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ABSTRACT

Purpose It is generally believed that bioavailability (F) calculated based on
systemic concentration area under the curve (AUC) measurements cannot exceed
1.0, yet many published studies report this inconsistency. We teach and believe,
based on differential equation derivations, that rate of absorption has no influence
on measured systemic clearance following an oral dose, i.e., determined as
available dose divided by AUC. Previously, it was thought that any difference in
calculating F from urine data versus that from systemic concentration AUC data was
due to the inability to accurately measure urine data.

Methods A PubMed literature search for drugs exhibiting F>1.0 and studies for
which F was measured using both AUC and urinary excretion dose corrected
analyses yielded data for 35 drugs.

Results We show and explain, using Kirchhoff’'s Laws, that these universally held
concepts concerning bioavailability may not be valid. Bioavailability, determined
using systemic concentration measurements, for many drugs may be overestimated
since AUC reflects not only systemic elimination but also absorption rate
characteristics, which is most easily seen for renal clearance measures. Clearance
of drug from the absorption site must be significantly greater than clearance
following an iv bolus dose for F(AUC) to correctly correspond with F(urine).
Conclusions The primary purpose of this paper is to demonstrate that studies
resulting in F>1.0 and/or greater systemic vs urine bioavailability predictions may
be accurate. Importantly, these explications have no significant impact on current
regulatory guidance for bioequivalence testing, nor on the use of exposure (AUC)



measures in making drug dosing decisions.
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Amount of drug in the systemic fluids
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Clearance of drug from the gut following oral dosing
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Bioavailability calculated from urinary excretion amounts
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Rate constant
Absorption rate constant
Elimination rate constant for a one compartment body model
Hepatic blood flow
Subcutaneous
Amount of drug in the urine at infinite time
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X Subscript reflecting parameter for either oral, intramuscular
or subcutaneous dosing

INTRODUCTION

In Wagner’s 1981 comprehensive review of the “History of Pharmacokinetics” (1), it
appears that analysis of concentration-time curves following oral dosing and
considerations of bioavailability began in the 1940’s. Those early analyses and all
subsequent analyses until today have derived the concepts in terms of amounts and
rate constants utilizing differential equations, which is appropriate in the field of
Chemistry. But since following human dosing we measure drug concentrations and
define elimination processes in terms of clearance values, the differential equation
derivations and their solutions are divided by a volume of distribution. Then it is
possible to define the clearance by measuring the amount eliminated divided by the
exposure driving that elimination, as we recently reviewed (2). Our laboratory has
emphasized the possibility that the approach followed in chemistry, in terms of rate
constants and differential equations for disposition processes in a fixed volume of
fluid, may not be consistent with the pharmacokinetic, clearance and varying
volumes of distribution, approach (3, 4). Frequent peer reviewed published
manuscripts report drug bioavailabilities for differing routes of drug dosing
compared to intravenous bolus doses that exceed 100%. In Table | we cite thirty-
five such outcomes following crossover studies in which humans and various animal
species received a drug both by intravenous dosing and via either oral,
subcutaneous (SubQ) or intramuscular (IM) dosing, where the reported ratio of dose
corrected areas under the systemic concentration-time curves (AUC,/AUCy)
exceeded 1.02. Seventeen of these thirty-five studies were in humans.

Another series of unexplained data pertains to the differences observed in dose
corrected oral bioavailability when comparing measures of AUC to measures of
amount of drug excreted unchanged in the urine. Eleven such peer reviewed
human studies are referenced in Table Il, including three of the studies in Table I.
Since the measured outcomes in Tables | and Il are not consistent with the
universally accepted or FDA guidance methods for calculating bioavailability, these
data were generally ignored and believed to result from experimental errors. We
will revisit these data in the Discussion section.

METHODS AND RESULTS

Literature search



The literature search for the data listed in Tables | and Il was a very laborious
task as we were searching for published results that are contrary to
generally accepted pharmacokinetic theory, as bioavailability measurements
greater than unity have typically been attributed to some form of
experimental error. Information as to this outcome is rarely, if ever, included
in article titles or abstracts. In essence, we searched for any peer reviewed
bioavailability study in humans and animals. Specifically, we focused on
studies where oral, SubQ or IM dosing was reported alongside iv dosing to
determine if the published data had values of dose corrected AUC greater
than 1.0 and/or where F calculated using urinary measurements was lower
than that obtained through systemic concentration measurements. We put
no period of time restriction on studies to evaluate and as can be seen, the
cited references range from 1976 to 2022. The only relevant search term
was “bioavailability”, but as can be seen in the 32 citations in Tables | and II,
one-third were not found using this search term. It should not be concluded
that since we found so few studies meeting our criteria that this means the
phenomena occurs to a negligible extent, since investigators both in
academia and the industry are reluctant to publish results for bioavailability
studies that are contrary to accepted theory and thus will be believed by
editors, journal reviewers and readers, and even the investigators
themselves, to be scientifically flawed.

