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ABSTRACT

Factors associated with identifying an appro-
priate dose and dosing regimen for the treat-
ment of bovine respiratory disease include
the activity of a given drug against common
respiratory bacterial pathogens and the abil-
ity of the drug to gain access to the site of
infection. Although randomized prospective
field trials are the best means of determining
the relative efficacy of antimicrobial agents
for the treatment of bovine respiratory dis-
ease, it is impossible to conduct such trials
for every possible dose and dosing interval.
Based on limited data in cattle, traditional
pharmacokinetic/pharmacodynamic models
focused strictly on plasma concentrations
appear to be adequate surrogate markers

of efficacy for the treatment of susceptible
extracellular bacterial respiratory patho-
gens with B-lactams and fluoroquinolones.
However, plasma concentrations of macro-
lides and azalides, such as gamithromycin,
tilmicosin, and tulathromycin in cattle, are
considerably lower than their respective
minimum inhibitory concentrations (MIC)
against the pathogens for which they are ap-
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proved. Nonetheless, multiple studies have
demonstrated the efficacy of these drugs in
the treatment of bovine respiratory disease,
indicating that drug concentrations at the site
of infection provide more clinically relevant
information than simple reliance on plasma
concentrations. Measurement of drug con-
centration in lung tissue homogenates does
not distinguish between free drug avail-

able for bacterial killing and drug bound

to various extra- or intracellular biological
material. For macrolides and azalides, recent
findings suggest that measurement of drug
concentrations in pulmonary epithelial lining
fluid is a better predictor of efficacy than
either lung or plasma concentrations for the
treatment of pulmonary infections caused by
extracellular pathogens.

INTRODUCTION

Bovine respiratory disease is the most com-
mon cause of morbidity and mortality in
beef cattle' and the second most common
cause of slaughter condemnation in dairy
calves.? The bacterial pathogens most fre-
quently recovered from cattle with respirato-
ry disease include Mannheimia haemolytica,
Pasteurella multocida, Histophilus somni,
and Mycoplasma bovis. Administration of
an effective antimicrobial agent is one of the
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most effective methods of preventing respi-
ratory disease and the only effective method
of treatment. Several antimicrobial agents
are approved for the treatment or control of
respiratory disease in cattle.

The plasma pharmacokinetics of most
of these antimicrobial agents have been
studied extensively in cattle. Optimal dosing
of antimicrobial agents is dependent not
only on the pharmacokinetics, but also on
the pharmacodynamics of the drug. Phar-
macodynamic properties of an antimicrobial
drug address the relationship between drug
concentration and antimicrobial activity.
Pharmacokinetic/pharmacodynamic studies
play an important role in drug development
and drug evaluation. At the moment, the
most widely used pharmacokinetic/phar-
macodynamic approaches for antimicrobial
agents rely on plasma concentrations as
the pharmacokinetic input and minimum
inhibitory concentration (MIC) as the phar-
macodynamic input value. For many drugs,
microorganisms, and disease processes,
measurement of plasma concentration is
an adequate surrogate marker of efficacy.
However, for some drugs and disease states,
concentration at the site of infection is more
relevant and directly related to the desired
therapeutic effect, which is bacterial eradica-
tion. This manuscript reviews current infor-
mation regarding pulmonary disposition of
antimicrobial agents with special emphasis
on bovine respiratory disease.

Minimum Inhibitory Concentration and
Interpretation of in vitro Susceptibility
Data

In vitro bacterial susceptibility is determined
by disk diffusion, concentration-gradient
agar diffusion, or broth dilution methodolo-
gies. Disk diffusion provides qualitative
susceptibility data, whereas broth-dilution
methods and the concentration/gradient tests
generate a minimum inhibitory concentra-
tion (MIC) expressed quantitatively in pg/
mL. The MIC is the lowest concentration

of an antimicrobial agent, which inhibits

the growth of the target bacteria. Both the
disk diffusion and methods generating MIC
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values assess inhibition of bacterial growth
rather than killing of the pathogen as the
endpoint.

Susceptibility designations are deter-
mined by comparing the microorganism’s
MIC (or zone of inhibition if the disk diffu-
sion method is used) to clinical breakpoints
established by the Clinical Laboratory
Standards Institute (CLSI). Breakpoints or
interpretive criteria are the concentration
(or zone diameter) above and below which
specific bacterial isolates are categorized as
susceptible, intermediate, or resistant. Clini-
cal breakpoints are determined by:

 The range of in vitro MICs of an an-
timicrobial for representative popula-
tions of specific bacterial pathogens

* Pharmacokinetic-pharmacodynamic
parameters established on the basis of
the relationship between physiologic
drug concentrations and a microbial
susceptibility parameter, generally the
minimum inhibitory concentration
relationship (MICR).

