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(ABSTRACT)

This study was performed to compare the delivery of the antimicrobial gentamicin

to the respiratory tract of adult horses following aerosol and intravenous administration.

Nine adult horses were used in a crossover design. Aerosol administration of gentamicin

was performed using a close fitting facemask and an ultrasonic nebulizer. Intravenous

gentamicin was administered via a jugular venous catheter. Samples of pulmonary

epithelial lining fluid were collected by bronchial lavage performed at 0.5, 4, 8 and 24

hours after gentamicin administration. All samples were analyzed for gentamicin

concentration, and cytologic examination was performed on aliquots of bronchial lavage

fluid from times 0.5, 8 and 24 hours. Comparisons were made using the Wilcoxon

signed-rank test. The bronchial lavage fluid gentamicin concentration after aerosol

administration was significantly greater (p<0.05) than after intravenous administration at

0.5, 4, and 8 hours. The bronchial lavage fluid total nucleated cell count increased

significantly (p<0.05) from 0.5 to 24 hours following both routes of gentamicin
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administration, with the increase observed following aerosol administration being

significantly greater (p<0.05) than that observed following intravenous administration. A

significant increase in neutrophil count was detected between bronchial lavage fluid

samples taken at 0.5 hours and 24 hours, regardless of route of gentamicin administration.

We conclude that aerosol administration of gentamicin to the equine respiratory tract

achieves bronchial lavage fluid gentamicin levels that are significantly higher than levels

obtained following intravenous administration for at least the first 8 hours after

administration, while inciting a mild inflammatory response.
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Aerosolized antimicrobials in the horse: Theory and clinical application.

Introduction

One of the major limitations of systemic antimicrobial therapy for the treatment of

lower respiratory infectious disease is the low activity or bioavailability of many of these

medications in the lower respiratory tract.1-6 Consequently, the administration of

antimicrobials by the aerosol route has been of interest to clinicians since these

compounds were first developed, with penicillin being administered by aerosolization as

early as the 1940’s.7,8 Aerosolized antimicrobial therapy can achieve high concentrations

of these agents at the site of infection,9-14 while minimizing the development of systemic

side effects.15-17 Other potential advantages to delivering medications to the lower

respiratory tract by aerosolization include a decrease in the total dose administered and a

rapid onset of action.15-17 The administration of antimicrobials by aerosolization does

have limitations, however, including: 1) the potential for pulmonary tissue irritation or

injury, 2) inability to deliver medication to areas of the lung which are not ventilated, 3)

potential inactivation of the medication, 4) development of antimicrobial resistance, 5)

atmospheric contamination, 6) potential contamination of the antimicrobial solution with

micro-organisms, 7) time consuming administration, and 8) the expense of required

equipment. 17-22

The effect of an aerosolized medication is only achieved following deposition of

the aerosolized particles on the mucosal surface of the respiratory tract, and the

therapeutic efficacy of an aerosol medication derives from the dose deposited at the target

site.23 The deposition of particulate material in the respiratory tract follows a fundamental
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pattern, which is determined by the interaction between the characteristics of the aerosol

itself, and those of the individual inhaling the aerosol.24 The interaction of these factors

determines the site to which medication is delivered, the dose delivered, the efficiency of

delivery and therapeutic efficacy of the treatment.
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Aerosol deposition

An aerosol is a suspension in which the dispersing phase is a gas (usually air) and

the dispersed phase is made up of solid or liquid particles.18,25 The dispersed particles in a

therapeutic aerosol contain the active constituent of the preparation.25 The pattern of

deposition of aerosol particles and the efficiency of aerosol delivery are influenced by the

characteristics of the aerosol itself, including the size distribution of the aerosol particles

and the aerosol density,26,27 and these characteristics can vary significantly with different

delivery systems and drug formulations.28 Several patient dependent factors are also

important in determining aerosol deposition within the respiratory tract, including

ventilatory parameters, such as respiratory frequency, respiratory flow rate, duration of

