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Purpose. Preclinical and clinical data for 35 proprietary Bristol-Myers Squibb discovery compounds (years

1997 to 2005) were collected and analyzed. In each case, exposure and efficacy in human subjects were

projected at the time of nomination (for development) prior to first-in-human dosing.

Materials and Methods. Projections of area under the plasma concentration-time curve (AUC) in

humans involved the use of one or more methods: (1) allometric scaling of animal pharmacokinetic data;

(2) clearance projection employing in vitro data (liver microsomes and hepatocytes); (3) chimpanzee as

an animal model; (4) the species-invariant time method; and (5) the Css-mean residence time or BCss-

MRT^ method. Whenever possible, prior clinical experience with lead compounds enabled the selection

of the most appropriate method(s). Multiple approaches were also available at the time of the human

efficacious dose projections: (1) efficacious exposure from animal efficacy models; (2) in vitro potency;

and (3) prior experience with clinical leads.

Results. Over the 8 year period described, AUC in humans was projected within 2-fold (20 out of 35

compounds; 57%), greater than 2-fold to 4-fold (11 out of 35 compounds; 32%), and greater than 4-fold

(4 out of 35 compounds; 11%) of the observed value. At the time of writing, clinical efficacy data were

available for 10 compounds only. In this instance, the efficacious doses were also projected within 2-fold

(7 out of 10 compounds; 70%), greater than 2-fold to 4-fold (2 out of 10 compounds; 20%), and greater

than 4-fold (1 out of 10 compounds; 10%) of the actual clinical dose.

Conclusion. Overall, it was possible to project human exposure and efficacious dose within 4-fold of

observed clinical values for about 90% of the compounds.
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INTRODUCTION

In recent years, the discovery and development of new
medicines has become increasingly complex. For example, it is
estimated that only about 10% of drug candidates that are
selected for clinical development eventually become marketed
drugs (1). This is largely because of novel targets with intricate
underlying pharmacology, the desire for an optimal PK-
ADME profile, increased focus on safety and risk-to-benefit
considerations, and a more competitive marketplace. Projec-
tion of PK and efficacy prior to human dosing is a major effort
during the characterization of lead compounds in discovery.
The first-in-man dose selection is based on various pieces of
information. Although no observable adverse effect level
(NOAEL) is one of the important parameters that we typically
use to guide dose selection, analysis of projection of human
exposure and efficacious dose allows appropriate escalation of
doses in the single ascending dose (SAD) studies to reach the
efficacious dose–range quickly. Furthermore, human exposure
and efficacious dose allow one to set safety margins (relative
to animal toxicokinetic data), enables modeling of human PK
at steady state, and focuses attention on the feasibility of
various dosage forms and dosing regimens (e.g., twice-a-day
versus once daily) at the time of nomination. In addition, the
projection provides an early estimate of the amount of
compound, which process chemistry needs to synthesize.
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Obviously, the projection of human PK involves the genera-
tion and integration of preclinical datasets, and numerous
approaches have been published over the years (2–6).

When forecasting human PK prior to human dosing,
special attention is paid to the AUC after oral dosing,
elimination half-life, and peak-to-trough plasma concentra-
tion ratio. This is because adequate exposure (magnitude and
duration) is required to ensure proof-of-concept (efficacy) in
man. The projected elimination half-life provides an estimate
of the frequency of drug administration in clinical studies.
Frequently, adverse effects can be linked to the maximum
concentrations in plasma (Cmax) (7,8). Therefore, assessment
of Cmax is useful to avoid the unwanted toxicity often
observed in animal species. At the same time, maintenance
of adequate concentrations throughout the dosing interval is
required for robust efficacy (9,10). This necessitates accurate
assessment of trough concentrations (Cmin) after a given
dose. Developing and validating robust analytical assays with
adequate sensitivity are important for the assessment. As
described herein, there are at least five different methods
that enable projections of human PK: (1) allometric scaling
of animal PK data; (2) Bscaling^ of in vitro intrinsic clearance
(liver microsomes and primary hepatocytes); (3) chimpanzee
as an animal model; (4) the species-invariant time method;
and (5) the Css-MRT method.

In terms of efficacy, a common approach is to study drug
candidates in various animal species (e.g., mouse, rat, dog,
rabbit, guinea pig, and monkey) and conduct detailed PD and
PK (versus toxicological) characterization (11). Animal disease
models are commonly used in many therapeutic areas, as part
of target validation, which allows one to study drug behavior in
vivo. In oncology, for example, nude mice transplanted with
human xenografts are routinely used to assess the in vivo
efficacy of anti-tumor agents (12,13). In immunology, rodents
with arthritis, induced by agents such as collagen or adjuvant,
are also common (14–16). Compounds acting on the central
nervous system are evaluated similarly in various behavioral
animal models, with a focus on brain penetration and target
(e.g., receptor) occupancy (17,18). More recently, transgenic
(humanized) animals have been described, which are particu-
larly useful when pharmacological (target-related) species
differences exist (19,20). Assessment of in vivo efficacy in
these animal models, and integration with in vitro pharmacol-
ogy data, is important when projecting human efficacious
doses. However, antivirals are unique because animal models
(e.g., human immunodeficiency virus and hepatitis C virus) are
not readily available; therefore, it is common to move forward
a compound directly into the clinic and evaluate viral load in
patients (21–23). Nevertheless, it is still important to consider
the target multiples of the in vitro IC50 (concentration required
for 50% inhibition) or IC90 (concentration required for 90%
inhibition), and relate them to the projected human PK profile.

At BMS, the importance of human PK and efficacious dose
projections has been recognized. Unfortunately, the vast
majority of literature reports have merely described retrospec-
tive analyses, wherein preclinical data have been correlated
with existing clinical data for various drugs. No single report
describing the prospective assessment of human PK and
efficacious dose for a wide range of structurally diverse clinical

candidates has been published. Therefore, the present discus-
sion will focus on prospective assessment of 35 proprietary
clinical candidates that span 8 years and 18 different therapeutic
targets. The compound set includes 16 lead compounds (46%)
and 19 back ups (54%). For each compound, preclinical and
clinical data were collected and analyzed; both exposure and
efficacy in human subjects were projected at the time of
nomination prior to human dosing. Despite the limited clinical
data, it was possible to evaluate the success of the efficacy
projections for 10 of the compounds.