» Results of clinical trials in the target
species versus MIC of the isolates
recovered from diseased animals, the
ultimate standard of efficacy.’

Results of in vitro susceptibility tests
are presented to the clinician by des-
ignating the pathogen as susceptible,
intermediate, or resistant. The CLSI
defines the three susceptibility desig-
nations as follows:

* Susceptible — An infection caused
by the specific isolate may be success-
fully treated with the recommended
dosage regimen of an antimicrobial
agent approved for that specific dis-
ease process and infecting microor-
ganism

¢ Intermediate — An infection by the
isolate can be treated at body sites
where drugs are physiologically con-
centrated or when a high dosage can
be used; also indicates a “buffer zone”
that should prevent minor technical
factors from causing major discrepan-
cies in interpretations
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 Resistant — An infecting isolate is
not inhibited by typically achievable
concentrations of a given drug with
normal dosage regimens and/or clini-
cal efficacy has not been reliable in
treatment studies.’

Interpreting MIC values

Clinical breakpoints are relevant only for a
specific bacteria, specific drug, and specific
organ system infected. When species-spe-
cific breakpoints are used, pathogens with a
MIC below an antimicrobial’s susceptibil-
ity breakpoint have a higher probability for
treatment success, and organisms with an
MIC above the resistance breakpoint have
a lower probability of treatment success.
However, there is no evidence that efficacy
increases the further the MIC is below the
breakpoint. Conversely, it should be noted
that a relatively high MIC in itself is not
necessarily an indicator of resistance. Some
resistance breakpoints have been set at > 64
pg/mL or higher (eg, the resistance break-
point for Mannheimia haemolytica against

tulathromycin for bovine respiratory disease
is > 64 pg/mL).

For the practitioner, an important limita-
tion in interpreting the results of in vitro
susceptibility data is that breakpoints for
only a small number of drugs have been
established for bovine respiratory disease in
cattle (Table 1). For all other antimicrobi-
als, the breakpoints have been adapted from
humans or other domestic animal species.
For these antimicrobials, a result indicating
susceptibility is unquestionably preferable
to one indicating resistance. However, there
are no data correlating the results to clinical
efficacy and there is no guarantee that the
breakpoint in one species is valid for a given
pathogen or site of infection in a different
species.

For example, the CLSI breakpoint for
susceptibility to doxycycline of <4 pg/mL
is based on human pharmacokinetic and
clinical efficacy data. Administration of oral
doxycycline to an adult horse at the recom-
mended dosage of 10 mg/kg results in peak

Table 1.Minimal concentration inhibiting at least 90% of common bovine respiratory tract
pathogens (MIC90), peak plasma concentrations (Cmax) at recommended dosages, and CLSI
breakpoints for interpretation of in vitro susceptibility testing.

MIC,, (ng/mL) Plasma  Breakpoint (ng/mL)
Drug Mannheimia Pasteurella Histophilus (O S I R
haemolytica  multocida somni (ng/mL)
Ceftiofur 0.015 0.004 0.004 1.25 <2 4 >8
Danofloxacin 0.06 0.015 0.06 1.69 <0.25
Enrofloxacin 0.06 0.05 0.02 1.20¢ <0.25 05-1 22
Florfenicol 1 0.5 0.5 3.07 <2 4 >8
Oxytetracycline? 32 1 2 5.7 <2 4 >8
Tilmicosin 4 8 8 0.55/1.06° <8 16 >32
Gamithromycin® 1 0.5 0.43
Tulathromycin 2 1 4 0.28 <16 32 >64

S = susceptible; I = intermediate; R = resistant

“ Breakpoint derived from pharmacokinetic and pharmacodynamics data. Results of clinical trials in the target spe-

cies versus MIC of the isolates recovered are not available.

b Breakpoint not yet established.

¢ Sum of enrofloxacin and its active metabolite ciprofloxacin after administration of a dose of 8 mg/kg SC.
4 Dose of 20 mg/kg of a 200 mg/mL formulation IM; Cmax will vary according to the dose and formulation

¢ Doses of 10/20mg/kg SC, respectively.
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serum, synovial fluid, and peritoneal fluid
concentrations of approximately 0.5 pg/mL.*
A pathogen with a MIC of 4 ng/mL, isolated
from the synovial fluid of a horse would be
reported as susceptible even though such
concentrations are far from achievable in
horses. Based on pharmacokinetic/pharma-
codynamic data in horses, a breakpoint of
<0.25 pg/mL would be more appropriate as
a susceptibility standard for doxycycline.**
Thus, the lack of species- and discase-
specific interpretive criteria is one factor that
may explain discrepancies between in vitro
susceptibility and clinical response.