breath holding and tidal volume, as well as respiratory morphology, which may be

influenced by the presence of pathologic changes. 18,24,29

Mechanisms of particle deposition

The primary mechanisms of particle deposition functioning within the respiratory

tract are inertial impaction, sedimentation and diffusion. Inertial impaction affects those

particles whose mass is great enough that they are unable to rapidly alter course when

there is a change in the direction of the airflow. This results in the particle being

displaced away from its position within the airstream and toward the wall of the

respiratory tract, where it can impact the mucosal surface. The displacement which

particles undergo increases with airstream velocity, the angle of airstream deflection and

the square of the particle diameter.30 Inertial impaction is most effective at removing

particles of greater than 10 µm diameter, which for this reason are considered non-
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respirable.31 However, particles of 2 µm diameter or greater are affected by inertial

impaction as well.30

Another mechanism for deposition is sedimentation, which occurs when particles

are greater in density than the surrounding air. Gravity causes the particle to impact on

the mucosal surface. Due to the relatively weak force of gravity this effect only becomes

significant when the relative velocity in the airway is low, and the resulting residence

time in the airway is longer, allowing time for this effect to develop.24 Sedimentation

primarily affects particles 0.2 to 5 µm in size, and is of greatest importance in the

peripheral airways.32

The mechanism of deposition that is most important in the terminal airways and

alveoli is diffusion. This process is the result of the inherent motion of aerosol particles

caused by their interactions with gas molecules, known as Brownian motion.24,26 At very

low airflow velocities and increased residence times this random motion leads to the

collision of particles with the mucosal surface. As particle size decreases, the effects of

inertia and sedimentation decrease in importance, and the effect of diffusion becomes

more important.30 Diffusion is the dominant mechanism determining the deposition of

particles less than 0.1 µm in diameter, and sedimentation and diffusion are both important

in the deposition of particles between 0.1 and 1 µm in diameter.30 The net result of the

process of aerodynamic filtration is that particles of 10 µm diameter or greater are

deposited within the nasal passages and nasopharynx, particles of 10 to 2 µm diameter

are deposited within the large airways, particles of 2 to 0.5 µm are deposited in the
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terminal airways and alveoli, and particles less than 0.5 µm diameter are exhaled prior to

deposition.33

Particle Characteristics

The most important of the aerosol particle characteristics are the diameter and

mass of the individual particles. Therapeutic aerosols are typically polydisperse, with the

particles varying in size. For this reason aerosols are characterized by the particle

diameter distribution, typically expressed as the mass median aerodynamic diameter

(MMAD).25 This value represents the size of particle such that half of the mass of the

aerosol is contained in larger particles and half in smaller particles.34 The size of the

particle determines the degree to which it will be able to penetrate the respiratory tract,

with smaller particles, less than 5 µm in diameter, able to penetrate further into the

periphery of the lung, and larger particles, greater than 5 µm in diameter, being subject to

upper respiratory deposition.33 The portion of the dose of aerosolized particles that are

less than 5 µm in diameter is termed the respirable fraction (RF), and in humans there is

often a good correlation between the RF and the bioavailability of inhaled drugs.35

Other characteristics are the particle density of the aerosol, the hygroscopicity of

the material in the particle, and the charge and shape of the particle.26 The particle density

of the aerosol is of importance in determining the number of particles, containing the

therapeutic agent, delivered to the patient per unit time.36 Hygroscopicity can result in the

increase in size of a hyperosmotic particle as it encounters the humid (99.5% relative

humidity) environment of the lung, leading to a decrease in peripheral deposition, while

hypoosmotic particles will lose water and decrease in size.30,37 The effects of electric
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charge on particle deposition are most significant with submicron particles,30 and are

likely of minimal importance in therapeutic aerosols. The relationship between shape and

deposition is of importance when considering particles that differ from the typical

spherical shape of liquid droplets, such as the elongated fibers of asbestos, and is not

typically a concern when discussing therapeutic aerosols.38

Patient characteristics

There are important characteristics of the individual that affect particle deposition

patterns, with the most important being the anatomy of the respiratory tract itself and the

respiratory pattern.26 The anatomy of the respiratory tract is such that most inhaled or