COMPOUNDS AND DATA SETS

Thirty-five proprietary discovery compounds were synthe-
sized by the Department of Discovery Chemistry at BMS.
These compounds belonged to various therapeutic areas and
were nominated for clinical development between 1997 and
2005. A total of 16 lead compounds and 19 backups were
included. Human PK information was available for each
compound. In contrast, clinical efficacy data were only available
for 10 of the compounds (29%).

In Vivo Preclinical Data. As part of lead characteriza-
tion, in vivo PK studies were conducted in various animal
species. These species included the mouse, rat, dog, cyno-
molgus monkey, and chimpanzee. Typically, animals received
a single intravenous (IV) injection and single oral dose. The
former involved a bolus or a short infusion. The oral dose
was delivered by gavage as a solution, suspension, or capsule
(filled with compound as solid powder or liquid). In each
case, the choice of vehicles was dependent on the compound,
therapeutic area, and animal species. Serial blood samples
were collected, plasma prepared, and the samples processed
appropriately. Concentrations of each compound in plasma
were determined using valid liquid chromatography-tandem
mass spectrometry (LC-MS/MS) assays. Plasma concentra-
tion versus time data were analyzed by noncompartmental
methods using the KINETICAi software program (Version
4.2 or equivalent version, InnaPhase Corporation, Philadelphia,
PA) or a proprietary in-house mainframe software program
known as PKMENU prior to year 2000. AUC was calculated
using a combination of linear and log trapezoidal summations.
The total plasma clearance and Vss were calculated after IV
administration. The absolute bioavailability was estimated by
taking the ratio of dose-normalized AUC value after the oral
dose to that after the IV dose.

In vivo efficacy was assessed using various animal (e.g.,
mice, rats, rabbits, or guinea pigs) models representative of
human diseases using a single or repeated oral dosing. Blood
was sampled serially either from the same group of animals
or a satellite group. Concentrations of each compound in
plasma were determined using valid LC-MS/MS assays. In
each case, systemic exposures (e.g., Cmax, AUC, and Cmin)
required for efficacy or PD response were determined.

Clinical Data. PK information in humans (e.g., AUC)
was obtained typically from the single ascending dose studies.
The studies consisted of normal healthy volunteers or patients
depending on the therapeutic area. Concentrations of each
compound in plasma were determined using validated
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LC-MS/MS assays. Exposure information was obtained at
doses in the lower range of the dose-escalation scheme or from
doses close to the projected efficacious doses. Proof of
efficacious dose information in humans was obtained from
either biomarker response in Phase I studies or doses selected
for Phase II studies.

In Vitro Metabolism Data. For BMS compounds, turn-
over rate was calculated after incubation with liver micro-
somes or suspensions of primary hepatocytes; the rate was
calculated based on disappearance of the parent compound
by determining the nmoles of parent metabolized and
dividing by the incubation time and the protein content.
Intrinsic clearance was calculated by dividing the rate by the
initial concentration in the incubation mixture. The in vitro

intrinsic clearance was then scaled to an in vivo intrinsic
clearance by using the appropriate scaling factors (5).

In Vitro Determination of Potency. In vitro potencies of
the compounds, against the therapeutic target, were determined
by optimized cellular assays and concentrations required for 50
or 90% inhibition (IC50 or IC90) were calculated. The in vitro
IC50 or IC90 values corrected for protein binding differences in
the cell media (versus serum) were used to project efficacious
doses in certain therapeutic areas.

HUMAN EXPOSURE PROJECTIONS

During the drug discovery stage, different methods are
used to project human PK. Human exposure (AUC), which
reflects the systemic exposure over the dosing interval and is
a result of the entire ADME processes, was selected to assess
the success of the projection. No attempt was made to
correlate observed and projected peak-to-trough ratios in
humans. The following methods have been successfully used
for human exposure projections.

Allometric Scaling (Method 1). The concept of allome-
tric scaling is based on the assumption that the anatomical,
physiological, and biochemical variables of mammals can
be scaled across species based on the body weight (24,25).
The allometric approach is based on the power function,
where the body weight of several species is plotted against
the PK parameter of interest on a log–log scale as described
in Eq. 1.

Allometric Equation : log Y ¼ log a þ b � log W ð1Þ

where Y is a physiological parameter, log a is the y-intercept,
b is the slope of the log–log plot, and W is the body weight.

The log–log plot of clearance (CL) versus body weight of
the preclinical species then scales to human CL. Incorpora-
tion of allometrically scaled CL with oral bioavailability
enabled projection of AUC in humans following an oral dose
(Eq. 2).

AUC ¼ FPO �Dose

CL
ð2Þ

For compounds with a low or intermediate hepatic
extraction ratio (E.R.), the elimination is also dependent on

biochemical parameters such as intrinsic clearance and
protein binding. For some BMS compounds, protein binding
and metabolic stability (microsomal or hepatocyte stability)
correction factors have been applied to the allometric scaling.
For example, protein binding (free fraction) was used as a
correction factor for the clearance scaling for BMS-21.
Protein binding (free fraction) and microsomal stability were
used as correction factors for the clearance scaling for BMS-
32. Correction factors were not applied for the rest of
compounds.

Scaling of In Vitro Intrinsic Clearance (Method 2). Commonly
used approaches for human PK projections rely on both in vitro
and in vivo data from animal studies. Because the liver is the major
clearance (metabolic) organ for most drugs, subcellular fractions
such as hepatic microsomes and hepatocytes have been used to
project in vivo hepatic clearance (3,25,26). Intrinsic clearance
(CLh,int) and hepatic clearance were calculated based on the
following equations.

The rate of oxidation in liver microsomes was deter-
mined as described in Eq. 3:

Rate nmol=min=mg proteinð Þ ¼ k � C0

�
Cprotein ð3Þ

where k (minj1) is the turnover rate constant estimated from
the log–linear regression of the percentage of the compound
remaining (y) versus time (t) curve using the following
equation (Eq. 4)

y ¼ yt¼0 � exp �ktð Þ ð4Þ

where C0 (mM) is the initial drug concentration; and Cprotein

(mg/mL) is the microsomal protein concentration in the
incubation.

Similarly, the rate of metabolism in hepatocytes was
determined as described in Eq. 5:

Rate nmol=min=million cellsð Þ ¼ k � C0=Ccell ð5Þ

where C0 (mM) is the initial drug concentration, Ccell

(millions of cells/mL) is the hepatocyte concentration in the
incubation, and k (minj1) is the turnover rate constant
estimated from the log–linear regression of the percentage of
the compound remaining versus time curve.