By itself, in vitro susceptibility of a
specific pathogen does not guarantee clinical
outcome. Other factors, such as the host ani-
mal’s age, immune status, severity of disease
at the time of initiation of therapy, distri-
bution of the drug at the site of infection,
microenvironment at the site of infection,
and presence of mixed infections can all
contribute to individual clinical response.

Figure 1 — Plasma concentration (vertical axis) versus time
(horizontal axis) profile of an antimicrobial agent. The MIC of
a hypothetical pathogen is indicated by the horizontal broken
line. Efficacy of concentration-dependent antimicrobials is best
predicted by the Cmax-to-MIC ratio. Efficacy of time-dependent
antimicrobials is associated with maintaining a plasma concen-
tration >MIC for the majority of the dosing interval (T > MIC).
For other antimicrobial agents the ratio of AUC-to-MIC best

predicts in vivo efficacy.

10

Pharmacokinetic/Pharmacodynamic Data
to Determine the Optimal Dosage
Regimen

Determination of the appropriate dose and
dosing intervals of an antimicrobial agent
requires knowledge of and integration of its
pharmacokinetics and pharmacodynamic
properties. The pharmacokinetic proper-
ties of a drug describe its movement and
disposition within the body and include
drug absorption, distribution, metabolism,
and excretion. Pharmacodynamic properties
address the relationship between drug con-
centration and antimicrobial activity. Drug
pharmacokinetic features such as maximum
plasma concentrations, the time concentra-
tions remain above a target concentration
and area under the plasma concentration-
time curve (AUC), when integrated with
MIC values, can predict the probability of
bacterial eradication and clinical success.®®
These pharmacokinetic and pharmacody-
namic relationships may also play an im-
portant role in preventing
the genetic selection and
spread of resistant strains.’
Pharmacodynamic studies
can be done in vitro, in
vivo in laboratory animal
models of infection, or us-
ing experimental challenge
models or natural disease
in the species of interest.

The most significant
parameter predicting the

p—

Plasma concentrations (jgimL)

Time =MIC

Time (hours)
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efficacy of B-lactams,
trimethoprim-sulfonamide
combinations, and most
bacteriostatic agents such
as macrolides and tetracy-
clines is the length of time
that plasma concentra-
tions exceed the MIC of
the pathogen (T > MIC;
Figure 1). Increasing the
concentration of the drug
several-fold above the
MIC does not significantly
increase the rate of micro-

20 24
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Table 2.Classification of antimicrobial agents according to their pharmacodynamics

properties.
Time Concentration Both

(T > MIC) (C,./ MIC) (AUC / MIC)
B-lactams aminoglycosides® azalides

tetracyclines fluoroquinolones® fluoroquinolones®
macrolides metronidazole® glycopeptides®

lincosamides

chloramphenicol?

@ Illegal to use in food-producing animals
b Voluntary ban in food-producing animals
¢ Off-label use illegal in food-producing animals

bial killing. Rather, it is the length of time
that bacteria are exposed to concentrations
of these drugs above the MIC that dictates
killing effect. Therefore, optimal dosing of
such antimicrobial agents typically involves
frequent administration. However, how
much above the MIC the plasma concen-
tration should be maintained and for what
percentage of the dosing interval therapeutic
concentrations should be maintained, are
sources of debate and likely vary depending
on a given drug and specific microorgan-
isms.

Other antimicrobial agents, such as the
aminoglycosides, fluoroquinolones, and met-
ronidazole, exert concentration-dependent
killing characteristics.®® Their rate of killing
increases as the plasma drug concentration
increases above the MIC for the pathogen.
As a result, it is not necessary or even
beneficial to maintain drug levels above the
MIC between doses. Thus, optimal dosing
of concentration-dependent drugs involves
administration of high doses with long dos-
ing intervals *'°. Some drugs exert char-
acteristics of both time and concentration
dependent activity. The best predictor of ef-
ficacy for these drugs is the 24-hour plasma
AUC-to-MIC ratio where AUC is the AUC
calculated over a 24-hour period following
treatments. Glycopeptides, rifampin and, to
some extent, fluoroquinolones, fall into this
category (Table 2).}

Very few studies have explored the
pharmacokinetic/pharmacodynamics of
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antimicrobial agents as it relates specifi-
cally to bovine respiratory disease. In two
studies, the plasma AUC/MIC ratio was the
best predictor of the efficacy of danofloxacin
against Mannheimia haemolytica in models
of infected subcutaneous tissue cages in
calves.!®!! Using a similar model, T > MIC
was the best predictor of the efficacy for
penicillin against M. haemolytica." In calves
infected intrabronchially with M. haemo-
Iytica, a single bolus of danofloxacin was
significantly more effective than the same
dose administered by continuous infusion,
indicating that danofloxacin may exhibit
concentration dependent activity.'?