aspirated material will be deposited in the conducting airways, an effect that is termed

aerodynamic filtration.32 The respiratory pattern determines the velocity of the airflow in

the respiratory tract, the inspiratory volume and the duration of each respiratory cycle

during which the particle may be deposited.29,39

The behavior of aerosolized particles within the upper respiratory tract is

primarily the result of the structural geometry of the airways. Horses are obligate nasal

breathers.40 The inhalation of air through the nares results in very high velocity airflow,

which combines with the large surface area and redirection of airflow provided by the

nasal conchae leads to greatly increase inertial deposition of particulate matter in the

upper respiratory tract when compared with mouth breathing.25,41 After air passes through

the constriction of the larynx it enters the trachea as a high velocity laryngeal jet.24 This

induces a large amount of turbulence within the trachea, enhancing the effects of inertia

and diffusion on impaction.42 Air velocity remains high in the trachea, and at the carina
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and bronchial bifurcations, where the branching of the large airways causes relatively

acute changes in the direction of airflow, leading to increased inertial deposition.42 On

entering the small airways the velocity of airflow greatly decreases, as a result of the

significant increase in the total cross-sectional area of the airways.43 This decrease in

velocity leads to a decrease in inertial deposition. At this level the primary mechanism for

deposition is sedimentation.24

The importance of respiratory pattern in particle deposition can be understood

when these mechanisms of particle deposition are analyzed in terms of their relationship

to airflow velocity, tidal volume and respiratory rate. Increasing the velocity of the

inhaled air enhances inertial impaction of large particles in the conducting airways, while

decreasing the deposition of particles in the small airways by sedimentation, which

allows for increased penetration of small (2 to 0.5 µm) particles into the alveoli.30

Increased tidal volume leads to increased peripheral deposition of small particles, due to

the increased depth of penetration of inspired air into the lung periphery.44 Deposition of

small particles in the lung periphery is also enhanced by a decrease in respiratory rate,

which increases the residence time of particles within the peripheral airways, and allows

for increased deposition due to sedimentation and diffusion.45 The respiratory pattern of

the horse has been described as being well suited to inhalation therapy, because the large

tidal volume and high flow rate enhance deep pulmonary deposition of aerosols.40

The presence of pulmonary disease is a major consideration in the administration of

therapeutic aerosols, because the changes in pulmonary function and mechanics can

impair the delivery of aerosolized medications to the affected region.25,26,40 Inflammation
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and airway sensitization is commonly associated with pulmonary disease, and can cause

bronchoconstriction, mucus hypersecretion and mucosal edema, resulting in variable

amounts of airway obstruction. Airway obstruction increases particle deposition at the

site of obstruction, but diverts airflow to non-obstructed airways, resulting in increased

delivery of therapeutic particles to the less affected portions of the lung.30 The net result

is a shift toward more central deposition of drug, and decreased peripheral distribution.8

Total obstruction completely prevents deposition in the affected region peripheral to the

site of obstruction, and as a result no medication will reach a consolidated region of the

lung following aerosol administration.8,18
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Clearance

Following deposition of aerosol particles the defense mechanisms of the

respiratory tract act to remove the material, a process known as clearance. The difference

between the deposition and clearance of foreign material is known as retention, and this

factor is of primary importance in aerosol delivery of therapeutic agents to the respiratory

tract, because it represents the amount of material that remains within the respiratory tract

to exert a therapeutic effect.26,46 Once a therapeutic agent has deposited on the mucosal

surface, it undergoes pharmacokinetic processes, including absorption, distribution,

metabolism and excretion, which determine the final amount of drug which reaches the

site of action. 47,48

The aerosol particle initially deposits in the mucus lining the airway lumen, where

it will either dissolve or complex with compounds within the mucus.47,49,50 Inactivation of

therapeutic compounds can occur within the mucus layer due to nucleoprotein complex

formation, the presence of acid pH in purulent secretions, high ionic concentrations, or by

the action of enzymes within the mucus.5,47,51,52 Dissolved material can diffuse within the

mucus, and either exert an effect at this level or diffuse into the mucosal epithelium,

thereby reaching epithelial and sub-epithelial sites of action.47,49 Passive diffusion of a

therapeutic substance will depend on the concentration gradient across the cell

membrane, the lipid solubility of the substance and it’s ionization and molecular size.47,53