The hepatic intrinsic clearance (CLh,int, mL/min/kg) in
various species was estimated from liver microsome or
hepatocyte data (25,27,28). Assuming linear kinetics, similar
protein binding in microsomes (or hepatocytes) and blood,
and similar CLh,int of unbound drug in vitro and in vivo, the
CLh,int was calculated from the disappearance of the parent
drug after incubating the drug with liver microsomes (Eq. 6)
or hepatocytes (Eq. 7) as follows:

Microsomes : CLh; int ¼ k

Cprotein

� �

� 45 mg protein

1 g liver weight

� �

� g of liver weight

kg of body weight

� �
ð6Þ
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Hepatocytes : CLh; int ¼ k

Ccell

� �
� 120� 106 cells

1 g liver weight

� �

� g of liver weight

kg of body weight

� �
ð7Þ

The liver weight relative to body weight in mice, rats,
dogs, monkeys, and humans is 88, 40, 32, 32, and 21 g/kg,
respectively (29). Assuming the well-stirred model of hepatic
clearance, the hepatic blood clearance (CLhb, mL/min/kg) was
estimated without correction for binding to blood or micro-
somal proteins as described (Eq. 8):

CLhb ¼ Qhb� CLh; int

Qhbþ CLh; int
ð8Þ

where Qhb is the hepatic blood flow with a value equals to 90,
55, 31, 40, and 21 mL/min/kg in mice, rats, dogs, monkeys, and
humans, respectively (29).

At times, based on the scientist_s understanding of the
molecular descriptors (e.g., lipophilicity, acidity) and physio-
logic behavior of BMS compounds, CLhb was projected with
correction for plasma protein binding as described in Eq. 9.

CLhb ¼ Qhb� fu � CLh; int

Qhbþ fu � CLh; int
ð9Þ

The projected hepatic clearance was compared to the
observed in vivo clearance in each animal species evaluated.
If the two values were in reasonable agreement (e.g., within
3-fold), systemic clearance in humans was projected from the
corresponding in vitro human system. If a correction factor
could be identified for projection of in vivo clearance across
all the animal species evaluated, a similar correction factor
was employed to project human in vivo clearance (25).

In addition, based on the hepatic clearance either
projected from in vitro data or observed in animals, as well
as animal oral bioavailability, the fraction of dose absorbed
into the portal vein (fa � fg) can be estimated, which in turn
can be used to project human oral bioavailability by
considering first-pass liver metabolism estimated from in

vitro human data. The fraction of dose absorbed into the
portal vein in animal species is estimated as described in Eq. 10:

fa � fg ¼
Fpo;animal

1� CLhb;animal
Qhb;animal

� � ð10Þ

The average value of (fa � fg) from animal species is
then used along with human in vitro data from either liver
microsomes or hepatocytes to project human oral bioavail-
ability (Eq. 11):

Fpo;human ¼ fa � fg

� �
� 1� CLhb; human

Qhb; human

� �
ð11Þ

The estimated Fpo, human was then used to calculate
human AUC based on the Eq. 2.

Use of Chimpanzee as an Animal Model (Method
3). Other than typical laboratory animals (i.e., mouse, rat,
dog, and cynomolgus monkey), the chimpanzee (pan troglo-

dytes) has been used occasionally for projection of human
PK. The chimpanzee has 98.8% genetic similarity to human
(30). Furthermore, the chimpanzee has similar anatomy,
physiology, and endocrinology compared to human and has
been used for safety, human disease, and PK assessment by
some investigators (31–33). Although Qhb is comparable
(chimpanzee versus human), chimpanzee hepatic microsomal
cytochrome P450 activities are not fully characterized and
species differences are possible. Therefore, its use for human
PK projection should be examined carefully. When the
metabolism of BMS proprietary compounds was determined
to be cytochrome P450 dependent, and turnover rates were
similar in liver microsomes (chimpanzee versus human), the
chimpanzee was used to project human AUC. The human
AUC was calculated from the chimpanzee AUC, assuming a
one-to-one correspondence.

Species-Invariant Time Method (Method 4). Dedrick
plots and related modified methods are based on the concept
of physiological time, with the concentration-time profile in
animals being transformed by correction factors to yield a
human profile (24,34). The species-invariant time method is
based on the theory that a complex Dedrick plot, with
exponents obtained from best fitting of the animal intrave-
nous plasma concentration-time profiles, can generate a
human plasma concentration-time profile by correlating
variations in biological structure (e.g., blood vessel size) and
metabolic rates (e.g., glomerular filtration rate) (34,35). The
dose normalized plasma concentrations and time data from
preclinical species (e.g., rat, dog, and monkey) were trans-
formed by dividing the dose normalized concentrations (Y
axis) and time (X axis) by the body weight to a power. The
best fit of the exponents of body weight was used to
transform and project the plasma concentration versus time
profile in man (Eq. 12).

C

Dose
Body WeightY

� � ¼ A� exp
��� t

Body Weightx

� �
þ

B � exp
�� � t

Body Weightx

� �
ð12Þ

After IV and oral dosing in animals, and deconvolution
of the plasma concentration-time data, the parameters
related to oral absorption (i.e., absorption rate constants and
extent of absorption) were obtained using the KINETICAi
software. The oral absorption parameters were either averaged
across species, or were based on the experience with a previous
clinical candidate (e.g., dog or monkey was taken as a
representative of oral absorption in humans). These parameters
along with the predicted IV PK profile were used to project
AUC in humans following an oral dose.

Css-MRT Method (Method 5). Another method
employed to project plasma concentration-time profiles was
taken from Wajima et al. (36). This method is based on the
assumption that concentration-time profiles are linear and
similar across species including humans, and that normalized
curves derived from a variety of animal species can be
superimposed. The normalized curve is derived by dividing
the concentration and time scales by Css (defined as dose/
Vss) and MRT, respectively (Eq. 13). It is assumed that the
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AUC in humans can be obtained by multiplying the
concentration and time scales of the normalized curve
obtained from the animal data by projected Css and MRT
in humans, respectively.