Limitations of Current Pharmacokinetic/
Pharmacodynamic Models Relative to
Bovine Respiratory Disease

As explained previously, current pharma-
cokinetic/pharmacodynamic approaches

for antimicrobial agents, such as T > MIC,
Cmax/MIC, and AUC*/MIC, rely ex-
clusively on plasma concentration as the
pharmacokinetic input. However, most
infections occur in tissues rather than in

the blood stream. For an antimicrobial to
affect target pathogens and provide clinical
efficacy against disease, it is axiomatic that
antimicrobial agents reach the primary site
of infection. While drug concentration in
plasma is clearly a driving force for penetra-
tion to the site of infection, the actual drug-
concentration time profile at a peripheral site
may be quite different from that of plasma.
The rate and extent of penetration of a drug
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into most sites outside the vascular space are
also determined by the extent of plasma pro-
tein and tissue binding, the drug’s molecular
charge and size, lipid solubility, and by
blood flow at the site of infection.' Under-
standing the relationship between plasma
concentrations and concentrations at the site
of the antimicrobial activity, therefore, may
be complex and not easily measured.

Nevertheless, the use of plasma concen-
tration has been shown to be a good sur-
rogate marker of clinical efficacy for most
drug types and for many tissue infections.
As only protein-free drug is microbiologi-
cally active, plasma concentrations should
be corrected for protein binding to only
represent the unbound fraction of the drug.'
For most drug classes, concentrations in
plasma are sufficiently high that enough
unbound drug is driven into the extracellular
fluid to eradicate the pathogen, especially if
the MIC against the target pathogen is low.

Figure 2. Schematic representation of antimicrobial
drug diffusion across the blood-alveolar barrier.

The capillary wall and bronchial wall are separated by a
fluid filled interstitial space. PELF represents the secre-
tions present on the interior surface of the alveolar wall
and smaller bronchi. The antimicrobial agents measured
in PELF represent the portion of the drug which diffuses
across the capillary wall, the interstitial fluid, and the al-
veolar epithelial cells. Cells can also carry antimicrobial
agents to the PELF. Assessment of drug concentrations
in tissue homogenates would measure total drug con-
centrations including drug bound to plasma protein and
extracellular biological materials as well as intracel-
lular drug. However, only unbound drug in the intersti-
tium or PELF is available to kill or inhibit extracellular

bacteria.

drug bisding 1o
plasma profeins
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However, for intracellular pathogens and
when drug diffusion to the site of infec-
tion is further restricted by tight junctions
between cells (central nervous system,
prostate, and eye), plasma concentration are
of less value in predicting outcomes. The
same is true for drugs which preferentially
accumulate within cells such as macrolides
and azalides for which plasma concentra-
tions do not predict clinical efficacy.

Plasma concentrations of macrolides or
azalides such as gamithromyecin, tilmicosin,
and tulathromycin in cattle are in general
considerably lower than their respective
MIC against the pathogens for which they
are approved (Table 1).!" Nonetheless,
multiple studies have demonstrated the
efficacy of these drugs in the treatment of
bovine respiratory disease®*?! indicating that
drug concentrations at the site of infection
provide more clinically relevant information
than simple reliance on plasma concentra-
tions.

Concentrations of
Antimicrobial Agents in the
Lungs

For pulmonary infections
caused by extracellular bacteria
such as M. haemolytica and P,
multocida, concentrations of anti-
microbials in the extracellular or
interstitial space within the lungs
would provide additional relevant
information. Several methods
have been used to estimate the
distribution of antimicrobial
agents in the respiratory tract.
These methods include measure-
ment of drug concentration in tis-
sue homogenates, microdialysis,
nasal secretions, bronchial secre-
tions, and pulmonary epithelial
lining fluid (PELF). Measurement
of antimicrobial drug concentra-
tion in bronchoalveolar cells is
also relevant to the treatment of
pulmonary infections caused by
intracellular pathogens.