Disease conditions can alter the rate of diffusion by altering epithelial permeability.47

Material that remains within the mucus layer will be transported to the pharynx by the

mucociliary escalator, where it is swallowed.35,49,54 If the therapeutic agent administered
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by aerosolization is orally bioavailable some fraction of the inhaled dose will be absorbed

from the gastrointestinal tract.35 Phagocytosis of small particles (<3 µm) of therapeutic

compounds by alveolar and airway macrophages may also occur, contributing to

clearance of insoluble material.35,55
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Administration

Aerosol delivery of therapeutic substances presents several challenges. The

therapeutic agent should be non-irritating, non-allergenic, and lack local toxicity.20 The

therapeutic substance must be capable of being absorbed into the respiratory mucosa, or

of exerting it’s action on the mucosal surface.47 The therapeutic substance should be

poorly absorbed, in order to minimize systemic toxicity.20 The substance to be delivered

must be available in a formulation, liquid or powdered, which can be delivered directly to

the respiratory tract as an aerosol, or it must be soluble in a liquid that can be safely

aerosolized into the respiratory tract. The delivery method must be capable of producing

particles that are of an appropriate size to deliver the medication to the desired portion of

the respiratory tract,56 and the delivery method should be able to deliver the total dose in

a reasonable period of time with reasonable efficiency. Also, ideally, the cost of the

equipment required for administration of the aerosol should not be excessive.

Devices

The generation of therapeutic aerosols is accomplished using several different

inhalation drug delivery systems. None of these systems, however, is capable of

delivering aerosolized medication with high efficiency, with less than 10% of the original

dose being deposited in the lower respiratory tract regardless of delivery

system.21,27,34,57,58 Two of the most commonly used aerosol delivery devices in human

medicine are metered dose inhalers (MDIs) and dry powder inhalers (DPIs), which

generate small volume aerosols of liquids and powders, respectively. These devices have

the advantages of being preformulated, prepackaged, and capable of delivering multiple
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doses, however they do require some dexterity during administration to ensure that

administration is correlated with inhalation.59

Aerosols are generated from liquids by nebulizers, either compressed-gas driven

(jet) or ultrasonic. Nebulization is considered to be the optimal method of administration

when the dose to be administered exceeds 200 µg,59 and does not require coordination of

administration and inhalation, depending only on normal tidal breathing.28,60 Nebulisers

and metered dose or dry powder inhalers must be used with a facemask in the conscious

animal patient, with attendant aerosol wastage on the face, facemask and in the nasal

passages and nasopharynx.19,57 Nebulisers can be used within the circuit of positive

pressure ventilators as well, thereby avoiding the aerosol losses associated with

facemasks and the upper respiratory tract, although this has not been shown to have any

definite therapeutic advantage in terms of aerosol delivery in human patients.57

Metered dose inhalers

Metered dose inhalers are self-contained devices, consisting of a canister with an

integral metering valve. The canister contains the drug, one or more liquefied propellants

and often a surfactant.56 The drug can be dissolved within the propellant/surfactant

fluid,56 or it can be in the form of solid particles suspended within this fluid.61 Solid

particles must be of an appropriate size, because this determines the smallest particle size

which can be produced upon actuation of the device, and this is accomplished by milling,

or micronizing, the solid drug.61 The propellant serves as a dispersion medium for the

drug, and as an energy source to expel the formulation from the valve as large droplets

that rapidly evaporate following exposure to the air, leaving a drug containing particle
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ideally of respirable size.56 Due to the high velocity of the aerosol as it leaves the

actuation valve these devices have been associated with high levels of oropharyngeal

deposition in human patients.24 In an effort to avoid this effect, numerous spacer devices

have been developed that allow the metered dose inhaler to be actuated into the device,

where the particle velocity dissipates, the propellant evaporates further and the non-

respirable particles impact onto the device, resulting in a decrease in MMAD and

decreased oropharyngeal deposition.58,59

Dry powder inhalers

Dry powder inhalers are available as either unit dose or multiple dose devices.59