C

Css
¼ A� exp

��� t

MRT

� �
þ B� exp

�� � t

MRT

� �
ð13Þ

Experience with Clinical Leads (Method 6). In some
therapeutic areas, human PK data were available for com-
pounds already in clinical development. Therefore, for these
compounds at the time of nomination, it was possible to
project human exposure based on methods similar to those
used for the lead compound and by applying the appropriate
correction factors. For example, the correction factor can be
the ratio of animal species AUC vs. human AUC for the lead
compound. However, the application of a correction factor
highly depends on the therapeutic area and compound. Only
when the backup and lead belong to the same chemotype and
have similar ADME properties, the same projection meth-
od(s) can be used for the backup compound.

PROJECTIONS OF EFFICACIOUS DOSE

Exposure Required for Efficacy in Animal Disease
Models (Method 1). Animal models have been widely used
in various therapeutic areas to mimic human diseases. Such
models are useful and enable PK/PD modeling approaches.
By combining the projected PK parameters, plasma
concentration-time profile using the methods described above,
and the exposure required for efficacy in animal disease models,
it was possible to project efficacious dose in humans. For
example, if a minimum AUC is necessary for demonstrating
efficacy in the animal model, that AUC along with projected
human CL and oral bioavailability were used to project human
efficacious dose (Eq. 2). When the chimpanzee PK profile was
used to project human PK, the PK profile in chimpanzees was
combined with the efficacy data in animal disease models to
project the human efficacious dose. A correction for species
differences in potency against the target was applied whenever
necessary.

A specialized approach was adopted to estimate human
efficacious dose and exposure when the liver was the target
organ. The compound was administered via IV, intraportal
(IPT), and oral routes to rats and guinea pigs and liver
exposure, oral absorption, and hepatic extraction ratio were
determined. Hepatic extraction was calculated according to
the Eq. 14:

% hepatic extraction ¼ 1� AUCIPT=AUCIVð Þ ð14Þ

where AUCIPT and AUCIV are the areas under the curve
after IPT and IV administration, respectively. The absolute
oral bioavailability (expressed as %) was estimated by taking
the ratio of the dose-normalized AUC value after an oral dose
to that after an intravenous dose. Liver exposure was
calculated as the maximum amount of the compound available
in liver (dose � fa � E.R.). Oral exposure (and bioavailability)

alone did not accurately project the efficacy of the compound,
and in some instances liver exposure was thought to more
accurately reflect how much compound was needed for
efficacy.

Exposure Required to Maintain Adequate In Vivo
Concentrations Based on In Vitro Potency (Method 2). In
many disease areas (e.g., antiviral, ion channel inhibition,
oncology, and thrombosis), a good correlation has been
demonstrated between in vitro potency and in vivo activity
(37). For example, free plasma concentrations and the in
vitro IC50 value for potassium channel blockade are used for
projection of concentrations at which QT prolongation may
be a safety risk. In certain therapeutic areas, an in vivo
animal disease model representative of human disease is not
available (38,39). In such cases, it is necessary to project
human efficacious dose by considering in vitro potency as a
threshold effect (i.e., IC50 or IC90) in relation to the projected
human PK (AUC) profile. Human exposure projection
method 4 or 5 was used to project human PK profile for
maintaining required Cmin for efficacy. When deemed
important, potency was adjusted by protein binding. For
example, in the antiviral therapeutic area, reasonable rela-
tionships have been shown between maintenance of Cmin at
IC50 or IC90 against the target and reduction in viral load
(40,41).

Experience with Clinical Leads (Method 3). Prior expe-
rience garnered with drugs already in clinical trials, which
have shown proof of concept, can provide significant insight
into the PD of the new chemical entity in question. The
feedback from such clinical leads is extremely important
because back-up compounds are often from a similar chemo-
type or have similar physicochemical properties and mecha-
nism of action. Therefore, lead compounds can be used to set
up correction factors that can be applied when projecting
efficacious dose.

ASSESSMENT OF PROJECTIONS

To assess the success of the projections, the projected
AUC value (and efficacious dose) was compared to the
observed clinical data. When two AUC (and efficacious
dose) values were projected an arithmetic mean was calcu-
lated and used for the assessment. When the Bprojection
ratio^ (observed versus projected, observed/projected; or
projected versus observed, projected/observed) was within
2-fold, the projection was considered Baccurate.^ A projec-
tion ratio of greater than 2-fold and up to 4-fold was
characterized as Bacceptable.^ A projection ratio of greater
than 4-fold indicated that an improvement was needed and
likely reasons for the discrepancy were investigated. The
success (bias) of the projections was assessed by calculation
of the geometric mean of the ratio of projected and observed
values (average fold error) for all compounds in the dataset
(Eq. 15) (5,42).

Average fold error ¼ 10

P
log

Projected

Observedj j
N

h i

ð15Þ
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RESULTS

AUC Projections. Data for all 35 compounds are shown
in Table I. In the table, the year of nomination and the
clinical dose at which the actual human exposure (AUC) was
obtained are shown. The observed AUC is a mean of the
AUC values from a group of healthy normal volunteers or
patients. Variability (inter-subject) associated with the ob-
served AUC is also included in the table. The variability is
either expressed as the coefficient of variation of mean AUC
values or the range of AUC values at the dose administered.
The methodology used in the projection of human AUC is
also shown. For many of the compounds (~50%), allometric
scaling or scaling in vitro clearance was employed.

As summarized in Table II, it was possible to project
successfully the human AUC (projection ratio e2) for 20 out
of 35 compounds (57%). For 11 out of 35 compounds (32%),
projections of human AUC fell >2-fold to 4-fold of the
observed value. For the remaining compounds (4 out of 35
compounds; 11%), the projection ratio was >4. The geomet-
ric mean of the ratio of projected and actual values for all
compounds in the dataset (average fold error) was 2.17.
Figure 1 shows the projected vs. observed AUC values for all
the compounds in the dataset and compounds characterized
by a ratio of greater than 4 are indicated. The likely reasons
for the discrepancy between the observed and projected
values are briefly discussed below.

AUC Projection Ratio e2. BMS-1, BMS-2, BMS-3, BMS-
4, and BMS-7 are anticancer compounds intended for IV dosing.
Human clearance for these compounds was projected based on
simple allometric scaling. Observed human exposure in all cases
was within 2-fold of the projected value. The success of these
projections was largely due to the fact that no additional factors,
such as differences in formulation and oral bioavailability, in
various animal species needed to be considered.

