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Abstract
The rapid emergence of antimicrobial resistance (AMR) has become a significant 
challenge in both human and veterinary medicine, largely driven by the misuse and 
overuse of antibiotics, including inappropriate cross-species dosage extrapolation. 
Empirical antimicrobial dosing can result in subtherapeutic exposure, disruption of 
the microbial ecosystem, and increased selective pressure, thereby accelerating the 
emergence and dissemination of resistant bacteria. Maintaining microecological 
homeostasis, particularly the stability of the commensal microbiota, is increasingly 
recognized as essential for limiting the development of resistance and preserving 
host health. Although interspecies scaling, Monte Carlo simulations, population 
pharmacokinetics (PK), and physiologically based PK models have been used to 
predict dosage regimens, their complexity and extensive data requirements restrict 
routine application in veterinary practice. In this context, PK/pharmacodynamic 
(PD) modeling provides a practical and scientifically robust framework for rational 
antimicrobial therapy. By integrating drug concentration–time profiles with 
antimicrobial effects, PK/PD-guided approaches enable species-specific dose 
optimization that improves therapeutic efficacy, minimizes ecological disruption, 
and reduces AMR selection pressure. This review highlights the application of 
modern PK/PD strategies in veterinary medicine as an essential tool for sustainable 
antimicrobial stewardship, AMR mitigation, and preservation of microbial ecosystem 
stability.
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1. Introduction
The extensive use of antibiotics in livestock and poultry 
production has contributed substantially to the global rise 
of antimicrobial resistance (AMR), posing a major threat 
to both public health and ecological stability.1 In modern 
animal agriculture, antibiotics have not only been used 
to treat and prevent diseases but also widely used in the 
livestock and poultry industries to efficiently produce 
pork, beef, poultry meat, and other animal products. 
When antibiotics are used at sub-therapeutic levels in feed, 
they improve growth rate and feed conversion efficiency, 
reduce mortality and morbidity, and enhance reproductive 
performance.2 However, such practices exert continuous 
selective pressure on microbial populations, accelerating the 
emergence and dissemination of resistant bacteria across 
animal, human, and environmental interfaces. Compared 
with human pharmaceuticals, veterinary antimicrobial 
agents are often introduced with limited pre-approval 
pharmacokinetic (PK), pharmacodynamic (PD), and 
safety data. Consequently, inappropriate dosing regimens 
may lead to insufficient antibacterial exposure, poor 
PK/PD target attainment, and prolonged subinhibitory 
drug concentrations that favor the selection of resistant 
pathogens. An in vivo PK/PD modeling study of orally 
administered marbofloxacin in pigs demonstrated that a 
2 mg/kg dose achieved effective bactericidal activity (90% 
target attainment) against Escherichia coli, providing an 
evidence-based approach for optimizing dosing regimens 
and reducing the risk of fluoroquinolone resistance.3 
Beyond resistance development, indiscriminate antibiotic 
use can disrupt the intestinal microecological balance 
in animals, altering commensal microbial communities 
essential for host immunity, nutrient metabolism, and 
colonization resistance to pathogens. Such dysbiosis may 
further compromise animal health and productivity while 
facilitating the persistence and spread of antimicrobial-
resistant organisms. 

The amount of antibiotics consumed by livestock 
and poultry has increased significantly compared to that 
used by humans for medical purposes. Global sales data 
consistently indicate that food-producing animals account 
for approximately 73% of all antimicrobial consumption 
worldwide.4,5 Thus, the growing rate of antibiotic resistance 
has emerged as one of the greatest global public health 
threats in the 21st century.6,7 Antibiotic-resistant bacteria, 
for example, are responsible for about 33,000 fatalities in 
Europe and 4.95 million deaths globally each year, costing 
EUR 1.5 billion and lost productivity.

According to the World Health Organization (WHO), 
AMR is one of the 10 global public health threats facing 

humanity, and it is expected to cause over 10 million deaths 
annually and more than USD 100 trillion in global losses 
by 2050.8 Additionally, the overuse or misuse of antibiotics 
results in toxicity, allergic reactions, and neurological and 
psychiatric problems, such as with the class of sulfonamides 
and fluoroquinolones.9,10 Common antibiotics (penicillin, 
beta-lactams, quinolones, gentamicin, and tylosin) are used 
extensively to treat the majority of recurring infections and 
as growth-promoting agents in cattle husbandry for meat 
production.11 These antibiotics can promote the growth of 
pathogenic bacteria resistant to specific antibiotics, even 
though they are present in only trace amounts in effluent 
from secondary treatment.12

Effective AMR control, therefore, requires a transition 
from empirical antimicrobial administration to precision-
based and ecologically conscious therapeutic strategies. 
Rational antimicrobial medication should aim not only 
to achieve clinical efficacy but also to preserve microbial 
homeostasis and minimize the selection pressure for 
resistance. In this context, determining an optimal dosage 
regimen is a central challenge in veterinary medicine 
because drug response varies considerably among 
animal species due to differences in anatomy, physiology, 
metabolism, plasma protein binding, and immune 
function. Interspecies variability in cytochrome P450 
(CYP) enzymes and tissue distribution profiles further 
complicates the translation of antibacterial therapies across 
species. Thus, the primary difficulty for veterinarians is not 
about choosing a medication but determining the dosage 
schedule because variations in PK or PD of a drug account 
for variability in drug response both within and across 
species.13 We have graphically summarized the entire 
antibiotic discovery process, from in vitro PD and PK/PD 
integration to dose prediction, in Figure 1 to help readers 
understand it.

Species-to-species translation, along with the use of 
effective therapies, may be challenging due to unfavorable 
PK properties and a poor PK/PD correlation at the 
pharmacological dose. The majority of lead molecules 
often fail to show the desired efficacy or safety profiles 
during species-to-species translation due to (i) differences 
in CYP isozymes responsible for drug metabolism and 
(ii) differences in plasma protein binding responsible for 
the distribution of drugs in different tissues. An improved 
understanding of absorption, distribution, metabolism, 
excretion (ADME), and toxicity, together with PK/PD 
relationships, provides a scientific basis for optimizing 
antimicrobial therapy in animals. PK/PD-guided dosing 
strategies can maximize antibacterial efficacy while 
minimizing unnecessary exposure, disruption of host-
associated microbiota, and emergence of resistance. 
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Figure 1. Schematic overview of the workflow for PK/PD-driven dose prediction, from in vitro assays to in vivo scaling. On the left-hand side (LHS), it 
shows how MIC90 and mouse PK/PD are used to derive PK/PD parameters. On the right-hand side (RHS), it shows how in vitro/in vivo PK with animal 
scaling is used to predict the dose. Both LHS and RHS converge at dosing regimens.
Abbreviations: BW: Body weight; CFU: Colony-forming unit; Cl: Clearance; Conc.: Concentration; MIC90: Minimum inhibitory concentration required 
to inhibit the growth of 90% of isolates; PD: Pharmacodynamic; PK: Pharmacokinetic; PPB: Plasma protein binding; RB: Blood-to-plasma concentration 
ratio; Vd: Volume of distribution.