These devices have the advantage of not requiring a propellant for dispersion of the drug,

and they do not require coordination of inhalation and actuation, because they are breath

actuated.61 As with metered dose inhalers the particles of drug must be of an appropriate

size (<5 µm) for inhalation, and this is accomplished by micronizing or spray drying the

drug compound.56 These small particles are very difficult to disperse, and many

formulations include carriers, such as lactose particles, to improve particle dispersion.56

Relatively high inspiratory airflows (30 to 60 l/min) are required to aerosolize the powder

formulations, and may be difficult to achieve in the face of pulmonary disease or small

patient size.58,59

The deposition of radioaerosol in the equine lung using a metered dose inhaler-

spacer and facemask was examined by Viel and Tesarowski,62 and it was demonstrated

that significantly more of the dose of radioaerosol was deposited in the lung (6.12%)

using this device combination than was observed with jet or ultrasonic nebulizers. The
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MDI-spacer-facemask combination was tested on adult ponies, however, while the

nebulizers were tested on 5 to 7 month old foals, 62 perhaps influencing the pattern of

deposition of radioaerosol. The therapeutic administration of beta-2 agonist

bronchodilators to horses by metered dose inhaler has been validated by Tesarowski et

al.63 and Derksen et al.,64 and the administration of an anticholinergic bronchodilator by

dry powder inhaler was validated by Duvivier et al.,65 but these devices have not been

used for antimicrobial administration in the equine. In general, the metered dose and dry

powder devices are not capable of delivering large enough doses of antimicrobials to be

clinically useful. However, one study investigated the viability of delivering micronized

gentamicin powder to the human lower respiratory tract using a dry powder inhaler, and

similar gentamicin concentrations (9.3 mg/L versus 8.0 mg/L) were obtained in the

bronchial lavage fluid following dry powder (180 mg) or nebulizer (160 mg)

administration.66 While these devices hold some promise for antimicrobial

administration, there are no commercially available metered dose or dry powder inhalers

containing an antimicrobial formulation at this time.

Jet nebulizers

Jet nebulizers are more widely used than ultrasonic nebulizers in human medicine,

because they are inexpensive and relatively easy to use. In a jet nebulizer compressed gas

is forced through a nozzle, or 'jet', resulting in formation of a region of negative pressure,

which draws the nebulization solution to the area of the nozzle.56 The fluid enters the

airstream and forms an unstable film that collapses due to surface tension, and forms

droplets.56 Baffles within the nebulizer are used to impact the larger (non-respirable)
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particles, and prevent them from leaving the nebulizer.22 Over the course of nebulization

the temperature of the nebulization solution decreases, due to the latent heat of

evaporation, and the solute concentration increases, due to the evaporation of water.59

The particle characteristics of aerosols produced by jet nebulizers are dependent on the

formulation of the drug solution, the design characteristics of the nebulizer and the air

pressure used to operate the nebulizer.22 Jet nebulizers are limited, in most cases, to

reservoir volumes of 1-3 milliliters. The time required to aerosolize this volume of fluid

is anywhere from 10 to 15 minutes,61 although this is variable, depending on the device

itself, the flow rate of air through the device, the solution being aerosolized and the

relative humidity in the environment.22,59 The 3 to 4 milliliter fill volume of most jet

nebulizers is adequate to allow administration of antimicrobials to most animals, but

when administering these drugs to adult large animals the time required to deliver a

single dose may become excessive. These devices have the additional disadvantage of

producing significant noise, both from the compressor and the nebulizer itself. Votion et

al.19 demonstrated that with one type of jet nebulizer 7.4% of the initial dose of

radioaerosol was delivered to the lungs of horses, with significant peripheral deposition.