For some compounds shown in Table I, two values for
human AUC were projected. These values are a result of the
different methodologies used. For BMS-5, allometric scaling of
oral clearance yielded a value of 5.4 mL/min/kg with a projected
AUC of 21.5 mM�h at a dose of 250 mg. A second approach
yielded a projected AUC of 8.7 mM�h at a dose of 250 mg and
was based on hepatic clearance projected from human hepato-
cytes (8 mL/min/kg) and the calculated fraction extracted by the
liver during first pass (assuming fraction absorbed and fraction
escaping through the gut as unity). The observed AUC of 25.4
mM�h resembled the projected AUC from the allometric
scaling of oral clearance. At higher doses (data not shown);
however, the observed AUC values were closer to that
projected from human hepatocytes. This is probably due to
solubility-limited absorption of BMS-5, rather than matching
clearance values from the hepatocyte data.

For some compounds, significant species differences in PK
were observed and a range of projected values was shown. For
BMS-12, the absolute oral bioavailability in the dog and
monkey was 40% and ~100%, respectively. Based on the body
surface area conversion from these two non-rodent species (43)
and assuming the oral bioavailability will be similar in humans,
a range of AUC values of 138 mM�h (dog) to 539 mM�h
(monkey) was projected at a dose of 600 mg. The conversion
number to convert animal dose in mg/kg to human equivalent
dose in mg/kg was 1.8 and 3.1 for dogs and monkeys,A
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respectively. The calculated AUC value at 600 mg (based on
actual data at 400 and 800 mg data) was 193 mM�h and was
bracketed by the projections based on the dog and monkey.
The oral bioavailability of BMS-12 in humans may be similar
to the value in dogs. A similar situation was observed with
BMS-10. In this instance, allometric scaling was used to
project human clearance. However, species differences in the
oral bioavailability (mouse, 6%; and dog, 40%) led to a range
of projected AUC values (0.28 to 1.9 mM�h at a dose of
150 mg). The observed AUC value following a 150 mg dose
was 0.81 mM�h.

When the administered compound is a prodrug, projection
of human exposure from preclinical species is quite challenging.
BMS-12, BMS-16, and BMS-19 are examples of such prodrugs.
BMS-12 is a dioxolane prodrug, BMS-16 is an alanine ester
prodrug, while BMS-19 is a phosphate prodrug, synthesized to
increase either the permeability or aqueous solubility of the
parent compound. The PK and oral bioavailability of these
prodrugs were assessed in preclinical species, and in vitro in
animal and human gut and liver subcellular fractions, in order
to ensure conversion of the prodrugs to the active moiety. In
all cases, rapid and complete conversion of the prodrugs to the
active moieties was used in the projection of the human
exposure and efficacious doses.

Some discovery programs used both HLM and human
hepatocytes for projection of human clearance. BMS-13 belonged
to such a program. In this case, the turnover of BMS-13 was faster
in HLM compared to human hepatocytes and the projected

human clearance was 17 and 10 mL/min/kg, respectively. Incor-
poration of hepatic extraction, calculated from projected clear-
ance, led to the projected AUC value of 0.27 mM�h (HLM) and
1.6 mM�h (human hepatocytes) at a dose of 100 mg. For
BMS-16, turnover in HLM was slower compared to human
hepatocytes and the projected AUC values were 91 and 42
mM�h, respectively, at a dose of 600 mg after consider-
ation of oral absorption and hepatic extraction. The
observed AUC values for BMS-13 and BMS-16 were
covered by the range of projected AUC values (Table I).

Both the species-invariant time method and Css-MRT
method were employed for projection of human exposure of
BMS-18 and BMS-20. For BMS-18, the former yielded a
value of 11.3 mM�h while the latter yielded a value of
7.1 mM�h at a dose of 50 mg. The observed mean AUC value
was 10.7 mM�h at the same dose. For BMS-20, the projected
AUC values using the species-invariant time and Css-MRT
methods were 5.7 and 8.3 mM�h, respectively, compared to
the observed AUC (9.7 mM�h) at 20 mg.

Experience with lead compounds was important for the
AUC projection of BMS-14 and BMS-20. In both cases, the
exposure projections for the backup compounds were closer
to the actual values compared to those for the lead
compounds. BMS-14 was the backup for BMS-21. Both the
compounds belonged to the same chemotype and exhibited
similar ADME properties. Exposure of BMS-21 in man was
3.6-fold lower than the projected value, although it was noted
that the human PK profile was similar to that of the dog.
Because the profile of BMS-14 was similar to BMS-21 in the
dog, the AUC of BMS-14 in man was projected to be similar
to that of BMS-21. In agreement, the projected and observed
AUC of BMS-14 was 3.1 and 2.4 mM�h, respectively. BMS-
20 was the backup to BMS-12 and a retrospective projection
of human AUC for the latter, using the Css-MRT method,
yielded a value of 167 mM�h (versus an observed AUC of
193 mM�h). The original prospective projection was 138 and
539 mM�h based on dog and monkey PK, respectively. As a
result, the same approach (Css-MRT method) was applied
for the projection of BMS-20; the projected human AUC was
1.4-fold of the observed AUC.

AUC Projection Ratio >2 to 4. BMS-23 is the lead of
BMS-30. Method 1 (allometric scaling) provided 3-fold lower
projection of AUC in man for BMS-23. When Method 2
(scaling of in vitro intrinsic clearance) was used for BMS-30,
it generated a projection with a comparable fold-error (3-fold
higher compared to the observed AUC). The benefit of the
clinical experience was not used for the human AUC
projection for BMS-30 because these compounds are classi-
fied as different chemotypes and eliminated through different
metabolic pathways.
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Fig. 1. Plot of observed AUC values versus projected AUC values.

Solid line represents the line of identity. Dashed lines represent a

2-fold error. Filled diamonds, compounds with projection ratio e2.

Open circles, compounds with projection ratio >2 to 4. Filled circles,

compounds with projection ratio >4

Table II. Overall Success Rate for the Projection of Human Exposure and Efficacious Dose

Assessment of the Projection (Projection Ratio)b Human Exposure (AUC) (35 compounds) Human Efficacious Dose (10 compounds)

Accurate e2 20 (57%)a 7 (70%)

Acceptable >2 to 4 11 (32%) 2 (20%)

Needs Improvement >4 4 (11%) 1 (10%)

a Values in parentheses represent percent of total number of compounds in the dataset.
b For both AUC and efficacious dose, the projection ratio is defined as the ratio of observed versus projected (observed/projected) or

projected versus observed (projected/observed).
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Method 1 and 2 were used to project human AUC
for BMS-25 (clinical lead), while only method 1 was use for
BMS-31 (back-up compound). Method 2 was not used for
BMS-31 because there was no turn over in microsomal and
hepatocyte stability studies.

