaches for calculating hemodialysis clearance are currently used. The first approach, termed
the recovery method is the "gold standard" that is recommended for use in the current US FDA draft
guidance on the conduct of pharmacokinetic studies in patients with impaired renal function. The
second approach, termed the A-V difference method, is used more commonly. Unfortunately, this
method results in erroneous plasma clearance estimates when improper values for dialyzer flow are

chosen. This constitutes a major pitfall that should be avoided in future studies.

Early Experience with Hemodialysis

John Jacob Able can be credited with pioneering the technique
of hemodialysis. In his landmark 1914 paper, he and his col-
leagues described the construction of the dialysis apparatus, the
preparation of the necessary anticoagulant, and the results of
his use of the technique to remove salicylate that he had admin-
istered to dogs.[1] He assessed the efficacy of this procedure by
measuring the amount of salicylate actually recovered as a per-
centage of the administered dose and concluded that salicylate
removal by hemodialysis was over several hours comparable
to that eliminated in the urine of an unanesthetized dog that
had also received an intravenous dose of salicylate. At this early
stage, Able already envisioned that hemodialysis would prove
clinically useful in "toxic states in which the eliminating organs,
more especially the kidneys, are incapable of removing (toxic
substances) from the body at an adequate rate".

Georg Haas can be credited with first evaluating hemodialysis
in humans. His first studies in uremic patients involved only
a 15-minute dialysis period but did demonstrate that indican,
used as a marker, could be removed from 150 ml of blood.[2]
As in Able's work hirudin, extracted and purified from leeches,
was used as the anticoagulant but proved quite toxic. However,
following the introduction of heparin, Haas carried out further
studies with this new anticoagulant and demonstrated that
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hemodialysis could not only remove urea and other substances
but could relieve uremic symptoms.[3] The efficacy of repeated
dialysis sessions was limited and it has been speculated ret-
rospectively that this reflected the inefficiency of the dialysis
membranes that he used compared to cuprophane which only
became available in 1937.[4]

The modern era of hemodialysis began in 1943 with the pub-
lication by Kolff and Berk of a case report that described the
repeated hemodialysis of a 29-year-old uremic woman with
chronic nephritis.[5] These authors employed a large-area cello-
phane dialysis membrane and were able to remove 24 to 40 gm
of urea during each dialysis. The patient's blood urea nitrogen
fell substantially and her uremic symptoms improved markedly.
Unfortunately, vascular access problems terminated her therapy
after 12 hemodialysis sessions. In a postscript, these authors
describe two additional patients and dialysis time was reported
in one so that the urea clearance achieved by the dialyzer can be
estimated at about 74 ml/min, within the normal range of 60-
100 ml/min/1.7 m*. However, dialysis clearance was not actu-
ally calculated by any of these pioneering authors.

The Clearance Concept

The incorporation of clearance estimates in hemodialysis stud-
ies is a direct outgrowth of the earlier use of urea clearance to
assess renal function. In 1916, Addis and Watanabe ligated the
ureters of rabbits and reported its effect on renal function.[6]
They calculated the following ratio from simultaneous measure-
ments of blood urea concentrations and urea output in urine:
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However, it was only in 1928 that Moéller et al. introduced both
the term clearance,[7] defined et al. "the cubic centimeters of
blood, the urea content of which is excreted in 1 minute", and
the familiar equation for calculating it:

_uv
B

CL @)
In this equation, B and U are the concentrations of urea in
blood and urine, respectively, and V is the volume of urine se-
creted per minute. Both Equations 1 and 2 define blood rather
than plasma clearances and can be categorized as recovery clear-
ances in that their calculation requires actual measurement of
the urea in urine over a specified period of time.

A second method for calculating clearance stems from the
work of Adolf Fick who in 1870 calculated cardiac output by
sampling blood from the right and left ventricles at the same
time that pulmonary oxygen absorption or carbon dioxide[8]
elimination was measured. For example in the case of oxygen,
the following equation can be used to calculate cardiac output
(Q) from the rate of oxygen absorption from the lungs (VO,)
and oxygen concentration in the right (CA), and left (CV) ven-
tricles:

VO,

Q= Cr—Cn (3)

Conversely if flow rate is known, the rate of oxygen absorption
of a substance can be calculated by simply rearranging Equation
3:

VO, = Q(C, - Cy) (4)

Equation 4 is equivalent to the numerator in Equation 2, so an
alternate equation for calculating clearance is:

CL = Q (CA — CV) (5)
Ca
This approach has been termed the A - V difference method.
Plasma blood flow is usually chosen for Q when plasma clear-
ance is calculated. As subsequently discussed, this can lead to
significant errors in clearance estimates.