Viel and Tesarowski62 examined the deposition of radioaerosol in horses using three

different jet nebulizers and found that lung deposition ranged from 0.32 to 1.33% of the

initial dose. Importantly, the horses used in the study by Votion et al. were sedated, while

the horses in the study of Viel and Tesarowski were anesthetized and maintained in

sternal recumbency, likely resulting in a difference in ventilatory parameters affecting

deposition.
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Ultrasonic nebulizers

Ultrasonic nebulizers utilize high-frequency sound waves, produced by a

piezoelectric crystal, to form an aerosol from a liquid drug formulation.58,59 Some devices

allow the nebulization solution to come into direct contact with the transducer containing

the piezoelectric crystal, while others utilize a liquid couplant between the transducer and

a cup, which can be shaped to enhance the transfer and focusing of energy, containing the

solution to be nebulized.67 The ultrasonic vibrations pass through the nebulization

solution and result in the creation of a ‘fountain’ of liquid at the surface.22 Droplets of

variable size are created by the collapse of cavities (cavitation) formed within the liquid

fountain by the waves generated by the ultrasonic transducer.22,68 The size distribution of

the aerosol particles produced is influenced by the frequency of the transducer, with

higher frequencies yielding smaller particles.67 An airstream is passed through the

nebulization chamber to carry the aerosolized particles to the patient, and a fan or the

patient’s inhalation can produce this airflow.61,67

Not all of the energy imparted to the nebulization solution contributes to the

formation of aerosol particles, because some of the energy is dissipated and imparts heat

to the solution, resulting in a gradual increase in solution temperature over time.22 Also,

there is a gradual increase in solute concentration over time, although this effect is less

significant than that seen with jet nebulizers.22,67 Ultrasonic nebulizers are generally

capable of producing more aerosol per unit time than jet nebulizers,69 resulting in shorter

treatment times and greater ease of use. Larger fill volumes (up to 30 ml), or more with

continuous feed systems, are possible, allowing the convenient administration of much
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larger doses than are possible with jet nebulizers. Votion et al. demonstrated the efficacy

of one type of ultrasonic nebulizer for delivery of radioaerosol particles to the equine

lung, with 5.1% of the initial dose delivered to the lungs.19 Viel and Tesarowski62

examined the radioaerosol deposition from two types of ultrasonic nebulizers and found

that lung deposition ranged from 0.27 to 0.33%. These devices are expensive and fragile,

however, limiting their clinical application outside of referral institutions.17

Drug formulations for nebulization

The formulation of a therapeutic nebulization solution can have a major impact on

the characteristics of the aerosol produced,22 and on the patient response to aerosol

administration. Nebulization solutions are ideally isotonic and neutral formulations,

because hyper/hypotonic or acidic solutions have been shown to induce coughing and/or

bronchoconstriction.59,70-72 The concentration of solute, as well as the surface tension and

viscosity of the solution are of great importance, because increases in one or all of these

factors leads to a decrease in aerosol output and in particle size.36,73 A recent study

determined that the antimicrobial concentration in a nebulization solution, regardless of

the specific antimicrobial, should ideally be 100 mg/ml or less, in a saline solution of

0.23% to 0.45% concentration.36 Lower antimicrobial concentrations were recommended

for ultrasonic nebulizers, with an ideal concentration of approximately 50 mg/ml.36 Many

antimicrobial solutions marketed for intravenous use, as well as some marketed for

aerosol administration, contain preservatives such as sodium metabisulfite, benzalkonium

chloride or EDTA, and these compounds have been shown to induce coughing and/or

bronchoconstriction.36,56,59,73 No long term adverse affects have been associated with the



18

aerosol administration of these compounds, but they should probably be avoided, given

their potential interference with efficient and consistent aerosol administration.36
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Clinical application