Mathematical and mechanistic PK/PD models therefore 
represent essential technical tools for designing evidence-
based antimicrobial regimens tailored to specific animal 
species, pathogens, and clinical conditions. Thus, PK/PD 
improves treatment outcomes and slows the evolution of 
resistance.14 

This review focuses on PK scaling and PK/PD 
integration as key approaches for rational antimicrobial 
use in veterinary medicine. Emphasis is placed on how 
predictive PK/PD modeling can support AMR mitigation, 
maintain microecological homeostasis, and facilitate the 
development of safer and more sustainable antibacterial 
dosing regimens across animal species.

2. Linkage between cross-species dosing 
and antibacterial resistance
In veterinary medicine, empirical cross-species dose 
extrapolation remains common because species-
specific PK/PD data are often unavailable, leading to 
subtherapeutic antimicrobial exposure, treatment failure, 
and increased selection pressure for antimicrobial-resistant 

bacteria.15,16 Species differences in drug ADME can lead to 
subtherapeutic exposure or toxicity.17 In livestock systems, 
indiscriminate antimicrobial use has been associated with 
resistant E. coli, Salmonella, and methicillin-resistant 
Staphylococcus species.18 Wildlife may also acquire and 
disseminate resistant bacteria through environmental 
exposure or contact with domestic animals, creating 
a major One Health concern.19,20 Recent reviews have 
highlighted enrofloxacin and ceftiofur as examples in which 
species-specific dosing recommendations differ because of 
significant PK variability across avian species.8,21 Therefore, 
species-specific dosage regimens, PK/PD-guided therapy, 
antimicrobial stewardship, and veterinary supervision 
are essential for rational antimicrobial use and AMR 
mitigation across animal species.

3. Variability of ADME physiology among 
different species
In veterinary medicine, changes in animal metabolism 
and protein binding frequently affect species differences 
in therapeutic effectiveness. The ADME of medications 
ultimately underpins the safety and efficacy of a 
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treatment.22 The CYP-mediated metabolism provides 
a better explanation for the differences in intestinal 
absorption and PK profile between humans and animals. 
Therefore, it is not appropriate to calculate animal doses 
from human doses in veterinary medicine solely based on 
total body surface area.23

The DNA sequences of CYPs across different animals 
are often identical; however, differences do occur due 
to evolutionary adaptations. Therefore, unpredictable 
pharmacological effects arise from PK variability caused 

by genetic differences in CYP isozymes. Differences in 
phase-1 drug metabolism, resulting in inter-individual 
variability, depend on the polymorphic forms of three key 
CYP enzymes: CYP2D6, CYP2C19, and CYP2C9.23-25 The 
list of CYP orthologs between species is summarized in 
Table 1. Again, the rate of drug diffusion between plasma 
and tissues is greatly influenced by plasma protein binding, 
which in turn affects drug clearance, the volume of 
distribution (Vd) at steady state (Vdss), and the partitioning 
between plasma and tissues.26,27

Table 1. Cytochrome P450 (CYP) orthologs between species28-33

CYP family Mouse Rat Human Bovine Dog Pig Poultry

CYP1A
CYP1A1 CYP1A1 CYP1A1 CYP1A1 CYP1A1 CYP1A1 CYP1A1

CYP1A2 CYP1A2 CYP1A2 CYP1A2 CYP1A2 CYP1A2 CYP1A4, 
CYP1A5

CYP1B

CYP1B1 CYP1B1 CYP1B1 CYP1B1 CYP1B1

CYP2B10 CYP2B1 CYP2B12 CYP2B6

CYP2A
CYP2A4, CYP2A5, 

CYP2A12, 
CYP2A22

CYP2A1, 
CYP2A2, CYP2A3

CYP2A6, CYP2A7, 
CYP2A13 CYP2A13, CYP2A25 CYP2A CYP2A6

CYP2B CYP2B9, CYP2B10 CYP2B1, CYP2B2, 
CYP2B3 CYP2B6, CYP2B7 CYP2B6 CYP2B11 CYP2B22

CYP2C

CYP2C38 CYP2C12 CYP2C9 CYP2C9 CYP2C21, CYP2C41 CYP2D21 CYP2C

CYP2C29 CYP2C11 CYP2C8

CYP2C39, 
CYP2C55

CYP2C13, 
CYP2C55 CYP2C19

CYP2D CYP2D9, CYP2D10 CYP2D3 CYP2D6 CYP2D15 CYP2D45 CYP2D49

CYP2E CYP2E1 CYP2E1 CYP2E1 CYP2E1 CYP2E

CYP3A

CYP3A9 CYP3A4 CYP3A4 CYP3A12, CYP3A26 CYP3A22, 
CYP3A29 CYP3A37

CYP3A25 CYP2A18 CYP3A5

Beyond metabolic enzymes, membrane transporters are 
critical determinants of drug PK by regulating drug ADME. 
Uptake transporters, including organic anion-transporting 
polypeptides (OATPs), organic anion transporters (OATs), 
and organic cation transporters (OCTs), facilitate drug 
entry into hepatocytes and renal tubular cells, influencing 
hepatic uptake and renal secretion. In contrast, ATP-
dependent efflux transporters, such as P-glycoprotein 

(P-gp), breast cancer resistance protein (BCRP), and 
multidrug resistance-associated proteins (MRPs), limit oral 
absorption, restrict tissue penetration, and promote biliary 
and renal excretion.34,35 Expressed predominantly in the 
intestine, liver, kidney, blood–brain barrier, and placenta, 
these transporters play a central role in determining 
systemic drug exposure, tissue distribution, and protection 
against xenobiotics (Table 2).
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Table 2. Major membrane transporters involved in drug disposition and their pharmacokinetic roles