BMS-26 required a specialized approach with liver as the
target organ. For this compound, the extent of oral absorp-
tion and hepatic extraction in rats were 20 and 86%,
respectively, while in guinea pigs oral absorption was 64%
and hepatic extraction was 35%. However, liver exposure to
BMS-26 was similar in both rats and guinea pigs. The
projected human efficacious dose was then estimated to be
19 and 14 mg based on the liver exposure required for efficacy
in the two species, respectively. After incorporation of the oral
bioavailability values obtained from these two preclinical
species and systemic clearance obtained from allometric
scaling, the projected human AUC associated with the
projected efficacious dose was calculated to be 0.04 mM�h
(based on the rat PK) and 0.4 mM�h (based on the guinea pig
PK). The mean observed AUC in humans was 0.09 mM�h
(range=0.05–0.13 mM�h) at a dose of 17 mg, within 4-fold of
the projection.

The chimpanzee was used for human AUC projections
for two programs with projected human AUC within 4-fold
of the observed AUC. BMS-28 was the backup for BMS-24.
The projected human AUC was 3.3- and 3.4-fold of the
observed AUC for BMS-24 and BMS-28, respectively.
Likewise, the chimpanzee PK was used for the human
AUC projection for BMS-27. BMS-27 was the backup for
BMS-22. Because the chimpanzee PK of BMS-22 showed
similar rapid oral absorption and fast decline of plasma
concentration after Tmax, chimpanzee PK was used for
projecting human AUC for BMS-27. The projected human
AUC at 200 mg was within 4-fold of the observed AUC.
However, because of the low aqueous solubility of BMS-27,
the observed human AUC decreased significantly when
BMS-27 was dosed in a capsule (3.7 mM�h for 50 mg in
solution versus 0.89 mM�h for 200 mg in capsule).

AUC Projection Ratio >4. As shown in Table I, only 4
out of 35 compounds (11%) were problematic. Exposure to
BMS-32 and BMS-35 in man was over-projected. These are
compounds with very low aqueous solubility (<0.01 mg/ml).

In preclinical studies, it was found that the oral absorption
of these compounds was dissolution-rate limited and as
such, formulation plays a vital role in determining exposure
after oral administration. During lead characterization,
preclinical studies of BMS-32 were carried out using a vehicle
containing a large proportion (67%) of non-aqueous solvents
and the average oral bioavailability was determined to be
25%. After nomination of BMS-32 for development, further
optimization of the form and formulation was undertaken for
clinical use. Preclinical studies were repeated to assess oral
exposure for BMS-32 using the final form and formulation
selected for development. The oral bioavailability was
determined to be around 10% in preclinical species. Retro-
spective calculation of human exposures based on the 10%
oral bioavailability would have led to a projection within
2-fold of the actual exposure. For BMS-35, the projected
exposure was 1.9 mM�h at a low dose (20 mg) which was
within 2-fold of the observed exposure (3.2 mM�h). Howev-
er, because of the dissolution rate-limited absorption, the
observed exposure at the high dose (200 mg) was lower than
4-fold of the projected value.

Human exposure of BMS-33 was projected based on the
exposure observed in chimpanzees, and one possible reason
for the under-projection of the human AUC is species
differences in metabolism (humans versus chimpanzees).
However, a more likely explanation is the limited formula-
tion options available for PK evaluation in the chimpanzee at
the time of nomination. Therefore, the vehicles used in the
chimpanzee studies were not optimal for maximizing oral
exposure and may have resulted in under-projection of
human exposure.

Human exposure for BMS-34 was under-projected by
allometric scaling. Applying the elementary Dedrick plot
method, the human plasma concentration-time profile of
BMS-34 was retrospectively compared to that of animals.
The results revealed that the human profile best resembled
the dog concentration-time profile. Subsequently, the same
approach was used to prospectively project the human
plasma concentration-time profile of the backup compound
(BMS-29), resulting in a significant improvement in the
projection of human AUC and concentration-time profiles
(3.5-fold of the actual clinical exposure).

Table III. Human Efficacious Dose Projection Summary

Year Compound Projected Dose Observed Dose Projection Ratioa Methodology

Efficacious dose projection ratio e2

2002 BMS-24 4–13 mg (8.5 mg) 10 mg 1.2 Method 2

2002 BMS-12 900 mg BID 1,200 mg BID 1.3 Method 2

2003 BMS-27 205 mg 400 mg 2.0 Method 2

2002 BMS-13 33–176 mg (105 mg) 50–150 mg (100 mg) 1.0 Method 1

2002 BMS-23 500 mg 500–600 mg (550 mg) 1.1 Method 3

2003 BMS-16 570–1,300 mg (935 mg) 320–600 mg (460 mg) 2.0b Method 1

2003 BMS-26 17 mg 20 mg 1.2 Method 3

Efficacious dose projection ratio >2 to 4

2002 BMS-34 300 mg 400–1,000 mg (700 mg) 2.3 Method 2

2003 BMS-25 70 mg 30 mg 2.3b Method 1

Efficacious dose projection ratio >4

1998 BMS-36 150 mg 25 mg 6b Method 2

a Unless otherwise indicated, data are reported as the ratio of observed versus projected dose (observed dose/projected dose).
b Observed dose < projected dose and the ratio is reported as projected versus observed dose (projected dose/observed dose).
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Efficacious Dose Projections. The human efficacious dose
projections are shown in Table III. Observed efficacious doses
were obtained from phase II efficacy studies or from biomarker
endpoints obtained in phase I studies. For 3 out of 10
compounds, a range of efficacious doses is projected. For
BMS-13 and BMS-16, the range of doses is simply a reflection
of the range of projected human exposures as described earlier.
For BMS-24, the range is based on the two different efficacy
models in the rabbit and the need to maintain plasma
concentrations at the end of the dosing interval.

For 7 out of 10 compounds, it was possible to project
successfully the human efficacious dose within 2-fold of
the observed dose. For 2 out of 10 compounds (BMS-25
and BMS-34), a reasonable projection of the human effica-
cious dose was obtained (projection ratio=2.3). The human
efficacious dose projection ratio for one compound (BMS-36)
was >4 (Table II).