Application of Kirchhoff’s Laws to eliminate the need for solving
differential equations.

We recently demonstrated (4), using Kirchhoff’'s Laws from physics, that overall rate
constants for a linear kinetic process or overall clearance for that process can be
directly derived without the need to use differential equations. As we first reported
(3), the application of Kirchhoff’'s Laws to clearance can be summarized in Eq. 1 for
parallel processes and Eq. 2 for processes in series.

CLrolal = CLrate defining|| process 1 + CLmle defining|| process 2 +... ( 1 )
1 1 1 2)
= + +...
CL total CL rate defining E series process 1 CL rate defining E series process?2

Kirchhoff's Laws may also be applied to rate constants and can be derived via Eqgs.
3 and 4, independent of solving differential equations for first order processes.

ktotal = krate defining|| process 1 + krate defining|| process 2 +... ( 3 )
| 1 1

=7 +T +... (4)
total ratedefining Eseries process1 rate defining € series process 2

A rate defining process is defined by a parameter that describes an elimination or
movement process for which it is possible under certain conditions that the total

4



clearance or total rate constant may be equal to this parameter. For example, a rate
defining clearance process for hepatic elimination could be hepatic blood flow, i.e.,
the rate at which drug arrives to the liver is the maximum value that hepatic
elimination can be. Thus, for a very high hepatic clearance (CLy) drug, total CLy
could equal hepatic blood flow (Qx ). To exemplify a rate defining rate constant
process, for a series of chemical reactions occurring in a beaker, the elimination
rate constant for the parent drug could be the minimum value rate defining process
for all subsequent metabolic steps. For example, if the first step in a metabolic
elimination process is very slow, the observed rate constant for the subsequent
metabolic steps will be that initial rate constant for the metabolism of the parent
drug. Understanding this definition is essential in applying Kirchhoff's Laws. The
critical aspect of this approach is that only rate defining processes can be combined
to determine the overall rate constant for elimination or clearance following
Kirchhoff’'s Laws. Passive permeability, no matter how slow, cannot be a rate
defining process for elimination because passive permeability is reversible, i.e.,
clearance and elimination rate will never be equal to passive permeability. When
hepatic basolateral transporters affect permeability and active influx is greater than
active efflux, this can be a rate defining process. But not when active efflux is
greater than active influx. That is, clearance can never be defined singly as active
large efflux minus smaller active influx since the value is negative.

Examples of parallel rate defining processes in the kidney are glomerular filtration
and secretion/reabsorption, and in the liver are metabolism and biliary excretion
(3). Examples of in series rate defining processes in the kidney and liver are organ
blood flow limiting the rate of elimination, so that the actually eliminating
mechanism has no effect on the measured rate (4). Of particular relevance in this
publication are the in series processes of absorption and elimination, where
absorption rate or absorption clearance from the gut (as well as from an injection
site whether it is IM or SubQ) can have an effect on the overall elimination process.

Kirchhoff’s Laws derivations of overall clearance and overall rate of
elimination following oral dosing

Clearance derivation: As we recently presented (4), in series absorption
clearance processes can be derived in terms of clearance entering into the systemic
circulation and clearance leaving from the systemic circulation.

1 1 1 1 1

N CLentering * CLleaving - CLgut * CL

CL
(5)

where the CLentering is the clearance of drug from gut, a parameter previously
unmeasured in pharmacokinetics, but can be simply envisioned as the absorption
rate constant, k., multiplied by the volume of distribution of the gut compartment,
again a parameter previously unmeasured in pharmacokinetics. Since overall
clearance is defined as the amount eliminated from the systemic fluids

after oral dosing ivdosing
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(bioavailability, F, multiplied by the administered dose, Dose., ), divided by the area
under the systemic concentration time curve over all time, (AUCy>), solving Eq. 5
yields

F- Doseoral _ CLgut : CL ivdose CL ivdose

CLafteruraldosing: AUC()—»X, - CLgut+ CL - CL,

ivdose 1 iv dose

CL,,

(6)