Transporter Gene 
family

Transport 
mechanism Major sites of expression Primary physiological/

pharmacokinetic role
Representative drug 

substrates

P-glycoprotein (P-gp) ABCB1 ATP-dependent 
efflux transporter

Apical membrane of 
intestinal epithelial cells, 
canalicular membrane of 
hepatocytes, renal proximal 
tubules, blood–brain 
barrier, placenta

Limits intestinal drug 
absorption, restricts brain 
penetration, promotes biliary 
and renal excretion, protects 
tissues from xenobiotics

Digoxin, ivermectin, 
enrofloxacin, 
doxorubicin, 
cyclosporine

Breast cancer 
resistance protein 
(BCRP)

ABCG2 ATP-dependent 
efflux transporter

Intestine, liver canalicular 
membrane, kidney, blood–
brain barrier, placenta, 
mammary gland

Limits oral absorption, 
mediates biliary and renal 
excretion, restricts tissue 
distribution, contributes to 
drug secretion into milk

Fluoroquinolones, 
sulfasalazine, topotecan, 
methotrexate

Multidrug resistance-
associated proteins 
(MRPs)

ABCC 
family

ATP-dependent 
efflux transporter

Liver, kidney, intestine, 
lung, blood–brain barrier

Efflux of drugs and 
conjugated metabolites into 
bile, urine, and intestinal 
lumen; detoxification; 
cellular protection

Methotrexate, 
glucuronide conjugates, 
bilirubin conjugates, 
antivirals

Organic anion-
transporting 
polypeptides (OATPs)

SLCO 
family

Sodium-
independent 
facilitated uptake

Basolateral membrane 
of hepatocytes, intestine, 
kidney

Hepatic uptake of 
endogenous compounds and 
drugs; influences hepatic 
clearance and systemic 
exposure

Rifampicin, statins, 
fexofenadine, certain 
β-lactam antibiotics

Organic anion 
transporters (OATs)

SLC22 
family

Facilitated uptake 
(anion exchange)

Basolateral membrane of 
renal proximal tubules, liver

Renal uptake of organic 
anions from blood for 
tubular secretion

Penicillins, 
cephalosporins, 
nonsteroidal anti-
inflammatory drugs 
(NSAIDs), methotrexate

Organic cation 
transporters (OCTs)

SLC22 
family

Facilitated uptake 
of cations

Liver (OCT1), kidney 
(OCT2), intestine

Hepatic and renal uptake of 
cationic drugs; influences 
clearance and tissue 
distribution

Metformin, cimetidine, 
procainamide, 
trimethoprim

Multidrug and toxin 
extrusion proteins 
(MATE1/MATE2-K)

SLC47 
family

Proton/Drug 
antiporter (efflux)

Apical membrane of renal 
proximal tubules, liver 
canalicular membrane

Final step of renal and biliary 
excretion of organic cations

Metformin, oxaliplatin, 
cimetidine

In addition to CYP-mediated metabolism, membrane 
transporters are key determinants of drug disposition and 
interspecies PK variability. Species-specific differences 
in the expression, localization, and activity of major 
transporters, including P-gp, BCRP, OATPs, OCTs, and 
MRPs, influence drug absorption, tissue distribution, 
and biliary and renal elimination, thereby affecting 
systemic exposure, therapeutic efficacy, and toxicity. 
Genetic polymorphisms and transporter isoforms further 
contribute to variability in drug response.36,37

Although optimizing the unbound drug fraction 
by modulating plasma protein binding or selecting 
appropriate doses can enhance target-site drug exposure, 
transporter-mediated uptake and efflux remain critical 
determinants of tissue distribution, particularly for 

transporter substrates. Therefore, plasma protein binding 
and membrane transporter activity should be considered 
complementary factors when designing species-specific, 
evidence-based dosing strategies. Recent drug discovery 
efforts have emphasized strategies to optimize target-site 
drug exposure by considering plasma protein binding, 
as the high abundance of plasma proteins and the strong 
binding affinity of many drugs significantly influence the 
free drug concentration available for tissue distribution, 
target engagement, and therapeutic efficacy. 

According to the principle of mass balance, the total 
mass (or amount) of the drug after absorption is equal to 
the sum of the mass in plasma ( ) PA and various tissues (

)TA . Mathematically expressed as:
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( ) P TTotal amount A A A= +∑ 	 (1)

Using the definitions for Vd ( )ss PV C× , plasma volume 
( )P PV C× , and tissue volume ( )T pV C× , we can write 
Equation 1 as follows:

ss P P P T pV C V C V C× = × +∑ × 	 (2)

where VP is the plasma volume, and VT is the tissue volume.

Dividing through by the total plasma concentration (
PC ), we obtain:

T
ss P T

P

CV V V
C

 
= + ∑ × 

 
	 (3)

Also, the unbound drug tissue-to-plasma partition 
coefficient ( ),pu TK  is given by:

,
,

,

u T
pu T

u P

C
K

C
= 	 (4)

where 
,u TC  is the unbound drug concentration in the tissue 

and ,u PC  is the unbound drug concentration in the plasma. 
We know that total concentration relates to unbound drug 
concentration ( ) uC and unbound drug fraction ( )uf  as:

u

u

CC
f

= 	 (5)

Substituting ,pu TK  and using Equation 5, T

P

C
C

 
 
 

 in 
Equation 3 can be expressed as:

, 
,

, 

u PT
pu T

P u T

fC K
C f

= × 	 (6)

Then, substituting Equation 6 into Equation 3, we 
obtain:

, 
,

, 

u P
ss P T pu T

u T

f
V V V K

f
 

= + ∑ × ×  
 

	 (7)

This derivation demonstrates that if , 1pu TK =  (passive 
diffusion and equilibrium), the equation simplifies to the 
classic physiological model. However, for antimicrobials 
with active transport or sequestration, the ,pu TK  term 
serves as a necessary “correction factor” to account for the 
deviation from simple passive distribution. Equation 7 

is the quantitative expression between Vd, plasma protein 
binding, tissue binding, and unbound drug tissue-to-
plasma partition coefficient. It clearly shows that Vd is 
directly proportional to the free fraction of the drug in 
plasma and inversely proportional to its free fraction in 
tissue. Based on Equation 7, drugs with a high Vd have a 
propensity to leave the plasma and enter the extravascular 
compartments of the body, meaning that a higher dose of 
a drug is required to achieve a given plasma concentration. 
These drugs are more lipophilic and are transported more 
widely into tissues. Conversely, a drug with a low Vd is either 
too polar to disperse into tissue or has a greater tendency 
to bind to plasma proteins. These drugs have a propensity 
to remain in plasma, meaning a lower dose is required to 
achieve a given plasma concentration (Figure 2).38