Assessment of Dialysis Efficiency

In the first dialysis machines, the dialysis bath fluid was con-
tinuously recirculated through the dialyzer so that during he-
modialysis the concentration of dialyzable substances rose con-
tinuously in the bath fluid against which the patient's blood was
being dialyzed. For this reason, Equation 5 needed to be modi-
fied to account for this decrease in efficiency and the concept of
dialysance was introduced. Wolff et al. defined dialysance (D)
by the following equation.[9]
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DZQ(CA_CV) (6)
(Ca -Cp)

The continuously increasing concentration of dialysate in the
dialysis bath (Cp,) reduces the concentration gradient between
dialysate in blood en tering the dialysis cartridge and in the di-
alysis bath fluid. As a result the clearance of dialysate falls with
time. However, the advent of single pass dialysis machines en-
hanced dialysis efficiency and enabled Equations 2 and 5 to be
used to calculate dialysis clearance.

Hemodialysis of Drugs

Based on the demonstration by Able et al.[1] that salicylate
was dialyzable, Doolan et al.[10] reported the first use of he-
modialysis to treat a patient who had ingested a lethal dose of
acetylsalicylic acid. Dialysis could be continued for only 1 hour
and the amount of salicylate that could be removed was insuf-
ficient to prevent a fatal outcome. However, these investigators
conducted additional studies in which they demonstrated that
the percentage of an administered acetylsalicylic acid dose that
could be removed from hemodialysis patients during 4 hours
of hemodialysis was comparable to that excreted over 24 hours
in the urine of healthy subjects. In addition, they were able to
calculate the dialysance of salicylate from Equation 6.

Over the next 30 to 40 years, hemodialysis was increasingly
employed to treat patients with drug overdose and data on drug
clearance by hemodialysis was compiled. Extensive tables were
published that not only listed the dialysis clearance of toxins
but of many therapeutic drugs.[11,12] Criteria, including drug
binding to plasma proteins and distribution volume, were estab-
lished to assess the ability of hemodialysis to remove clinically
significant amounts of a drug or toxin. Dialysis modifications
like charcoal hemoperfusion were also introduced that could
enhance removal of certain drugs.

Total clearance (CL;) of substances during hemodialysis equals
the sum of the existing renal clearance (CLy), non-renal clear-
ance (CLyg), and dialysis clearance (CLy):

CLg =CLg + CLyg +CLp @)

Levy[13] has proposed that CL,, needs to be >30% of CL; +
CLyy in order to be quantitatively significant. However, a fair
comparison requires that CL;, be calculated as a plasma clear-
ance if the baseline values of CL; and CLy; are calculated as
plasma clearances. Conversely, CL;, should be calculated as a
blood clearance if the renal and nonrenal clearances are calcu-
lated as blood clearances.

Misconceptions and Errors in the Calculation of Dialysis
Clearance

The recovery method provides the "gold standard" estimate of
CLy,. and is recommended in the current US FDA guidance for
conduct of pharmacokinetic studies in patients with impaired
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renal function.[14] It is based on a restatement of Equation 2 so
that:

CL, = =
b AT (8)

where R is the amount of drug recovered in the dialysis bath flu-
id, A is the average drug concentration in blood (CL;, = blood
clearance) or plasma (CL;, = plasma clearance) entering the dia-
lyzer, and 7 is the dialysis time. Alternatively, the denominator
can be calculated as AUC,: the AUC of the drug concentration
in plasma or blood that enters the dialyzer during the dialysis
period.

However, there are inherent misunderstandings and difficulties
in the use of Equation 5 to calculate CL;, by the A-V difference
method. First of all, contrary to some authors either blood or
plasma concentrations can be used to calculate (A-V)/A be-
cause it is a ratio that remains unchanged regardless of whether
blood or plasma concentrations are used. However, a more
significant error occurs when plasma flow through the dialyzer
is used to calculate clearance. This is best understood by refer-
ence to Figure 1 that shows the four equations that are generally
used in these calculations. The use of blood flow for calculating
blood clearance does not pose any problem. However, the use of
plasma flow for calculating plasma clearance can lead to errone-
ous results and is only valid for drugs that are completely ex-
cluded from erythrocytes. For example, if blood concentrations
are greater than plasma concentrations, plasma clearance will
be greater than blood clearance when calculated by the recovery
method. So a value of Q. greater than plasma flow is needed if
the recovery and A-V difference methods of estimating plasma
clearance are to agree.