There are important implications to Eq. 6. First, Eq. 6 demonstrates that the
clearance measured after oral dosing will not be the clearance after intravenous
dosing unless CL,, > CL; .., which may often be true but just as likely not true.
Certainly, for flip-flop models (38), where the rate of absorption is slower than the
overall rate of elimination following an iv dose, we would expect CLgy.: to be less
than CLj, 4se . HOwever, even when the rate constant for absorption is greater than
the overall rate constant for elimination, we are comparing clearances, not rate
constants in Eq. 6, and one would expect the volume of distribution of drug in the
gut to be less than the systemic volume of distribution, so that CL,,: may not be
markedly greater than CLy s . Thus, the measured clearance (7?5852”1) following
an oral dose may not be the clearance following an iv dose as we have universally
believed until now, by increasing the measured AUC beyond what results from an
equivalent iv dose.

Rate constant derivation: Kirchhoff's Laws may also be used to calculate the
overall rate of elimination for these in series processes.

1 1 1 1 1
= + =——+4
k overall measuredrate k entering k leaving k a k ivdose

(7)

where ki, s0se Would be equal to the rate constant for elimination for a 1-
compartment body model (ks) or for a multi-compartment body model equal to the
inverse of the mean residence time following an iv bolus dose, which we can
designate as k. Solving Eq. 7 for a 1-compartment body model gives

kioky kg
kuverallmeasured rate — k + kd = kd
g

a

(8)

As we reported (4), applying Kirchhoff's Laws to rate constants related to oral
absorption is a process that our field has been following for the past 40 years since
Yamaoka et al. (39) recognized that the absorption-disposition model could be
described by mean residence time concepts. This is true, since mean residence
times for each of the processes are the inverse of a rate constant describing that
process, i.e., Eq. 7. Thus, it is difficult to argue against the assertion that Kirchhoff’s
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Laws will correctly describe linear in series pharmacokinetic processes. Mean
residence time concepts, well accepted in pharmacokinetics, are the scientific
justification for using Kirchhoff’'s Laws. Our advance is showing that Kirchhoff’s
Laws can be applied to clearance parameters, just as they are applied to rate
constants (3, 4). And it is easy to see that converting Eqgs. 7 and 8 to clearance
relationships, Egs. 5 and 6, requires multiplying ky and k, by two different volume
terms, the systemic volume of distribution for ks and gut volume of distribution for
k.. This further justifies why the differential equation derivation for oral (IM and
SubQ) absorption following measurements of systemic concentration is not valid,
although we have taught and believe it to be true for as long as our field has
analyzed concentration-time data following oral absorption since only one volume
term can be inserted into the rate constant-amount differential equations to convert
the rate of change of amount to the rate of change of concentration.

The error in the use of a differential equation derivation to determine
systemic clearance following oral absorption

Since this is such an important aspect in understanding the data in Tables | and I,
we repeat the common derivation followed for the past 50 years (4). The amount of
drug in the systemic circulation as a function of time in terms of the rate constants
utilized above is given by Eq. 9

__k, F-Dose,,,

—kyt —k,t
Asystemic circulation ™ k — kd ( e ' —e )
a
(9)

Dividing by the systemic volume of distribution (V) gives the concentration-time
relationship

c _k,F-Dose,,
systemic circulation ™ _ .
Y \k,—ky|-V

(10)

. (e—k(/ -t _e—k“- r)

Then integrating over all time allows determination of AUCo...

ka.F'Doseora/ ka' F.Doseaml ka'F'DOSQOMI
(k,—k,)-V k,—k,)-V 1% F- Dose,,,
AUC-. == "¢ - Kok, KV
d a a ™d d
(11)
F- Doseoml
The refo re, CLafteroraldosing(dijferemial equations) :W()—)w = k d’ V = CLivbolus (1 2 )

where our field implicitly believes, slow absorption rate can markedly affect the
overall rate of elimination (Eq. 8), but it does not affect the clearance of elimination
(Eg. 12). We do recognize that prior to examination of the Kirchhoff’'s Laws
derivations for clearance and rate constants, only differential equation derivations



were possible, thus ignoring any potential difference in volumes of distribution that
influence differing processes.

Measurements of renal clearance following oral and intravenous
dosing

It is generally believed today that renal clearance will be unchanged following oral
and intravenous dosing, just as it is presently believed that input rate following oral,
IM and SubQ dosing will have no effect on the area under the systemic
concentration-time curve. The advantage of examining this belief with respect to
renal clearance is that the calculation of CLg is not based on any assumptions, just
that renal clearance is equal to the measured amount of drug eliminated
unchanged in the urine divided by the measured systemic exposure driving that
elimination (AUCo5). In contrast, F in Egs. 9-12 is not a measured value, but rather
a calculated value. Thus, if input does increase the systemic concentration time-
curve, then the renal clearance following oral, IM and SubQ dosing should be less
than the renal clearance following iv dosing.