According to free drug theory (FDT), the free drug 
concentration in plasma equals the free drug concentration 
in the intracellular spaces of tissues after steady-state 
equilibrium is reached.39,40 This widely accepted hypothesis 
describes the relationship between pharmacological effect 
and plasma protein binding of a drug, namely the unbound 
drug portion. There is no relationship between the 
pharmacological effect and the overall drug concentrations 
in tissue. The remaining unbound drug is available to bind 
to the target receptor and, if present in pharmacologically 
relevant quantities, will exert the desired effect. A fraction 
of the unbound drug that penetrates the tissue is bound to 
tissue proteins. The concentrations of free drugs in various 
tissues are comparable at equilibrium, and the quantitative 
assessment of unbound drug in plasma reflects the free 
drug in tissues accessible to binding to cell membrane 
receptors at the target location (Figure 3). However, this 
concept has limitations for drugs that undergo active 
transport, intracellular accumulation, or extensive tissue 
sequestration, in which local drug concentrations at the 
site of infection may differ substantially from unbound 
drug plasma concentrations. Consequently, target-site 
PK, including tissue and intracellular drug exposure, has 
emerged as an important complement to plasma-based PK/
PD indices for improving antimicrobial dose prediction. 

The influx or efflux of drugs by transporters in veterinary 
animals is essential for drug disposition, pharmacological 
action, and organ-specific toxicity. Variations in the in 
vitro and in vivo effectiveness of potential test compounds 
necessitate a preliminary assessment for efflux transporter 
substrates, including P-gp, BCRP, and MRP1–6.41 These 
efflux transporters restrict intestinal absorption and the 
release of medication into the bloodstream. In addition 
to the modulation of metabolizing enzymes by genetic 
polymorphism and diseased conditions, which frequently 
result in changes in plasma and/or tissue exposure leading 
to changes in efficacy and/or toxicological effects, one 
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Figure 2. Distribution of drug molecules in the body of low- and high-volume of distribution (Vd) drugs. On the left, the figure shows a low Vd, where 
drugs are seen only in the blood circulation, whereas on the right, it shows a high Vd, where drugs are seen in both the blood and tissue compartments.

Figure 3. Distribution of unbound (free) drug across membranes at equilibrium. Both bound and free drugs are shown in the blood capillary and tissue 
compartments. The concentrations of free drugs in various tissues are comparable at equilibrium.

of the crucial criteria to be taken into consideration for 
understanding drug–drug interactions is the alteration of 
intestinal and/or hepatic transporters by the substrates.42,43

4. Prediction of pharmacokinetic 
parameters using allometric scaling 
Allometric scaling is a practical and widely used approach 
for predicting PK parameters across species based on body 

weight and other empirical relationships. In contrast, 
physiologically based pharmacokinetic (PBPK) modeling 
employs a mechanistic framework that integrates species-
specific anatomical, physiological, biochemical, and 
drug-related properties to simulate drug disposition. 
Although PBPK models require extensive experimental 
data and rigorous validation, they generally provide 
greater predictive accuracy for interspecies extrapolation, 
dose optimization, and regulatory decision-making than 
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traditional allometric scaling. Consequently, allometric 
scaling is well-suited for rapid first-pass predictions during 
early drug development44, whereas PBPK modeling offers 
a more robust framework for species extrapolation, dose 
optimization, and regulatory decision-making when 
sufficient data are available.

As discussed above, the allometric connection 
enables the mathematical expression and generalization 
of similarities among animals. Based on the power-law 
function, the generalized allometric equation can be 
written as:

bY a W= × 	 (8)

where Y is the PK parameter to be calculated, mainly 
clearance, W is the physiological parameter, primarily 
the average body weight of a species, and a and b are the 
allometric coefficient and exponent, respectively. The log–
log transformation of this exponential equation makes it 
linear. The coefficient (a) and exponent (b) can be estimated 
using linear regression. The logarithmic transformation of 
Equation 8 is written as:

( ) ( ) ( )log log logY a b W= + × 	 (9)

Equation 9 is in the form of a line equation 
y mx c= + , where ( )log a  is the Y-intercept, and b  is 
the slope of the straight line graph. The first primary PK 
parameter, plasma clearance, is computed for each species 
from an intravenous (IV) PK study. The plasma clearance 
(Clplasma) is converted to the blood clearance (Clblood) using 
the RB (blood-to-plasma concentration ratio) value by the 
following equation:

( ) ( ) ( )plasma, IV
blood,IV

B

Cl / /
Cl / body wt

R
mL min kg

mL min kg= × 	 (10)

These IV blood PK parameters (clearance) from at 
least three species are plotted on a log(Y) versus log(W) 
scale to obtain a linear plot, and the a and b values are 
computed using Equation 9. Primary PK parameters of 
species of interest are then calculated using computed 
a and b values and the average adult body weight of the 
species of interest. However, when calculating these PK 
parameters using basic allometry, there is significant 
inaccuracy for drugs with a low hepatic extraction rate.45 
It should be noted that the common practice of scaling 
clearance based on body weight (mg/kg) alone may not 
always yield accurate predictions. To minimize prediction 
errors, the “rule of exponents” (ROE) method is used, 

which provides selection criteria for the use of maximum 
lifespan potential (MLP) or brain weight (BrW) based on 
the values of the clearance exponents obtained from simple 
allometry.46-48 The ROE and associated correction factors 
have been successfully applied to improve allometric 
prediction of drug clearance across several mammalian 
species, including veterinary species, particularly for drugs 
undergoing hepatic metabolism. However, their predictive 
performance is drug- and species-dependent, and 
accuracy may decline for compounds exhibiting nonlinear 
PK, transporter-mediated disposition, or pronounced 
species-specific metabolic pathways. Consequently, 
external validation within individual veterinary species 
and drug classes remains necessary before these methods 
can be applied with confidence.46-48 It is also important 
to remember that the use of Cl × MLP and Cl × BrW 
correction factors should not be restricted to drugs that 
are extensively metabolized; they can be applied to drugs 
primarily excreted by the kidneys. In large animals, the 
use of correction factors frequently results in more errors 
than simple allometry, whereas in humans it does not. 
Extrapolating parameters, such as clearance, from small to 
large animals is often inaccurate due to several biological 
and physiological differences.49 The predicted values 
were either substantially lower or higher. The projected 
clearance in cats, goats, and sheep was more accurate 
than in laboratory animals. However, for predicting drug 
clearance in large animals, including a large animal in the 
scaling can substantially improve prediction accuracy.44