Whenever possible, attempts were made to use the
experience gained with lead compounds. For example,
BMS-23 is targeted for cancer treatment and the efficacious
human dose based on efficacious exposures in the mouse
xenograft models would have been 2,000 mg. However,
experience with a competitor compound in the clinic
revealed that the efficacious exposure in the mouse was 6.5-
fold higher than that required in clinical trials. The projected
human dose was thus refined to 500 mg with this adjustment
and after consideration of differences in serum protein
binding (mouse versus human).

For BMS-34, the AUC was under-projected by >4-
fold, although the projected dose was 2.3-fold based on
biomarker data. This shows that perhaps the biomarker
response is not directly related to the plasma AUC.
However, a comparable corollary was observed with BMS-
25 where the observed exposure was >2-fold to 4-fold greater
than projected value and the observed efficacious dose
was >2-fold to 4-fold less than projected value. For BMS-
36, there was no prospective projection of human AUC since
the dose was projected based on the maintenance of
adequate trough concentrations.

Projection Ranges. Table IV categorizes the compounds
on the basis of the projection range, and for 26 out of 35
compounds a single value was projected for human AUC.
For 9 out of 35 compounds, a range of AUC values was
projected, with only 3 compounds having an AUC projection
range of greater than 4-fold. Similarly, only 1 out of 10
efficacious dose projections was reported as a range (>4-fold).

Therefore, the success of the projections was not based on a
wide range of projected AUC or efficacious doses.

DISCUSSION

As described herein, 35 proprietary compounds were
nominated over an eight year period and, indeed, it was possible
to project human AUC and efficacious dose within 4-fold of the
observed value for about 90% of them. For the sake of brevity,
the following discussion will focus on key points.

Linearity of PK. An important assumption throughout
the various projections was that each compound exhibited
linear PK in animals and man. Linearity was also assumed
when projections were based on scaled in vitro intrinsic
clearance. In order to compare the PK under linear conditions,
the dose used for human AUC projection was chosen from the
low end of the single ascending dose studies. The very first
dose used in first-in-human studies was generally avoided since
at this dose, characterization of the complete plasma concen-
tration-time profile was difficult because of the limited
sensitivity of the bioanalytical methods. As the dose level
increases, a compound may exhibit non-linear PK because of
saturation of metabolic and/or transporter pathways involved
in disposition. At higher doses, drugs can often demonstrate
flip-flop or absorption limited kinetics, which invalidates the
assumptions underpinning the projections. Furthermore, plas-
ma exposure may decrease due to dissolution rate or
solubility-limited absorption.

Another important point is that all the AUC projections
described were based on observations after a single dose.
When a linear PK profile prevails, the area under the plasma
concentration-time curve from zero to infinity (AUC(INF))
is the same as the area under the plasma concentration-time
curve over a dosing interval at steady state (AUC(TAU)).
However, if the steady state human PK cannot be projected
based on the single dose data, it is difficult to project steady
state human AUC based on preclinical data. This leads to
erroneous projections of efficacy, especially when chronic
dosing is required.

Species Differences in Clearance and Metabolism. Al-
though animal PK data are useful, there is no general
agreement as to which species best represents human. The
literature provides examples of a number of empirical
approaches when such analyses are carried out retrospective-
ly, e.g., use of the rat for bioavailability and Vss (2), and use
of the monkey for fraction of dose absorbed (44). However, it
is difficult to assess the correlation of human and preclinical
species when attempting to Bprospectively^ project clinical
outcomes. In our experience, occasionally it was possible to
consider the similarity in the in vitro metabolic profile as a
determinant of which species may (or may not) be more
predictive of human. If a compound showed a propensity for
Phase II metabolism (e.g., direct glucuronidation or sulfa-
tion), then primary hepatocytes were employed as much as
possible (45,46). Unique metabolic pathways in man, entero-
hepatic circulation, and species differences in the conversion
of prodrugs to the active moiety, were additional complicat-
ing factors that had to be considered routinely.

Table IV. Impact of Projection Range on Human Dose and

Exposure Projection

Projection Range

Human Exposure

(AUC) (35 compounds)

Human Efficacious

Dose (10 compounds)

Single value 26 (73%)a 7 (70%)

<2-fold 3 (9%) 0 (0%)

2- to 4-fold 3 (9%) 2 (20%)

>4- to 10-fold 3 (9%) 1 (10%)

a Values in parentheses represent percent of total number of

compounds in the dataset.
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Despite concerns related to species differences, several
correction factors such as maximum life span potential and
brain weight have been proposed for the projection of human
clearance (47). For compounds eliminated through metabo-
lism, metabolic turnover from in vitro liver microsomes or
hepatocyte incubations has been used to improve human
clearance projections (48). However, there is evidence that
wholesale application of these correction factors has not
substantially improved the accuracy of such projections (49).
Notably, the compounds described herein belong to different
chemotypes and are characterized by different PK/ADME
profiles. Therefore, instead of applying a uniform approach,
or a correction factor, the unique properties of each
compound (across species) were considered as much as
possible at the time of nomination.

Optimization of Formulation. Very often in drug dis-
covery, preclinical PK studies are conducted with less
than the most optimal form of the drug substance. These
studies are also often conducted by administering the
compound(s) in a mixture of non-aqueous solvents. The
former situation is likely to reduce the observed expo-
sure while the latter is likely to increase the exposure
observed in preclinical species. These uncertainties need to
be considered when anticipating oral bioavailability in
humans. For example, oral exposure for a compound with
dissolution-rate limited absorption is likely to decrease from
a solid dosage form. Unfortunately, most formulation efforts
only start after the compound is nominated for development.
Such efforts lead to selection of the most optimal form (salt,
free base, or specific polymorph) and enable optimization of
formulations after selection of the most appropriate exci-
pients. The selection of the best form and formulation at the
development stage is likely to yield oral exposures at least
similar to, or at times greater than, those obtained in a
discovery setting.

The concept of maximum absorbable dose is used in the
pharmaceutical industry to ascertain the feasibility of deliv-
ering the amount of dose needed for pharmacological activity
(4,50). While this number is obtained based on the solubility
and permeability of the drug molecule, one can only use it as
a guide. Often, the solubility of the drug molecule in the
gastrointestinal tract exceeds the solubility measured in the
dissolution medium by many fold and as such, the projected
maximum absorbable dose is likely to be many fold lower
than the actual dose that can be delivered (4,51–53).