Such analyses, not previously considered, are possible for the 1-deamino-8-arginine
vasopressin (8), sodium fluoride (18) and cimetidine (21) studies. For each of the 16
cimetidine oral dosings in 9 subjects (21), it is possible to compare these renal
clearances, which average 21.6 = 10.6 L/hr following oral dosing and 35.6 = 10.0 L/
hr following iv dosing (paired t-test for the oral - iv difference yielded a p value of
0.0018). When renal clearances of the 10 paired dosings of sodium fluoride in the 6
subjects (18) were analyzed the renal clearance iv averaged 70.2 £ 16.6 ml/min
and the renal clearance oral averaged 53.8 = 16.3 (paired t—test for the oral-iv
difference yielded a p value of 0.007). For 1-deamino-8-arginine vasopressin the
authors try to explain the high AUC ratio based on adsorption of the drug to the
syringe following iv dosing, but CLz following SubQ is 76% of CLx following iv (the
same percentage decrease found in the sodium fluoride study), which is
independent of adsorption. Statistical comparison was not possible.

Justification for dose corrected AUC/AUC,, > 1.0 and AUC/AUC,, > U../
Uwiv_

Unless clearance from an absorption site (oral, IM, SubQ) is significantly greater
than clearance following an intravenous dose of drug (Eq. 6 for oral dosing), the
AUC following absorption dosing may be greater than the AUC for an intravenous
comparable available dose. When bioavailability is calculated based on systemic
concentration measurements, this explains why experimental AUC,/AUC,, values can
often be greater than 1.0 as shown in Table I. On the other hand, when
bioavailability is calculated using measures of unchanged drug in the urine there
are no assumptions being made relating absorption processes to elimination
processes, therefore if absorption affects systemic concentrations, AUC/AUC;, will
be greater than U../U.i, independent of the F value calculated. A potential
challenge to accurately calculating bioavailability using urinary data is the fact that
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the major route of elimination for Biopharmaceutics Classification System (BCS) and
Biopharmaceutical Drug Disposition Classification System (BDDCS) Class 1 and 2
drugs is metabolic elimination. Since measures of unchanged drug will be small,
inherent variability will make these comparisons difficult to interpret. As we have
reported (40), Class 1 and 2 drugs comprise approximately 70% of all marketed
small molecules, making bioavailability measurements using unchanged drug in the
urine questionable.

Calculation of CL,.: when both systemic concentrations and urinary
elimination of unchanged drug measures for oral and iv dosing are
available.

As indicated in Eq. 6, CLatteroral dosing Will be equal to CL;, as is now universally believed
and taught, only if CL,. is markedly greater than CL;,. Thus, for the data in Table Il
it is possible to estimate CLg. and the ratio CLi/CLgy.: if CL;y is available in the
publication. Such calculations could be made for all of the studies listed in Table II,
except for cilazapril and cilazaprilat. These results are presented in Table Ill. We
demonstrate here this methodology for the cimetidine study (21), where the dose
corrected AUC ratio exceeds 1.0 and the urinary and systemic concentration
measurements of bioavailability are statistically different. From the published study

Doseam . .
the mean values of UoooraI/Uooiv,M—l and CL;, were available for the 16 dosings

0> o oral

in 9 heathy volunteers as given in columns 2, 3 and 5, respectively, of Table Ill.
Column 4, CLater orai dosing IS the product of the model independent urinary measure of

. . - Doseoml
bioavailability, column 2, and AUC -

0~ o oral

, column 3. Then CLg,, column 6, is

calculated from rearrangement of Eq. 6
CL,
CLgut: CL
CL -1

after oral dosing

(6a)

The last column of Table Il then gives the ratio of CL\/CL4.:, which for cimetidine is
1.6. It is unfortunate that this analysis could not be conducted for cilazapril, which
showed the greatest statistical difference between the bioavailability measurements
using systemic concentrations and urinary bioavailability measurements in Table I,
but the reported bioavailability comparisons only used measurements out to 24 hr,
without providing the potential extrapolated areas (35).