Scaling of Vd, the second primary PK parameter, 
from animal species is predicted using simple allometry, 
as mentioned in Equation 9, using the Adolph Dedrick 
method50:

( ) ( ), , BV R
log log logdss blood IV

u

a b W
f

× 
= + × 

 
	 (11)

where fu is the fraction of the unbound drug in plasma; 
Vdss, blood, iv is the Vdss in blood following IV administration, 
and RB is the blood-to-plasma concentration ratio. The

, , BV R
 dss blood IV

uf
× 

 
 

 value in humans is then calculated using a 
and b values derived from at least three species, and the 
average adult human weight is estimated. Vdss, blood, IV of the 
animal species of interest is calculated by multiplying by 
human fu/RB. As with clearance, including one large animal 
in the scaling, along with small laboratory animals, can 
substantially improve predictions of Vd in large animals. 
However, further investigation is needed in this direction.44 
The predicted human elimination half-life is estimated 
using the predicted human clearance and Vdss.

https://doi.org/10.36922/MI026210055


Microbes & ImmunityMicrobes & Immunity PK/PD-guided antibacterial dosing in animals

Volume X Issue X (2026)	 9� doi: 10.36922/MI026210055

5. Prediction of plasma concentration–time 
profiles in veterinary animals (species-
invariant time method [Dedrick plots])
Predicting PK/PD correlation, estimating an adequate 
dosage, and determining the dosing frequency in animals 
all depend on the plasma concentration–time profile of a 
drug candidate, which can be predicted using modeling and 
simulation in conjunction with animal PK characteristics.

The physiological species-invariant time technique 
originates from the allometric approach. The allometric 
correlations among PK parameters across species 
determine prediction accuracy. For example, compared to 
long-lived, larger animals, short-lived, small animals often 
clear drugs from their bodies at a higher rate (chronological 
time) per unit body weight (rate/body weight). All 
animals, regardless of species, tend to clear drugs at a 
comparable rate if the biological clock of each species is 
used to quantify drug clearance from the body. The species-
invariant time technique is based on the principle that 
plasma concentration–time curves should be normalized 
by body weight and converted from chronological time 
to physiological time.51 Chronological time is the actual 
elapsed time measured after drug administration, whereas 
physiological time is normalized according to body size 
and physiological processes. Chronological time was 
initially normalized to species-specific equivalent time.51-

54 Later, Boxenbaum and Ronfeld53 introduced new 
units of PK time, incorporating MLP and BrW into the 
Dedrick plot. In the Dedrick plot, using kallynochrons 
and apolysichrons as time units, b and c are the allometric 
scaling exponents for Cl and Vdss, respectively.53,55,56 The 
transformed concentration–time curves of various species 
are superimposed and then back-transformed to estimate 
predicted IV plasma concentration–time profiles at a 1 mg/
kg dose for the species of interest (Figure 4). The predicted 
IV profile, along with the estimated mean absorption 
rate constants and bioavailability, is used to simulate 
the oral PK profile at a 1 mg/kg oral dose. The Dedrick 
plot methodology is a valuable tool for interspecies PK 
extrapolation when PK processes are conserved across 
species. However, its predictive accuracy may be limited 
for drugs exhibiting nonlinear PK, saturable metabolism, 
transporter-mediated disposition, or species-specific 
differences in absorption, plasma protein binding, and 
tissue distribution.57 Mahmood and Yuan58 compared 
the accuracies of transformations via equivalent time, 
kallynochrons, and apolysichrons (complex Dedrick plot) 
for predicting human clearance, Vdss, and half-life. The 
derived complex Dedrick equations are as follows: 

Cl
VDC

V
dss

t

p
dss

e
 

− × 
 = × 	 (12)

where D is the dose in mg. Dividing both sides of Equation 
12 by D/W, we obtain:

B W
C W

c

C 1
D / W C W /

b

c t
p e

W

 ×
− ×  × = ×

×
	 (13)

where B and C are coefficients, and b and c are the 
exponents of clearance and Vd, respectively, in a simple 
allometric equation where Cl B W and V C Wb c

d= × = ×
. On rearranging Equation 13, we obtain:

B W
C

c 1

C 1
D / W

b c tp e
W C

− − × × 
 

−= ×
×

	 (14)

By plotting the concentration scale, e.g., 'C
D /

p
pC

W
= , on 

the y-axis and the time scale, e.g., 'Wb c t t− × = , on the 
x-axis, the above equation can be rewritten as:

B
' C

c 1
1
W

t

pC e
C

 − × 
 

−

′ = × × 
	 (15)

Equation 15 is called the complex Dedrick equation. 
The area under the complex Dedrick curve (AUCDC) is 
assumed to be equivalent for all species (Figure 4) and is 
given by:

( )1

0
/

/
b

DC
CAUC d t W

D W
∞ − = × 
 ∫ 	 (16)

1 0

1 1
/DC bAUC C dt

D W W
∞

−
  ⇒ = ×  
   ∫ 	 (17)

0

b

DC
WAUC C dt
D

∞ 
⇒ = × 

 
∫ 	 (18)

Incorporating the first-order absorption rate constant 
(Ka) into an IV PK equation (Equation 14) enables the 
prediction of the plasma concentration–time profile 
following oral administration.

6. Pharmacokinetic/Pharmacodynamic 
analysis
Understanding the PK/PD characteristics of any drug is 
crucial for effective treatment.45,59 The idea of PK/PD was 
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first proposed in the 1940s and then tested experimentally 
in the 1990s, demonstrating a repeatable association 
between animal models and human clinical data.47,60,61

6.1. Pharmacokinetic/Pharmacodynamic integration

Currently, PK/PD analysis has become increasingly critical 
for anti-infective drugs, as identifying optimal PK/PD 
parameters and adjusting the dosage regimen accordingly, 
through modeling and simulation of the predicted oral 
plasma profile, is crucial for reducing the emergence 
of resistance.24,56,62 The PK/PD of antibiotics is studied 
thoroughly, and the correlation of preclinical data among 
small animals (mainly mammals) has been studied more 
compared to large mammals, birds, and other veterinary 
species because of the high costs of the studies, the 
number of animals needed, and the difficulty in working 
with many of these species.63 Three PK/PD indices are 
used to describe the concentration-dependent and 
time-dependent antibacterial activity of antibiotics. The 
minimum inhibitory concentration (MIC) of an antibiotic, 
which prevents observable bacterial growth in a test tube, 
is used to calculate these indices.64 The area under the 
concentration–time curve (AUC) and peak concentration 
or maximum serum concentration (Cmax) are crucial PK 
metrics utilized in PK/PD studies. By combining PK and 
PD parameters (MIC, AUC, and Cmax), PK/PD indices that 
serve as indicators of effectiveness are derived: AUC0–24 

h/MIC, Cmax/MIC, and T>MIC (time above MIC). General 
classification of antimicrobial drugs according to PK/PD 
indices is presented in Table 3.