Tissue Homogenates
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Measurement of antimicrobial drug
concentration in homogenized lung
tissue has been, until recently, the
most widely used method to assess
pulmonary concentration of antimi-
crobial agents in cattle. This approach
does not take into account the fact
that lungs are made of distinct com-
partments such as interstitial fluid,
bronchial secretions, and various
types of cells (Figure 2). The ho-
mogenization procedure disrupts cell
membranes and produces a suspen-
sion containing both intracellular and
extracellular fluid and particles.?>?

If a drug is distributed mainly in the
extracellular environment such as f—
lactams and aminoglycosides, tissue
homogenates dilute the drug by re-
leasing intracellular content resulting,
in underestimation of drug concentra-
tion in the extracellular space. This
phenomenon has been documented in
cattle after administration of ceftiofur
crystalline free acid. Drug concentra-
tions in lung tissue were consistently
lower than concurrent concentra-
tions in M. haemolytica-infected or
non-infected tissue chamber fluid

as an indicator of extracellular fluid
concentrations.**

Conversely, for drugs reaching
high intracellular concentrations
such as macrolides, tissue homog-
enates will overestimate extracellular
concentrations. An example of how
overall drug concentration in tissue
homogenates overestimate concentra-

Figure 3.A- Mean = SD gamithromycin concentra-
tions in serum, BAL cells, PELF (ug/mL), and lung
tissue (ng/g) of cattle following a single SC dose of
gamithromycin (6 mg/kg of body weight). The dotted
line represents the MIC of an isolate of M. haemo-
Wtica. From: Am. J. Vet. Res. 2011,72:328 with
permission.’

Gamithromysin concentration (ugiml or ugia)

oo

Time (days)
Figure 3.B- Least squared mean tulathromycin
concentrations and 95% confidence intervals for the
36 h following a single 2.5 mg/kg IM dose to cattle.
From Intern. J. Appl. Res. Vet.Med. 2010,8:134 with
permission.”’
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drug bound to various extra- or intracellular

tions in PELF, but underestimates intracel-
lular concentrations are presented in Figures
3A and 3B. The concentrations of gamithro-
mycin and tulathromycin in lung tissue
homogenate of cattle considerably overes-
timate PELF concentrations and underes-
timate intracellular concentrations in BAL
cells.?>? In addition, only free or unbound
drug is available for antimicrobial activity
at the site of infection. Measurement of
drug concentration in tissue homogenate
does not distinguish between free drug and
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biological material.* As a result, the use of
drug concentration from tissue homogenates
to predict efficacy is misleading and this ap-
proach is not recommended.?” Measurement
of drug concentration in mucosal biopsy
samples is likely subject to the same limita-
tions. In one cattle study, concentrations of
danofloxacin and enrofloxacin in bronchial
mucosa, although slightly lower than in
whole lung tissue, were considerably higher
than those measured concurrently in respira-
tory secretions.”®
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Microdialysis

Microdialysis is a relatively recent tech-
nique that allows continuous monitoring

of unbound or free antimicrobial agents
directly in the extracellular fluid of a tis-

sue of interest. Microdialysis mimics the
function of a capillary by perfusing a small
dialysis probe implanted into lung tissue
with a physiological solution.?”” The dialysate
reflects the composition of the extracellular
fluid over time because of diffusion across
the semipermeable membrane. Because
large molecules such as proteins are ex-
cluded from the dialysate, only free-drug
concentrations are measured. The technique
has been used to investigate the pulmonary
distribution of multiple antimicrobial agents
in laboratory animals and in humans.?** The
main disadvantages of microdialysis are the
need for thoracotomy to insert the probe and
the fact that the technique is not suitable for
sampling lipophilic drugs and for simulta-
neously measuring intracellular concentra-
tions of the drug being investigated.” To the
authors’ knowledge, microdialysis has not
been used to evaluate pulmonary distribu-
tion of antimicrobial agents in cattle.

Nasal and Bronchial Secretions

Many methods have been used to measure
antimicrobial concentrations in respiratory
tract secretions of cattle. These methods
include measurement of drug concentrations
in nasal, tracheal, or bronchial secretions
collected using an absorbent tampon?**® and
in tracheobronchial fluid collected after in-
jection and immediate aspiration of saline.?!
Some investigators separate the cells from
the fluid, whereas others measure drug con-
centrations in cell-containing secretions.