DISCUSSION

The general approach of our field to the many values presented in Tables | and Il is
to assume that the measurements are a function of experimental errors, or when
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the values are divergent but so close to an expected outcome that the divergence is
just due to inherent variability. And in many cases, this could be true. In fact, it is
often very hard to justify that experimental errors have been made, with the major
published justification being that these reported outcomes are not consistent with
present universally accepted pharmacokinetic theory. Examination of the studies for
sodium fluoride (18) and cimetidine (21) listed in both Tables | and Il reflect the
variance found in the literature in discussing the reported results. The data in the
crossover studies reported in Table Il offer a unique perspective, i.e., the ability to
compare paired statistical analyses for two different measurements for the same
study. The authors of neither study conducted this analysis, but since individual
data for the study subjects were presented in the papers, we were able to conduct
this analysis. In the cimetidine study, the paired p statistic between AUC,../AUC,,
and U.ora/UwivWas less than 0.001, while the sodium fluoride study was close, but
not statistically different (p = 0.055). Both sodium fluoride and cimetidine are
BCS/BDDCS class 3 drugs (40) so sufficient amounts of drug in the urine were
measurable. The authors of the sodium fluoride study (18) summarized their results
in the abstract as: “There were large day-to-day variances in renal clearance of
fluoride. This was shown to be due to differences in the urinary flow, an increase in
flow causing an increase in renal clearance... When apparent bioavailability was
calculated from plasma and from urinary data, there was great intra- and
intersubject variation, as well as poor agreement between the two methods of
calculations. This was found to be due to the day-day variation in renal clearance,
which, in turn varied with urinary flow. By use of equations that corrected for these
variations, it was found that the bioavailability of sodium fluoride tablets is
approximately 100%.” In the sodium fluoride study, there were two overall results
that were not consistent with pharmacokinetic theory at the time of the study (and
still today). First, mean bioavailability was greater than 100%, although not
statistically significant (p = 0.055) unless the large difference in one of two studies
in subject L.K. was eliminated (p = 0.011). Second, CLgr.r. Was statistically less than
CLrv (p = 0.007 paired t-test) even when the outlier subject L.K. data were
included. The authors therefore needed to explain the reasons that these values
cannot be accepted. They proposed that since renal clearance was dependent on
urine flow rate, which it is, and renal flow was highly variable, they could ignore the
measured oral renal clearances (which are highly significantly different than the
measured iv renal clearances) and substitute the iv renal clearances for these
values in each subject. Thus, by ignoring the real difference in measured renal
clearance following oral dosing, they could show that bioavailability was close to
unity. However, renal clearance is renal clearance whether it is highly variable or
not. If the authors ignore these measured differences, the reason that F exceeds
1.0 due to absorption affecting systemic concentrations when CLg.: is not
significantly greater than CLj 40se , the measured systemic bioavailability
inconsistency will disappear. There is no scientific justification for the conclusion of
Ekstrant et al. (18) but recognizing that the derivations presented in this present
manuscript were unknown until now. -
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The authors of the cimetidine study (21) did not try to propose an error analysis for
their AUC,../AUC;, equal to 1.106 and U«ora/U«iv €qual to 0.595 writing “ The results
clearly demonstrate that bioavailability studies using AUC-measurements are
misleading for several drugs including cimetidine.” However, they did not report the
statistical analysis of this comparison (p < 0.001 paired test) nor did they calculate
or compare CLg oral vs iv for their study (p = 0.0018 paired t-test)

The third significantly different comparison of AUC,./AUC:, and Uwora/Uxiv in Table I
(p < 0.0001) is for active cilazaprilat measurements following cilazapril dosing (35).
An important aspect of these data is the recognition that AUC,./AUC;,
measurements may not reflect accurate bioavailability measurements, even when
the ratio is less than 1.0. Thus, AUC ratio measurements may potentially
overestimate actual bioavailability if CL,. is not much greater than CLj, 4se (EQ. 6) for
drugs of any bioavailability. In therapeutic practice and drug approval of ACE
inhibitors, the prodrug is dosed to increase solubility and bioavailability before
hydrolysis to its active molecule in vivo. The actual amount of active drug that
reaches the systemic circulation may be lower than the results predicted using
AUC,-/AUC;, . This is reflected in the results for the parallel study in the same 12
subjects where cilazaprilat was dosed orally and intravenously (35). Here, following
cilazaprat dosing, the ratio of Uwera/U«iv to AUC,a/AUC;, for active drug was 0.64,
even lower than the ratio of 0.74 following cilazapril dosing, yet the difference was
not significant (p = 0.055). This is due to the increased intersubject variability that
is observed as measures of bioavailability are decreased as documented by
Hellriegel et al. (41)