The AUC0–24 h/MIC is defined as the ratio of the area 

under the concentration–time curve to the MIC; Cmax/
MIC is the maximum concentration divided by the MIC; 
and the T>MIC is the percentage of time during the dosing 
interval that the drug concentration sustains above the 
MIC (Figure 5). These indices are generally calculated as 
free drug concentrations based on serum protein binding 
of the drug.50,65-67

The mathematical expression of AUC from time 0 to 
infinity is given by:

( ) { }. .0
0 0

. el ak t k ta
p

d a el

Fk DAUC C dt e e dt
V k k

∞ ∞ − − 
= = − 

−  
∫ ∫ 	 (19)

Hence, the mathematical expression of the PK/PD 
index fAUC/MIC from time t1 to (t1+T>MIC) can be written 
as:

( )( )1

1

.MICt T

p MICt

fAUC fC dt MIC T
MIC

>+

>= − ×∫ 	 (20)

Substituting Cp in Equation 20, we obtain:

( ) { } ( )( )1

1

. .0.MIC
el a

t T k t k ta
MICt

d a el

f Fk DfAUC e e dt MIC T
MIC V k k

>+ − −
>

 
= − − × 

−  
∫ 	 (21)

Similarly, the mathematical expression of Cmax is given 
by:

( )
. .0 el max a maxk t k ta

max
d a el

Fk DC e e
V k k

− − = − − 	 (22)

Figure 4. Dedrick transformation of pharmacokinetic (PK) profiles in various species
Abbreviation: IV: Intravenous.
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Table 3. General classification of antimicrobial drugs according to pharmacokinetic/pharmacodynamic indices

Characteristic Time-dependent Concentration-dependent Exposure dependent (AUC0–24/MIC)

Relationship with 
efficacy

Efficacy of the drugs directly 
correlates with the duration of free 
drug sustained above the minimum 
inhibitory concentration

Efficacy of the drugs directly correlates 
with the peak free drug concentration

Efficacy of the drugs directly correlates 
with the total amount of drug exposure 
over 0–24 h

Antimicrobial classes 
and examples

(i)	 Beta-lactams: Penicillin 
(penicillin G, ampicillin, 
amoxicillin) & Cephalosporins 
(cefalexin, cefovecin, ceftiofur, 
cefquinome)
(ii)	 Macrolides: Erythromycin, 
tylosin, tilmicosin (except 
azithromycin)
(iii)	 Lincosamides: Lincomycin, 
clindamycin
(iv)	 Carbapenems: Meropenem
(v)	 Phenicols: Florfenicol, 
chloramphenicol
(vi)	 Sulfonamides & 
diaminopyrimidines: 
Sulfadiazine, sulfamethoxazole, 
trimethoprim
(vii)	 Pleuromutilins: Tiamulin, 
valnemulin

(i)	 Aminoglycosides: 
Amikacin, gentamicin, 
kanamycin, neomycin, 
tobramycin, streptomycin, 
apramycin
(ii)	 Fluoroquinolones: 
Enrofloxacin, marbofloxacin, 
danofloxacin, orbifloxacin, 
pradofloxacin
(iii)	 Nitroimidazoles: 
Metronidazole
Macrocyclic: Rifamycins

(i)	 Fluoroquinolones: 
Enrofloxacin, marbofloxacin, 
danofloxacin, orbifloxacin, 
pradofloxacin
(ii)	 Tetracyclines: Oxytetracycline, 
doxycycline, chlortetracycline
(iii)	 Aminoglycosides: Amikacin, 
gentamicin
Polypeptides: Colistin
(iv)	 Lincosamides: Lincomycin, 
clindamycin
(v)	 Glycopeptides: Avoparcin, 
teicoplanin, vancomycin
(vi)	 Macrolides: Tylosin, 
tulathromycin, gamithromycin, 
tildipirosin

Figure 5. Graphical representation of pharmacokinetic/pharmacodynamic (PK/PD) indices of efficacy. The figure shows all three PK/PD parameters along 
with therapeutic, safety, and toxic windows.
Abbreviations: fAUC: Area under the curve of the free drug; fCmax: Maximum plasma concentration (Cmax) of the free drug; fCp: Plasma concentration of 
the free drug; fT>MIC: Percentage of a dosage interval in which the free drug plasma level exceeds the MIC; MEC: Maximum effective concentration; MIC: 
Minimum inhibitory concentration.
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Therefore, the mathematical expression of the PK/PD 
index fCmax/MIC can be written as:

( )
. .0.

el max a maxk t k tmax a

d a el

fC f Fk D e e MIC
MIC V k k

− − = − − − 	 (23)

6.2. Estimation of predicted efficacy dose using 
pharmacokinetic/pharmacodynamic parameters

Out of the three PK/PD indices, the PK/PD parameter 
used for predicted efficacy dose (PED) estimation is the 
one from the PK/PD analysis with the highest coefficient 
of determination (r2), i.e., the best-fit value. If fAUC/MIC 
shows the highest r2 on the PK/PD graph, then the PED of 
the veterinary animal of interest is estimated from general 
mathematical deduction as:

vet vet total,vetF Dose AUC Cl× = × 	 (24)

On the incorporation of PK/PD indices as alternatives to 
vetAUC , Equation 24 is written as:

90
vet total, vet

90 u,vet

MICfAUCF Dose Cl
MIC f

 
× = × × 

 
	 (25)

The numerical value for fAUC/MIC90 is derived from 
the mouse PK/PD graph.