Most drugs distribute into erythrocytes and in that location are
accessible to dialysis. This can be examined in vitro by separately
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measuring drug concentrations in whole blood and plasma and
then calculating the [RBC]/[P] ratio for each patient, where
[RBC] is the drug concentration calculated to be in erythro-
cytes.[15] This result was used to calculate the effective blood
Sflow (Quyy) through the dialyzer from the following equation:

QEerr =[(1 - Het) + (RBC/P) Hct] QMEAS 9)

where Hct is the patient's hematocrit and Qs is the measured
blood flow through the dialyzer. In one study, Qs averaged
195 mL/min, whereas Qq averaged 217 mL/min.[15] Because
dialysis clearance was primarily calculated as a recovery clear-
ance, Equation 5 could be rearranged to provide a third estimate
of 223 mL/min for dialyzer blood flow (Q,y) that was internally
consistent with the overall pharmacokinetic analysis. So if Qs
had been used to calculate dialysis clearance from Equation 5,
a 14% underestimate would have been obtained. Use of Qg in
this equation would have come closer to the benchmark value
but would still be somewhat of an underestimate. An even
greater error would have been made if Q.5 had been used to
calculate plasma clearance. This would have given a value of
148 mL/min for Qp; squa and resulted in a 33% underestimate of
CL,,. Lee et al. subsequently obtained similar results in a study
of the hemodialysis clearance of ethambutol.[16] In this case,
CL,, calculated from Equation 5 using plasma flow averaged
21% less than when it was calculated by the recovery method.

Impact of Physiologic Changes During Hemodialysis

It is usually assumed that the distribution kinetics of drugs re-
main unaltered during hemodialysis. However, Stec et al. found
that during hemodialysis there was an average 77% reduction
in the intercompartmental clearance between plasma and the
more slowly equilibrating and larger of the two peripheral
compartments of their distribution model.[15]
Subsequent simultaneous studies of inulin and
urea kinetics in dogs indicated that substantial

PLASMA CLEARANCE BLOODCLEARANCE ) )
decreases in slow intercompartmental clearanc-
R R es of these compounds (urea: 82%, inulin: 47%)

RECOVERY METHOD CLp = — CLy= — o i
Ap T Ag T reflected a 90% reduction in blood flow to this
compartment which largely represents skeletal
A -V DIFFERENCEMETHOD  CLp = Qg (%j CLy =Qp (A[;V) muscle.[17] There are two consequences of this

Figure 1. The four main ways of calculating dialysis clearance. The recovery methods
for plasma and whole blood are shown in the top row. In these equations R represents
total drug recovery in the dialysis bath fluid, A; and A, are the respective blood and
plasma concentrations of solute entering the dialyzer, and t is the dialysis time. The A-V
difference methods for calculating whole blood and plasma dialysis clearance are shown
in the bottom row. Because (A-V)/A is a ratio, it can be calculated from either plasma or
blood concentrations as long as all concentrations are consistently either the one or the
other. When Q represents blood flow through the dialyzer blood clearance is calculated.
When plasma concentrations are less than blood concentrations, plasma clearance cal-
culated by the recovery method is greater than blood clearance (upper left). So Q in the
A-V difference equation (lower left) needs to be greater than blood flow in order to obtain
the recovery method result. Thus, as described in the text, erroneous clearance values
can be obtained when plasma flow through the dialyzer is used to calculate dialyzer

plasma clearance.
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physiological perturbation that have implica-
tions for patient care.

First, the skeletal muscle compartment con-
tains the major portion of most drugs after dis-
tribution equilibrium is reached. So major re-
ductions in this compartment's blood flow and
intercompartmental clearance serve as a virtual
tourniquet that retards the return of drugs from
this compartment to the intravascular space and
most vital organs.

This may enhance the efficacy of hemodialysis
in treating toxicity from drugs that in the un-
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perturbed state have distribution volumes that are large enough
so that hemodialysis would ordinarily be thought to be an inef-
fective therapeutic intervention. For example, hemodialysis was
used to treat a woman who had ingested an estimated 7 gm of
procainamide and subsequently became lethargic and hypoten-
sive and developed junctional tachycardia.[18] After 4 hours of
hemodialysis, her procainamide blood concentration had fallen
from 25.7 to 15.5 pg/mL and the patient was hemodynamically
stable although only 340 mg of procainamide had been re-
moved by dialysis. The apparent distribution volume based on
this and the accelerated plasma concentration drop was 0.76 L/
kg, compared to an expected value of 2.0 L/kg. This presumably
reflected a tourniquet effect that retarded the return of drug
from skeletal muscle to the intravascular compartment and
thereby enhanced the efficacy of hemodialysis in this patient.

Secondly, when hemodialysis removes a significant quantity of
a drug, one way of estimating a replacement dose is to multiply
the concentration drop by the expected distribution volume
of the drug in healthy subjects. However, if this tourniquet ef-
fect causes the apparent distribution volume to be much less
than the expected value, an excessive replacement dose will be
administered. Replacement based on the amount of drug recov-
ered in the dialysate would theoretically be more accurate but is
not feasible during routine patient care.
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