When experimental studies yield systemic bioavailability measures greater than
1.0, investigators, particularly for human studies, try to explain why the results are
either inconsequential or due to a confounding experimental error that can be
corrected, suspecting that otherwise the study may not be accepted for publication.
Since in this manuscript we justify why systemic F >1.0 and CLgora>CLg iy results
may be obtained and that such results are not necessarily in error, here we
summarize explanations of such results for 7 human studies. a) For 1-deamino-8-
arginine vasopressin the authors (8) try to explain the 1.66 AUC ratio based on
adsorption of the drug to the syringe following iv dosing, but urinary excretion
following equivalent iv and SubQ doses is only 20% less for the iv administration.
Furthermore, if absorption has no effect on AUC, CLr should be the same for the iv
and SubQ doses independent of adsorption. However, the SubQ CLr is 76% of that
following iv dosing. b) The supposed corrected bioequivalence values for sodium
fluoride (18) were obtained by replacing the measured CLr o Values in each subject
following oral dosing with measured CLg,, values believing that CLg should be the
same following iv and oral dosing. ¢) The teicoplanin analysis shows that the 90%
confidence interval is 108-116% around the 112% mean, which indicates that the
systemic bioavailability greater than 1.0 is statistically significant. In the paper, the
authors (22) write: “Since the 90% confidence interval for the ratio of areas under
the serum concentration-time curve falls within the range of 80-120%, the extent of
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systemic absorption of teicoplanin following IM administration is equivalent to that
following iv administration.” The authors misinterpreted the bioequivalence
guidelines by equating clinically significant differences with actual measures of
statistical difference. d) A paired t-test analysis for cimetidine, not previously
carried out by the authors (21), shows that the dose corrected areas following oral
dosing is greater than iv with p<0.001. As noted by the authors, a study showing
comparable bioavailability was published the previous year by US investigators (43).
However, the oral dosage forms were not the same, with a 300 mg tablet
manufactured in the US vs a 200 mg tablet manufactured in Sweden. e) The
levetiracetam analysis (23) shows that the 90% confidence interval 105-113%
around the 109% mean indicates that the systemic bioavailability greater than 1.0
is statistically significant. f) Since the mean systemic F value for the ofloxacin study
(26) was 1.05, one might suspect that this result being so close to 1.0 may just be
due to the normal variance found in human studies. However, the authors report
“Because of a small intrasubject variability (coefficient of variation, 4.5%) in the
AUC values, the difference in the plasma AUC values between the p.o. and i.v.
doses (4.7%) was found to be statistically significant (P < 0.05), with the p.o.
dosage form having the larger AUC .” Thus, at least for these seven human studies
we believe there is compelling evidence supporting that systemic bioavailability can
exceed 100% and these results are not attributable to experimental errors.

The common response we receive when documenting the systemic F >1.0 studies is
“How do you know that the results are not just the function of saturation of
elimination processes for the oral, IM or SubQ doses?” Saturation phenomena
related to elimination could be a possible explanation when the oral, IM or SubQ
dose is greater than the iv dose, however, we could not identify any studies where
experimental data supported this explanation in the studies listed in Tables 1 and 2.
However, there are a number of studies that show that saturation is not the
explanation when one examines renal clearance data. For example, in the
cimetidine study (21) 9 subjects received a 100 mg iv dose with mean CLg;, = 35.6
+ 10.0 L/hr, 3 of the 9 received a 100 mg oral dose with mean CLgor = 27.0 = 10.6
L/hr, all 9 received a 400 mg oral dose with mean CLg s = 21.6 = 10.6 L/hr, and 4
received an 800 mg oral dose with mean CLgora) = 27.2 £ 15.2 L/hr. For the sodium
fluoride study (18), all 6 subjects received an iv dose of 3 mg with a mean CLgy, =
70.2 £ 16.7.6 ml/min. Those 6 subjects received a low oral dose (2.82mg 4 subjects
or 4 mg 2 subjects) with a mean CLgoar = 55.1 = 13.0 ml/min. Four of the subjects
received a higher oral dose (9.4 mg 3 subjects or 5.5 mg 1 subject) with a mean
Clrorar = 51.8 = 22.5 ml/min. None of the results for cimetidine or sodium fluoride
support a saturation effect.

For the remaining 15 human studies listed in Table I, all but desmin were carried out
investigating the same dose iv and oral, IM or SubQ and no indication of any
saturation effects is presented in any of the studies. Thus, there are no data or
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essentially even the possibility that saturation can explain the F >1 values in Table
l.