Aerosol administration of antimicrobials has been investigated extensively

because many antimicrobials do not achieve high concentrations in the pulmonary

epithelial lining fluid, or require very high systemic concentrations in order to achieve

adequate concentrations in the pulmonary epithelial lining fluid.1,3,19,21,74-79 Several

studies in humans and animals have demonstrated the effectiveness of aerosol

administration of antimicrobials in achieving high antimicrobial concentrations in the

pulmonary epithelial lining fluid and/or respiratory mucosa of the lower respiratory

tract.9-14 Human and animal studies have also demonstrated the effectiveness of aerosol

antimicrobial administration in decreasing the severity, or shortening the course of, lower

respiratory bacterial infections.14,80-84

Bacterial Respiratory Disease

Human studies

Most studies of aerosol antimicrobial administration in human beings have

focused on patients with cystic fibrosis, due to the frequent development of persistent

lower respiratory infections that are poorly responsive to systemic antimicrobial therapy

in these patients. 76,85 The administration of aerosolized antimicrobials to cystic fibrosis

patients has been utilized both to suppress airway colonization with bacterial organisms

and as an adjunct to intravenous therapy for treatment of acute exacerbations. There has

also been investigation of aerosolized antimicrobial therapy for treatment of

Pneumocystis carinii pneumonia in human patients with Acquired ImmunoDeficiency

Syndrome (AIDS), the treatment of pneumonia in mechanically ventilated patients,
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delivering antiviral compounds to children with respiratory syncytial virus, and

prophylaxis and treatment of fungal pneumonia.

Cystic fibrosis

Most of the studies that have demonstrated a clinical benefit from aerosolized

antimicrobial therapy have utilized an aminoglycoside, alone or combined with other

drugs, as well as systemic therapy.21 Hoff et al.86 investigated the combined

administration of tobramycin by the intramuscular (~2.5 mg/kg four times daily) and

aerosol (100 mg twice daily) routes of administration in nine pediatric cystic fibrosis

patients with chronic Pseudomonas aeruginosa pulmonary infections. Eradication of the

organism from the respiratory tract was accomplished in five of the patients, while all

patients demonstrated a clinical response to treatment. Hodson et al.87 performed a 6

month, double blind, randomized, crossover study of twice daily aerosol carbenicillin (1

gram) and gentamicin (80 mg) in the treatment of young adult cystic fibrosis patients

with chronic Ps. aeruginosa infections and documented significant improvement in

pulmonary function and in patient symptoms.

A long-term prospective study of the efficacy of aerosolized tobramycin therapy

(80 mg three times daily) in cystic fibrosis patients with chronic Ps. aeruginosa

infections was performed by MacLusky et al.88 They demonstrated that patients receiving

aerosolized tobramycin therapy remained clinically stable over the study duration, while

the patients receiving the control treatment experienced a decline in both pulmonary

function and clinical status. Ramsey et al.83 conducted a multicenter, double-blind,

placebo-controlled, three-period crossover trial of aerosolized tobramycin (600 mg in 30



21

ml 0.45% saline three times daily) in cystic fibrosis patients for treatment of Ps.

aeruginosa infections. They found significant improvement in pulmonary function,

decreased bacterial density, decreased peripheral white blood cell counts and fewer

pulmonary exacerbations during treatment periods as opposed to control periods. No

evidence of toxicity was detected, and the emergence of tobramycin resistant bacterial

strains was the same during control and treatment periods. Wiesemann et al.89 performed

a placebo-controlled, double-blind, randomized study of aerosolized tobramycin

administration (80 mg twice daily for 12 months) for early treatment of Ps. aeruginosa

colonization in cystic fibrosis patients, and they determined that early treatment with

aerosolized tobramycin may prevent and/or delay Ps. aeruginosa pulmonary infection.

While the studies described above demonstrated some degree of benefit when

utilizing aerosolized antimicrobials to suppress airway colonization with bacterial

organisms, the results have been less encouraging when aerosol antimicrobials are used

as an adjunct to intravenous therapy for treatment of acute pulmonary exacerbations in

cystic fibrosis patients. Stephens et al.90 investigated the use of inhaled tobramycin in the

treatment of acute pulmonary exacerbations by comparing the response of patients to

intravenous treatment (3.3 mg/kg tobramycin three times daily with 75 mg/kg ticarcillin

four times daily) or intravenous treatment plus aerosolized tobramycin (80 mg three times

daily). They found that although aerosolized tobramycin therapy resulted in an increase

in eradication of Ps. aeruginosa from the respiratory tract, there was no improvement in

clinical response or prevention of recolonization as compared to intravenous treatment

alone. Schaad et al.91 examined the effect of aerosolized amikacin (100 mg twice daily)
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in conjunction with intravenous antimicrobial therapy (11 mg/kg three times daily with