Measurement of drug concentration in
cell-containing secretions releases intra-
cellular drug and has some of the same
limitations as those explained previously for
tissue homogenates. Measurement of drug
concentration in tracheobronchial fluid ob-
tained after injection and aspiration of saline
considerably underestimate drug concentra-
tions unless dilution is accounted for. These
differences in methodology complicate data

Intern J Appl Res Vet Med * Vol. 9, No. 4, 2011.

interpretation across studies. Nasal secre-
tions, although easily obtained, are less
representative of the target site of infection,
which is the lower respiratory track. In one
cattle study, measurement of danofloxacin
in nasal secretions considerably overesti-
mated concentrations in bronchial secre-
tions.* Similar comparisons between nasal
and bronchial secretions are not available
for other drugs approved for use in cattle.
Similarly, comparison between concurrent
drug concentrations in tracheobronchial
secretions obtained using the methods listed
above and concentrations measured in PELF
obtained by bronchoalveolar lavage (BAL)
are not available in cattle.

PELF

Measurement of drug concentration in
pulmonary epithelial lining fluid (PELF)
collected by bronchoalveolar lavage (BAL)
is the most widely used approach and it

is considered one of the better methods to
estimate antimicrobial concentrations at the
site of infection for antimicrobial agents
intended to treat lower respiratory tract
infections caused by extracellular bacterial
pathogens in humans.**-** The technique
has also been used extensively to study the
pulmonary distribution of various antimicro-
bial agents in horses.***> More recently, the
technique has been adapted to the study of
antimicrobial drug distribution in the lungs
of cattle.>>%

PELF represents the secretions present
on the interior surface of the alveolar wall
and smaller bronchi. The capillary wall and
bronchial wall are separated by a fluid filled
interstitial space (Figure 2). The antimi-
crobial measured in PELF represents the
portion of the drug which diffuses across the
capillary wall, the interstitial fluid, and the
alveolar epithelial cells.

Most unbound drugs will readily cross
the fenestrated pulmonary capillaries. How-
ever, to reach the PELF, the antimicrobial
agent must also pass through the tight junc-
tion of the alveolar epithelial cells. Several
factors will impact entry of antimicrobial
agents into the PELF. Because only the
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free fraction of the drug will equilibrate
between plasma and interstitial fluid,

the degree of protein-binding influences
the drug concentrations in interstitial
fluid and PELF considerably. In addi-
tion, the extent of drug passage through
the alveolar epithelium depends on the
lipophilicity and diffusibility of the drug,
similar to drug entry through the blood
brain barrier.

Methodology

The sample used for measurement of
antimicrobial drug concentration is BAL
fluid obtained through an endoscope

or a commercially available BAL tube
wedged into a bronchus. Aliquots of
saline (50-100 mL) are injected and im-
mediately aspirated for a total volume of
200-250 mL. The resulting fluid is cen-
trifuged immediately. The cell pellet can
be used to measure intracellular concen-
trations (see below) and the fluid is used

to measure drug concentration in PELF.
The volume of PELF sampled by BAL and
the amount of drug contained in the fluid
must be corrected for the dilution with saline
that occurred during the BAL procedure.
This correction is usually performed using
the urea dilution method.*

Urea is used as an endogenous marker
of PELF because it is a small and relatively
nonpolar molecule that travels freely across
membranes. The assumption is that urea
concentration in PELF should be the same
as in plasma because of complete diffusion.
The volume of PELF (V) is adjusted for
the dilution with saline using the following
equation: V. .=V, x(Urea,, /Urea, o
ua)» Where V__is the volume of recovered
BAL fluid and Urea,,, and Urea, ., are
the concentrations of urea in BAL fluid and
in plasma, respectively. The concentration
of drug in PELF (DRUG,, ,) is then derived
from the following relationship: DRUG,_, .
=DRUG,,, * (V,,,/ Vg p)» Where DRUG,, |
is the measured concentration of drug in

BAL fluid.

Measurement of antimicrobial drug
concentrations in PELF collected by BAL

350

DCA concentration [ugfmi)

Figure 4. Mean (£ SD) concentrations of desfu-
roylceftiofur and related metabolites in plasma,
BAL cells, and PELF of 6 healthy foals after a
single IM dose of ceftiofur crystalline free acid
(6.6 mg/kg of body weight). The dotted horizontal
line represents the MIC* of S. equi subsp. zooepi-
demicus (0.2 ug/mL).From Credille et al., 2011.°
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is relatively easy, minimally invasive, and
allows for repeated sampling of the same
animals over time. However, the technique
has some limitations. For antimicrobial
drugs that achieve high intracellular concen-
trations, release of intracellular drug to the
BAL fluid may occur if there is cell lysis pri-
or to or during centrifugation, which would
result in artificially increased drug concen-
trations in PELF. In addition, estimation of
PELF volume by use of the urea dilution
method may result in falsely increased BAL
fluid urea concentration by diffusion of urea
from the interstitium and blood if BAL fluid
dwell-time is prolonged.* The urea concen-
tration in BAL fluid could also be increased
if there is blood contamination during the
BAL procedure. Overestimation of urea
concentrations in BAL fluid would falsely
increase the volume of PELF, which would
in turn result in an underestimation of drug
concentrations in PELF.* These limitations
can be minimized by using a rapid dwell-
time and by separating the cell pellet as soon
as sample collection has been completed.