The major objective of this report was to demonstrate that studies resulting in
F>1.0 and/or marked differences in systemic vs urine predictions in bioavailability
may be accurate and should not be considered experimentally flawed. And further,
that it is incorrect to assume that following oral, IM and SubQ dosing, that the rate
of absorption from the dosing site has no effect on the measured area under the
curve, as is presently universally believed. However, we recognize that this belief
has been the result of having no way to determine the correct relationship between
clearance and the rate of absorption, because prior to our introduction of Kirchhoff’s
Laws to determine clearance for in series processes (3, 4) that are inherent in
absorption studies, the only derivation of clearance possible was to define the
relationship in terms of rate constants and then divide by the systemic volume of
distribution.

The important question to now address is what effect will these new understandings
have with respect to regulatory issues related to bioavailability? Foremost, it must
be recognized that the measured AUCs following oral, IM and SubQ dosing are not
affected by the analyses reported here. Regulatory guidances for assessing
bioequivalence and food effect study data are only based on the measured AUC and
characteristics of AUC related to absorption rate criteria, i.e., Cnax oOr AUC up to
peak time. Similarly, pharmacodynamic outcomes, such as selecting the
appropriate dose and dosing interval for a new drug or adjustments in drug dosing
due to disease states, drug interactions or pharmacogenomic and physiologic
differences, are only based on AUC measurements. So, what will change? First,
reported bioavailability values may be an overestimate unless dose corrected
systemic concentration and urinary excretion ratios are similar. Second, since food
effect studies often result in changes in bioavailability, can the food effect be a
change in gut volume of distribution as well as a change in gut rate of absorption?
That is, is there discontinuities between rate constant changes and gut clearance
changes that have not been addressed previously? Third, bioavailability studies with
F>1.0 or studies with significant differences in ratio for AUC and unchanged drug in
the urine, are no more likely to be experimentally flawed than any other study.
Fourth, although the changes described here should have no effect on regulatory
issues related to bioavailability and drug dosing decisions, present attempts to
predict drug bioavailability, bioequivalence and food effects using PBPK models may
not be considering all relevant aspects of drug absorption.
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Table 1 Published Crossover Studies Where Dose Corrected AUC,/AUC,, Is

Greater Than 1.02

Drug

Tildipirosin

Desmin

Tolfenamic acid
1-Deamino-8-arginine®
vasopressin
Ampicillin
S-Ketorolac
R-Ketorolac
Danofloxacin
Ceftazidime
Tolfenamic acid
Enrofloxacin
Marbofloxacin
Theophylline (Tablet)
Marbofloxacin
Amoxycillin

Sodium Fluoride®
Theophylline (Capsule)
Ampicillin
Treprostinil sodium®
Tolfenamic acid
Morphine sulfate
Cimetidine®
Teicoplanin®
Levetiracetam®
Marbofloxacin
Ketorolac
tromethamine

Fludarabine

Ofloxacin"
Amoxycillin

Hydroxyurea®

Roquinimex
Morphine sulfate
Ibuprofen
Dexmedetomidine
Indoprofen

Species

Horse
Healthy Humans
Sheep

Healthy Humans

Healthy Elderly
Goat
Goat
Chukar Partridge
Dog
Sheep
Lactating Cows
Llama
Dog
Lamb
Dog
Healthy Humans
Dog
Healthy Young
Healthy Humans
Sheep
Goat
Healthy Humans
Healthy Humans
Healthy Humans
Llama

Healthy Humans

Lupus Nephritis
Patients
Healthy Humans
Dog
Patients with Solid
Tumors
Healthy Humans
Goat
Healthy Humans
Healthy Humans
Healthy Humans

19

Rout
e
SubQ
SubQ

IM
SubQ

SubQ
Oral
Oral

SubQ

IM

SubQ

SubQ

SubQ
Oral

SubQ

IM
Oral
Ora
SubQ
SubQ
IM

SubQ
Oral

IM
Oral
IM

SubQ

Oral
SubQ

Oral

Oral
IM
Oral
IM
Oral

AUC,/

>

V] of

\"4

4.01
1.67
1.67

1.66

1.61
1.39
1.36
1.34
1.33
1.31
1.30
1.27
1.26
1.25
1.24
1.23
1.23
1.19
1.13
1.13
1.11
1.11
1.12
1.09
1.09

1.08

1.07

1.05
1.05

1.08

1.04
1.04
1.03
1.03
1.03

Referen

25

26
17

27

28
11
29
30
31



2The authors attempt to explain the high AUC ratio based on adsorption of
the drug to the syringe following iv dosing, but CLr following SubQ is 76% of
CLr following iv, which is independent of adsorption.