Therefore, on rearranging Equation 25, PED is given 
by:

90
vet total, vet

90 u,vet

MICfAUCPredicted dose Cl F
MIC f

  
= × × ÷  
   

	 (26)

If fCmax/MIC shows the highest r2 on the PK/PD graph, 
then the predicted Cmax is estimated from Equation 27:

*

max 90
max

90 u,vet

fC MICPredicted C
MIC f

 
= × 
 

	 (27)

The PED is determined from a simulated veterinary 
oral PK profile using the Dedrick plot upon incorporation 
of the absorption rate constant. Using a simulation of the 
predicted free (unbound) drug oral plasma PK profile, 
the dose at which the free drug plasma concentration–
time curve reaches the predicted Cmax value is the dose of 
interest (PED dose).

If fT>MIC shows the highest r2 on the PK/PD graph, 
then the PED is estimated graphically, assuming that the 
magnitude of T>MIC90 is equal for the mouse and veterinary 
animal of interest, similar to fCmax/MIC. The PED is 

determined from a simulated veterinary oral PK profile. 
Using a simulation of a predicted free drug oral plasma PK 
profile, the dose at which the free drug oral concentration–
time curve intersects the horizontal MIC90 line at T>MIC 
time is the PED dose, as shown in Figure 6.

Murine infection models are widely used to establish 
PK/PD targets because they provide a controlled and 
reproducible framework for defining the relationship 
between drug exposure and antibacterial efficacy. Although 
physiological, immunological, and pathological differences 
between mice and veterinary species may influence the 
direct translation of these targets, numerous studies have 
demonstrated that PK/PD indices, such as AUC/MIC, 
Cmax/MIC, and % of fT>MIC, are generally conserved across 
species for a given antimicrobial class.68,69

6.3. Optimized pharmacokinetic/pharmacodynamic 
strategies to mitigate resistance development

The present work proposes a novel cross-species PK/
PD-guided framework that integrates AMR prevention 
with microbial ecology to optimize antimicrobial dosing 
while preserving microbial stability across animal species. 
Unlike conventional approaches that focus primarily 
on therapeutic efficacy, this framework emphasizes 
species-specific PK/PD targeting to minimize selective 
antimicrobial pressure, maintain microbiome integrity, 
and suppress the emergence of resistance.17,70 Evidence 
from veterinary pharmacology and metagenomic ecology 
indicates that inappropriate dose extrapolation across 
rodents, dogs, pigs, cattle, buffaloes, and wildlife disrupts 
commensal microbiota and accelerates the emergence 
of resistant bacterial populations.18,36 Integrating PK/PD 
indices, such as AUC/MIC, Cmax/MIC, and T>MIC, into 
microbial ecology enables dosing strategies that achieve 
pathogen clearance while limiting collateral microbial 
damage and amplification of resistance genes.70 Supported 
by population PK modeling, Monte Carlo simulations, 
and microbiome surveillance, this One Health-oriented 
framework advances precision antimicrobial therapy, the 
preservation of microbial diversity, and sustainable AMR 
containment. 

7. Discussion
In both human and veterinary medicine, antibiotics are 
among the most essential treatment options. Inappropriate 
cross-species antimicrobial dosing in veterinary medicine 
promotes AMR by causing subtherapeutic exposure 
and selective pressure on bacteria. Species differences 
in PK can accelerate the emergence of resistant E. coli, 
Salmonella, and Methicillin-resistant Staphylococcus 
aureus in livestock and wildlife.18,71 Continuous low-dose 
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exposure enhances horizontal gene transfer and multidrug 
resistance70, highlighting the need for PK/PD-guided, 
species-specific antimicrobial stewardship and veterinary 
supervision. In veterinary medicine, two PK/PD indicators 
are often employed: (i) the time that the free drug plasma 
concentration surpasses the MIC during the dosing 
interval (fT>MIC) and (ii) the ratio of the area under the 
curve of the free drug plasma concentration to the MIC 
(fAUC/MIC).48 The primary goal of interspecies scaling is 
to determine an appropriate therapeutic dose and to offer 
preliminary estimates of the expected clinical therapeutic 
dose and half-life of a new drug during the drug discovery 
process. Two critical PK parameters, clearance and Vd, are 
necessary to model temporal drug profiles and predict 
half-life by integrating estimated clearance and Vdss. This 
approach generally provides more accurate half-life 
predictions than the direct correlation of half-life across 
different animal species.50 In recent years, interspecies 
scaling of PK parameters and the prediction of human PK 
profiles through PK/PD analysis have gained considerable 
attention in anti-infective drug development. However, 
the extrapolation of animal PK data for veterinary dosing 
remains relatively under-explored. Consequently, dose 
extrapolation without appropriate validation may result in 
suboptimal therapeutic regimens, potentially contributing 
to treatment failure and the emergence of AMR. 
Furthermore, predictive performance should be supported 
by uncertainty analyses, including sensitivity analyses and 
confidence intervals, to assess the influence of variability in 

physiological, PK, and microbiological parameters. These 
approaches may also be less reliable for drugs exhibiting 
nonlinear PK, species-specific metabolism, transporter-
mediated disposition, variable oral absorption, or marked 
differences in plasma protein binding, highlighting the 
need for validation using target-species PK and clinical 
efficacy data. 

In our previous work24, the primary objective was to 
develop a robust approach for predicting human doses from 
rodent and non-rodent animal data. That study focused 
mainly on translating animal PK data into predicted 
human concentration–time profiles by incorporating 
human physiological parameters and interspecies scaling 
principles. In contrast, the present review focuses on 
interspecies dose prediction within veterinary species. 
Specifically, the current review transforms PK data from 
one animal species to another by generating predicted 
concentration–time profiles using the species-specific 
physiological parameters of the target veterinary animal. 
Accordingly, the methodological framework has been 
extended from animal-to-human extrapolation to animal-
to-animal dose prediction in veterinary medicine.

In addition, the present review introduces a novel 
dimension by highlighting the potential role of accurate 
antibacterial dose prediction in veterinary species 
in reducing inappropriate dosing and, consequently, 
mitigating AMR. Therefore, although both our previous 
work24 and the current review employ physiology-
based translational principles, the present review differs 

Figure 6. Graphical representation of T>MIC90
Abbreviations: MIC: Minimum inhibitory concentration; PK: Pharmacokinetic; Vet: Veterinary.
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substantially in its application, target species, and clinical 
significance, and provides new insights into veterinary 
antibacterial dose optimization.