Interpretation of Drug Concentrations in
PELF and Bronchial Secretions
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For many antimicrobial agents such as
B-lactams and fluoroquinolones, concentra-
tions in PELF or bronchial secretions are
lower than concurrent plasma concentra-
tions, but the drug follows a similar pattern
of distribution at both sites. For example,
administration of ceftiofur crystalline free
acid to weanling foals results in PELF drug
concentrations that are slightly lower than
concurrent plasma concentrations (Figure
4).57 Nevertheless, concentrations at both
sites are above the MIC of the drug for
Streptococcus equi subspecies zooepidemic-
us. Similarly, concentrations of danofloxacin
and enrofloxacin in bronchial secretions of
calves challenged with M. haemolytica are
similar to concurrent plasma concentrations
and well above the MIC of the drug against
the pathogen (Figure 5).%¢

In these examples, traditional pharma-
cokinetic/pharmacodynamic models based
on plasma concentrations would be expected
to be good surrogate markers of efficacy for
the treatment of susceptible extracellular
respiratory pathogens. For other drug classes
such as macrolides and azalides, simple
reliance on plasma concentrations would
be extremely misleading. For example,
plasma concentrations of gamithromycin

Figure 5.A- Mean concentrations of danofloxacinin
plasma, lung tissue, bronchial secretions, and BAL cells
of calves after administration of a single subcutaneous
dose of 6 mg/kg of body weight. B- Mean concentrations
of the sum of enrofloxacin and ciprofloxacin in calves after
a single subcutaneous dose of enrofloxacin (8 mg/kg of
body weight). n = 6 at each time point. The horizontal
interrupted lines represent the MIC90 for M. haemolytica.

Adapted from Terhune et al., 2005.%
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and tulathromycin are considerably below
their respective MIC against M. haemo-
Iytica (Figure 3).224 Yet, both drugs have
been shown to be effective for the control
and prevention of bovine respiratory dis-
ease, 2021252643 Concentrations of both drugs
in PELF are considerably above plasma
concentrations and exceed the MIC of the
most common pathogens causing bovine
respiratory disease. Although concentrations
of tilmicosin in PELF of cattle have not been
measured, a similar phenomenon is likely

to occur because plasma concentrations of
the drug in cattle are considerably below the
MIC against M. haemolytica and P. multo-
cida despite documented clinical efficacy.®

The high ratios of PELF to plasma
concentrations achieved with macrolides
and azalides considerably exceed that which
would be predicted solely on the basis of
their high lipophilicity and good penetration
across the alveolar epithelium.** Macrolides
and azalides are potent weak bases that
become ion-trapped within acidic intracel-
lular compartments, such as lysosomes
and phagosomes. A beneficial consequence
of macrolide accumulation within cells is
increased activity against intracellular patho-
gens (see Bronchoalveolar Cells section
below).**4” In addition, phago-
cytes have been shown to act
as a vehicle for the delivery of
macrolides to the site of infec-
tion.*** Therefore, the higher
than predicted PELF concentra-
tions measured are likely the
results of drug delivery to the
respiratory tract by white blood
cells in vivo.

The preferential activity of
macrolides against extracellular
pathogens in the lung has been

S —— demonstrated conclusively in
ot mice infected with S. pneumoni-

ae isolates with efflux-mediated
macrolide resistance where con-
sistent bacterial kill is observed
in a lung infection model while
no drug effect is seen in a thigh
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infection model.>® These differences in bac-
terial activity between sites are explained by
the much higher drug concentrations reached
in PELF than in plasma.*® The results of the
aforementioned study demonstrate that drug
concentration in PELF for macrolides and
azalides is a better predictor of outcome than
plasma concentrations for respiratory tract
infection.