® p = 0.055 for 10 measurements in 6 subjects. When one of the two
measurements in subject LK, the dosing involving the greatest change in
AUC is deleted, p = 0.011 for 9 measurements in 6 subjects. The authors
explain the F>1.0 results to be a function of not considering urine flow rates.
However, they don’t make adjustments based on urine flow rates, but rather
replace all measured renal clearances following oral dosing with the renal
clearance following iv dosing. When they do this, the AUC ratio decreases to
approximately 1.0.

“The authors report the standard deviation for the measurements is 1.13 +
0.10 but provide no statistical analysis.

4The authors report that the 90% confidence interval for the mean 1.12 ratio
is 1.08-1.16, which indicates that the mean ratio is statistically significantly
greater than 1.0.

°p < 0.001

"The authors report that the 90% confidence interval for the mean 1.09 ratio
is 1.05-1.13, which indicates that the mean ratio is statistically significantly
greater than 1.0.

9 The authors reported F in the 22 patients to be 108 £ 19%. No statistics are
reported for the bioavailability studies. However, the authors do report a
difference in renal clearance oral vs iv “with a moderate inverse relationship
between the AUC and renal clearance of hydroxyurea (r=-.59, P <.01)".

"p < 0.05. The authors report: “Because of a small intrasubject variability
(coefficient of variation, 4.5%) in the AUC values, the difference in the
plasma AUC values between the p.o. and i.v. doses (4.7%) was found to be
statistically significant (P < 0.05), with the p.o. dosage form having the
larger AUC.”
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Table Il Published Crossover Studies in Healthy Humans Exhibiting
Differences in Oral Bioavailability Using Dose Corrected AUC (AUC,../AUC,)
Versus Urinary Excretion (U.ra/U.iv) Data

AUC,..,/ Referen

Mg AUCH Qworaluj E

Sodium Fluoride 1.233 = 0.886 = 18
0.308 0.191¢°

Cimetidine 1.119 = 0.595 = 21
0.399 0.156°

Indoprofen (100 mg 1.031 = 0.901 = 31

capsule) 0.340 0.248¢

Letrozole 0.991 0.937 32

Allopurinol 0.904 0.814 33

Indoprofen (200 mg 0.867 = 0.809 = 31

tablet) 0.146 0.214¢

Hydroxychloroquine 0.79 = 0.69 = 34
0.12 0.15¢

Cilazapril (measure 0.775 = 0.571 = 35

cilazaprilat) 0.101 0.103f

Mesna 0.680 = 0.580 = 36
0.413 0.173¢

Ranitidine 0.52 =+ 0.38 37
0.11

Cilazaprilat 0.290 = 0.186 = 35
0.148 0.099"

2p = 0.055 10 paired measurements in 6 subjects; p = 0.011 when one of the
two paired measurements in subject L.K. not included in the analysis.

®p < 0.001 16 paired measurements in 9 subjects

‘p=0.378 4 paired measurements
9p =0.689 4 paired measurements
¢ p=10.43 5 paired measurements

"p <0.0001 12 measurements of active cilazaprilat dosing cilazapril in 12
subjects. Calculated from means and SDs since individual data not given.

9p = 0.69 5 paired measurements

"p =0.055 12 measurements of cilazaprilat dosing cilazaprilat in the same 12
subjects who were also dosed cilazapril. Calculated from means and SDs since
individual data not given.
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Table 1ll Calculation of Clearance Gut (CL,.: ) and the Ratio of Clearance
CLgut

Gut to Clearance iv ( CL.

) for Drugs in Table 1l Where Bioavailability

Measures Using Systemic Concentrations and Unchanged Amounts in the

Urine Are Available.

Drug

Sodium Fluoride
(18)

Cimetidine (21)
Indoprofen
(Capsule) (31)
Letrozole (32)
Allopurinol (33)
Indoprofen
(Tablet) (31)
Hydroxychloroqui
ne

(34)

Mesna (36)
Ranitidine (37)

_ Uoc()ral DOSe()ral
B Uoo iv AUCO-’ o oral
L/hr
0.886 9.81
0.595 50.4
0.901 3.48
0.937 2.04
0.814 50.7
0.867 3.39
0.69 63.9
0.58 123.
0.38 84.7

23

CLafter

oral dosing

L/hr
8.68

30.0
3.14

1.91
41.3

2.94
44.1

71.5
32.2

CLiv
L/hr

10.8

48.5
3.47

2.21
46.6

2.97

50.0

CL gut
L/hr

44.3

78.6
33.0

14.1
363.

291.
374.

870.
116.

CL gut
CL iv

4.1

6.

7.8
98.
7.5

11.
2.6