Ahmad et al.67 described conventional PK/PD dose-
optimization equations that directly calculate dosage 
regimens from established PK/PD indices, such as AUC/
MIC and T>MIC, using standard PK parameters, including 
clearance, bioavailability, and Vd. In contrast, the present 
review introduces a translational PED framework in which 
PK/PD targets are first derived from mouse infection 
models, the optimal PK/PD index is selected based on the 
highest coefficient of determination (r2), and the veterinary 
dose is subsequently predicted through interspecies PK 
transformation and simulated veterinary PK profiles. 
Therefore, the current approach represents not merely 
a dose-optimization equation but a translational cross-
species efficacy-prediction methodology.

Furthermore, Ahmad et al.67 presented generalized 
equations for standard PK/PD indices without 
incorporating a statistical selection procedure. In the 
present review, however, PED estimation explicitly depends 
on selecting the PK/PD index that yields the highest r2 
from PK/PD modeling. This best-fit, statistically driven 
selection of the governing PK/PD index is not reported by 
Ahmad et al. While their approach relies on conventional 
PK/PD equations based on observed PK parameters, such 
as clearance and bioavailability, the present review uniquely 
integrates: (i) Dedrick plot-based interspecies scaling, (ii) 
transformation of animal PK data into veterinary species 
concentration–time profiles, and (iii) simulation of oral 
veterinary PK curves for PED determination.

Moreover, the current review determines PED 
graphically using simulated veterinary concentration–
time profiles. Specifically, PED is defined as the dose 
at which the simulated free drug plasma concentration 
attains the predicted Cmax value, or at which the simulated 
concentration–time curve intersects the MIC90 threshold 
for the required T>MIC duration. Ahmad et al. 67 did 
not describe the graphical determination of PED using 
simulated interspecies PK profiles. Although our proposed 
PED framework provides a rational approach for cross-
species antibacterial dose prediction, its accuracy 
depends on the availability of reliable species-specific PK 
parameters and robust in vivo MIC or epidemiological 
susceptibility data for target pathogens. Predictions may 
also be influenced by assumptions regarding interspecies 
similarities in plasma protein binding, tissue distribution, 
and pathophysiology of host–pathogen interactions, 
highlighting the need for prospective clinical validation.

Overall, Ahmad et al.67 provided a broad overview of 

PK/PD principles, antimicrobial dose optimization, and 
resistance prediction in veterinary medicine. In contrast, 
the present review develops a specific translational 
methodology for predicting efficacious veterinary doses 
from mouse PK/PD data by integrating PK/PD target 
attainment, interspecies scaling, and simulated veterinary 
exposure profiles. Thus, although both studies involve PK/
PD-guided dose estimation, the methodology proposed 
in the present review is mechanistically, statistically, 
and mathematically distinct from the generalized dose-
optimization framework described by Ahmad et al.

8. Future perspective
Advanced PK/PD modeling is a cornerstone of modern 
veterinary pharmacology, providing a rational framework 
for optimizing antimicrobial therapy across diverse animal 
species. Traditional one-size-fits-all dosing approaches 
often overlook interspecies variability in drug ADME, 
which can compromise both therapeutic efficacy and 
safety.72 By integrating PK parameters (e.g., clearance, 
Vdss, half-life) with PD indices (e.g., MIC, time- or 
concentration-dependence of killing), advanced models 
enable the tailoring of dosage regimens that achieve the 
desired therapeutic targets while minimizing toxicity.

Importantly, PK/PD-guided strategies are pivotal in 
addressing AMR. Optimized dosing regimens can maximize 
bacterial kill, reduce the window of subtherapeutic 
exposure, and thereby decrease the selective pressure 
for resistant strains.73 Numerous strategies have been 
proposed over time to enhance the predictive capabilities 
of time-course profiles; however, no strategy is without its 
shortcomings.74 To improve the predictive outcome from 
animal data to veterinary species or from one veterinary 
species to another, a specific extrapolation method should 
be considered based on the physicochemical properties 
of drugs, such as renal secretion or biliary excretion, 
experimental design, species, and analytical errors, as 
all these factors may affect allometric extrapolation. 
Beyond PK/PD-based dose predictions, more powerful 
techniques are available for dose prediction in veterinary 
pharmacology, but their high data requirements, 
complexity, and time demands limit their routine use in 
clinical practice. In essence, advanced PK/PD applications 
provide not only a logical but also an efficient framework 
for improving drug efficacy, animal welfare, and public 
health protection by curbing the emergence and spread of 
AMR. Their broader adoption in veterinary medicine is 
therefore not just desirable, but essential.

Nowadays, the use of artificial intelligence (AI) in PK/PD 
dose prediction for veterinary animals is gaining significant 
attention. By integrating biological, physiological, and 
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drug-specific data, AI models surpass the limits of 
traditional interspecies extrapolation. Machine learning 
identifies ADME patterns in drug behavior to optimize 
and individualize dosing. This enhances treatment efficacy, 
minimizes toxicity, and simultaneously reduces the risk of 
AMR. However, it may still be several years before user-
friendly AI tools are fully integrated into routine clinical 
practice for cross-species dose prediction.

9. Conclusion
This review presents a cross-species PK/PD-guided 
antimicrobial framework integrating microbial ecology 
and AMR prevention. By optimizing species-specific 
dosing and preserving microbiome stability, it minimizes 
selective pressure and the emergence of resistance while 
maintaining therapeutic efficacy. The approach supports 
One Health principles through precision antimicrobial 
therapy, preservation of microbial diversity, and sustainable 
AMR containment.17,70 

The integration of allometric scaling, Dedrick plots, 
and PK/PD-based PED estimation provides a practical 
framework for the early prediction of oral PK profiles and 
dose selection in veterinary species. Published studies 
have shown that these approaches can achieve reasonable 
predictive accuracy when the underlying assumptions of 
linear PK and conserved physiological processes are met. 
Nevertheless, model performance should be evaluated 
through external validation using observed PK and efficacy 
data from the target species. Uncertainty analyses, including 
sensitivity analyses and confidence intervals for key 
parameters, are also important for quantifying the effects 
of variability in physiological, PK, and microbiological 
inputs on model predictions. Furthermore, these methods 
may be less reliable for drugs exhibiting nonlinear PK, 
species-specific metabolism, transporter-mediated 
disposition, variable oral absorption, or marked differences 
in plasma protein binding. Therefore, model-derived dose 
predictions should be regarded as an evidence-based 
starting point and refined using target-species PK studies 
and, when available, clinical efficacy data.
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