In a recent study, groups of 8-10 calves
were infected with M. haemolytica 1, 5
and 10 days after a single injection of
gamithromycin (6 mg/kg, SC).>! A group
of calves was used as untreated controls.”!
The proportion of calves with complete
bacterial eradication was significantly
greater in calves infected 1 and 5 days after
administration of gamithromycin (times at
which drug concentration in PELF would
be expected to be above the MIC of M.
haemolytica) compared to calves infected
10 days after treatment (time at which only
lung and BAL cells but not PELF concen-
trations would be expected above the MIC
of M. haemolytica based on Figure 3A).
These findings support the notion that drug
concentrations in PELF is a better predictor
of bacterial killing than either lung tissue
homogenate or plasma concentrations in
pulmonary infections caused by extracellular
pathogens such as M. haemolytica. Clinical
scores of all treated groups were statistically
significantly improved when compared to
the control group, even in the calves infected
10 days after treatment, but there was no dif-
ference seen in lung lesion scores.®

Bronchoalveolar Cells

Although pharmacodynamic variables based
on plasma or PELF concentrations may be
used to estimate the optimal dosage regimen
of antimicrobial drugs against extracellular
pathogens, they cannot be applied to the
treatment of facultative intracellular patho-
gens. For example, the high and sustained
intracellular concentrations achieved by
azithromycin explain its in vivo efficacy
against several intracellular pathogens

such as Rhodococcus equi, Legionella spp,
Salmonella spp, Shigella spp, and Mycobac-
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terium avium, despite in vitro MIC consid-
erably higher than achievable peak plasma
concentrations. *>*7 In addition, phagocytes
have been shown to act as a vehicle for the
delivery of macrolides and azalides to the
site of infection. ***° The rates of intracel-
lular penetration and subsequent release

of antimicrobial agents from BAL cells

vary widely even within the same class of
drugs. For example, in foals, clarithromycin
reaches higher concentrations than azithro-
mycin in BAL macrophages.’* However,
clarithromycin is eliminated rapidly from
BAL cells whereas azithromycin is released
very slowly.* The slow and sustained
release of azithromycin from cells explains
the sustained antimicrobial activity of the
drug in the lungs despite long dosing inter-
vals and rapid disappearance of the drug in
plasma. In contrast, clarithromycin is given
twice daily. The half-lives of gamithromycin
and tulathromycin in BAL cells of cattle are
also very long.?>?¢ High intracellular concen-
trations combined with slow and sustained
release of the drugs in PELF likely contrib-
ute to their efficacy despite administration as
a single injection and rapid disappearance of
the drug from the plasma.

Effect of Lung Inflammation on
Antimicrobial Drug Distribution

While our knowledge of drug concentrations
in bronchial secretions and PELF of cattle
has increased considerably over the last
decade, the relevance of assessing drug con-
centrations in healthy lung has rightly been
questioned. It could be argued that drug
concentrations in inflamed tissues may be
different and might be more appropriate as
a predictor of therapeutic efficacy. The pres-
ence of inflammation may increase mem-
brane permeability and increase penetration
of drugs that do not readily cross mem-
branes such as B-lactams.”® Accumulation
of inflammatory cells at the site of infection
may also increase concentrations of drugs
that are transported by phagocytes such as
macrolides and azalides. Very few studies
have investigated the effect of inflamma-
tion on antimicrobial drug concentrations
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in extracellular fluid or bronchial secretions
of cattle. In one study, concentrations of
florfenicol in tracheobronchial secretions

of calves experimentally infected with P.
multocida (Cmax: 7.62 + 0.26 ng/mL[mean
+ SD]) were significantly higher than those
of healthy calves (Cmax: 6.88 +0.23 ng/
mL).3" Concentrations of danofloxacin

and enrofloxacin in respiratory secretions
of calves experimentally infected with M.
haemolytica have been measured (Figure 5)
but non-infected controls were not available
for comparison.?®

CONCLUSIONS

The factors associated with identifying
appropriate doses and dosing regimens for
the treatment of bovine respiratory disease
include the activity of a given drug against
common respiratory bacterial pathogens and
the ability of the drug to gain access to the
site of infection. Based on limited data in
cattle, traditional pharmacokinetic/pharma-
codynamic models based strictly on plasma
concentrations appear to be good surrogate
markers of efficacy for the treatment of
susceptible extracellular respiratory patho-
gens with B-lactams and fluoroquinolones.
However, plasma concentrations of other
drugs such as macrolides and azalides are
not useful surrogate markers of efficacy. For
macrolide and azalides, recent findings sup-
port the notion that drug concentrations in
PELF are better predictors of efficacy than
either lung or plasma concentrations for the
treatment of pulmonary infections caused
by extracellular pathogens. Ultimately, the
results of randomized prospective field trials
are the best means of determining the rela-
tive efficacy of antimicrobial agents for the
treatment of bovine respiratory disease in
cattle.
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