Projection of PK Profiles. Although the present discus-
sion is focused on the projection of AUC, it is important to
note that projections of the overall plasma concentration-
time profile (e.g., Cmax, Cmin, or half-life) are also valued
indicators. Many biological targets require maintenance of
plasma concentrations above a certain threshold (IC50 or
IC90) for sufficient pharmacological activity (54,55). At the
same time, when drug-related toxicities can be linked to
actual plasma concentrations, it is important to project the
maximum concentrations achievable at the therapeutic dose
(56,57). Multi-exponential PK in preclinical species can make
projection of human PK more difficult and simple allometric
scaling is generally not adequate. Therefore, alternative
approaches (e.g., Dedrick plot, species-invariant time
method, and Css-MRT method) are employed that afford

projection of multi-exponential kinetics in man. The projec-
tion of absorption kinetics in humans, that is most certainly
going to differ when the dosage form is altered from
discovery into development, may also pose problems. As
much as possible, therefore, attempts have been made at
BMS to project absorption kinetics in humans by adminis-
tering solid dosage forms (e.g., micronized suspension,
unoptimized powder in capsule) to dogs and monkeys.

Projection of Human Efficacious Dose. As discussed,
the success of the human efficacious dose projections
was similar to that of the AUC projections. Compared to
the data set used for human exposure projection, the data set
for efficacious dose projections was smaller. Most of the
compounds used in the exposure projections were either
discontinued from development (prior to achieving clinical
proof of concept) or there was insufficient clinical infor-
mation available with respect to the likely efficacious dose.
In some cases, the efficacious dose information was based
on the biomarker data obtained in the clinic and as such,
the accuracy of those projections was based on the relevance
of the biomarker results as surrogate endpoints. Further-
more, projection of efficacious doses was heavily dependent
on the animal disease models used in each of the therapeutic
areas. Assumptions involved in projecting the efficacious dose
go well beyond those used in the projection of human
exposure. One not only needs to understand the PK/PD
relationship associated with the drug action at the biolog-
ical target, but one also needs to assume that the molecular
basis of animal disease is similar to human disease, and that
the drug molecules will act in a similar fashion in both species.
Active metabolites further complicate efficacy projections,
especially when their contribution varies from animal species
to human (58,59).

Assessment of Projections. In the present prospective
analysis, the success criteria were applied equally across all
compounds in the data set and projections that fell within
4-fold of the observed value were considered Baccurate^
or Bacceptable^ (Table II). In reality, however, it is important
to realize that the success criteria for individual molecules
may differ. If the safety margin for a particular compound is
narrow, a 3-fold error (e.g., under-projection) may lead to
drug-related toxicities at the therapeutic dose. In addition,
the dose level of the compound needs to be considered. For
example, a projected dose of 1 mg (versus an actual dose of
3 mg) will likely not be problematic from a cost of goods or
formulation standpoint. In contrast, so-called Bhigh dose^
compounds (Q200 mg) can be problematic and erroneous
projections can lead to difficulties in the clinic. Of the ten
compounds described (Table III), five were high dose
compounds and projection ratios for three (BMS-34, BMS-
25, and BMS-36) were >2. Fortunately, the dose of BMS-25
and BMS-36 at the time of their nomination was over-
projected (70 versus 30 mg; and 150 versus 25 mg, respec-
tively) and no formulation issues were encountered in the
clinic. For BMS-34, the dose was under-projected (300 versus

400 to 1,000 mg) and formulation options were available at
the time of dose escalation that enabled the attainment of an
efficacious dose.

Multiple Approaches. When comparing the various
projection methods, it is clear that no one method is more
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successful than another. In fact, it is the combination of
various methods yielding similar projections that gives one
greater confidence at the time of compound nomination.

In this analysis, only average values of different param-
eters obtained from the in vitro and in vivo preclinical studies
were used. No attempt was made to consider the uncertain-
ties associated with each of the methods described. It is
acknowledged that projections based on point estimates will
more often than not represent a highly optimistic view of the
suitability for further development of a drug candidate. In
practice, it is desirable to incorporate known uncertainty into
such projections. A formal representation of the uncertainty
would allow one to understand the risks associated with the
decision to advance the drug candidate in question and thus
enable better decision making.

It is again important to emphasize that all the projec-
tions described herein were conducted prospectively. There-
fore, the compiled data set truly reflects the reality that
pharmaceutical companies face when making critical deci-
sions at the time of compound nomination. To date, most of
the literature has merely described retrospective analyses of
successful projections. To further explore why certain pro-
jections are successful, a retrospective analysis will be
conducted by applying all the methods described here to
individual compounds in the current dataset. The accuracy of
each approach will be assessed for a future report. In
addition, it is anticipated that additional compounds will be
added as more clinical data become available. Further
analyses will focus also on the projection of peak-to-trough
ratios in man (plasma Cmax/Cmin ratio) and the overall shape
of the plasma concentration-time curve.

CONCLUSIONS AND FUTURE DIRECTION

Over a period of 8 years, it was possible to successfully
project human AUC and efficacious dose for 90% of all BMS
compounds prior to first-in-human studies. Because prospec-
tive projections are difficult, especially for the first-in-class
compounds, the use of more than one method for consistency
in projections is strongly recommended. It is obvious too that
clinical data for lead compounds are extremely useful and
that this highlights the importance of close communication
between development and discovery scientists within the
pharmaceutical industry.

In recent years there has been an explosion in
knowledge related to drug transporters and their impact on
drug disposition, tissue distribution, and PK. Going forward
it is possible that one may be able to evaluate species
differences and incorporate such information in human PK
and dose projections (60,61). Similarly, the increased avail-
ability of computing power and software packages has
enabled the development of PB/PK-based models
(42,62,63). Such physiological models allow one to conduct
extrapolations across species in a more mechanistic fashion.
Disposition of the drug and PK profile can be simulated with
knowledge of tissue size, tissue perfusion, drug permeability,
binding of drug between the tissue and blood as well as

elimination from certain tissues (64,65). Even transporter
information can be incorporated into such models. Therefore,
it is likely that human PK and dose projections will be
conducted with an ever increasing array of tools and
approaches. However, successful projections of human AUC,
peak-to-trough, Cmax, Cmin, half-ife, clearance,and efficacy will
always depend on the quality of the non-clinical data and its
careful integration.
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