62.5 mg/kg four times daily) as compared to intravenous therapy alone. They also

reported an increase in eradication of Ps. aeruginosa from the respiratory tract, but no

difference in clinical response or prevention of recolonization. The authors’ conclusions

in both of these studies were that the addition of aerosolized antimicrobial therapy to

intravenous therapy for treatment of acute exacerbations in cystic fibrosis had no

measurable clinical benefit.

Pneumocystis pneumonia

Pneumonia caused by Pneumocystis carinii is the most common cause of death in

human AIDS patients.21 Prophylaxis and treatment of this condition is usually

accomplished with oral trimethoprim-sulfamethoxazole and/or intravenous pentamidine,

but these treatments are associated with serious adverse effects.21 Aerosol administration

of pentamidine to the lower respiratory tract was investigated in a murine model,92 and it

was demonstrated that high, sustained levels of pentamidine were achieved within the

lung, while negligible levels of the drug were found in extrapulmonary sites.

Montgomery et al.12 compared the aerosol administration of pentamidine to the lungs to

intravenous pentamidine administration in human AIDS patients with suspected P.

carinii pneumonia. They found that aerosol administration yielded significantly higher

pulmonary concentrations of pentamidine, while serum levels of pentamidine following

aerosol administration were low or undetectable. Prophylactic use of aerosol pentamidine

has been examined in a large clinical trial by Leoung et al.,93 in which pentamidine was

administered by jet nebulizer at 30 mg or 150 mg once every two weeks, or 300 mg once
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every four weeks. The recurrence rate for P. carinii pneumonia was lowest for patients

receiving 300 mg once monthly, at 6.2%, compared to 13.3% for 150 mg bimonthly and

18.8% for 30 mg bimonthly. However, when aerosol pentamidine prophylaxis (300 mg

monthly) was compared to trimethoprim/sulfamethoxazole prophylaxis, it was found that

the recurrence rate of P. carinii pneumonia was 28% with aerosol pentamidine versus

11% with trimethoprim/sulfamethoxazole.94 Recurrence of P. carinii pneumonia when

patients are being treated with aerosol pentamidine has been primarily associated with the

upper lung lobes, which receive lower concentrations of aerosolized pentamidine, and

with extrathoracic disease.21 As a result, the use of aerosol pentamidine prophylaxis is

reserved as an alternative treatment for patients who are unable to receive

trimethoprim/sulfamethoxazole.5

Ventilator associated pneumonia

Colonization of the lower respiratory tract with gram-negative bacteria is a

common complication leading to pneumonia in hospitalized human patients receiving

respiratory supportive therapy.5,95 Palmer et al. investigated aerosol administration of

antimicrobials to mechanically ventilated patients colonized with gram-negative

organisms.14 The efficiency of delivery and the clinical response to aerosolized

gentamicin (80 mg three times daily) or amikacin (400 mg every eight hours) were

assessed. They found that 15 to 29% of the initial dose placed in the nebulizer was

deposited within the lungs. Trough sputum concentrations were determined for

gentamicin (289 +/- 41.4 µg/ml) and amikacin (474 +/- 55.0 µg/ml), as were the post

administration concentrations of gentamicin (1179 +/- 394.5 µg/ml) and amikacin (5353
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+/- 496.0 µg/ml). Clinical response was determined based on bacterial growth, volume of

respiratory secretions and the level of Interleukin-1β in the respiratory secretions. There

was a significant decrease in gram-negative isolates from respiratory secretions, with

eradication of all organisms in six of the nine trials. The volume of respiratory secretions

decreased in all patients following aerosolized antimicrobial therapy. The concentration

of Interleukin-1β decreased two-fold during and after aerosolized antimicrobial therapy,

but the decrease was not statistically significant. This study demonstrated the effective

delivery of antimicrobials to the lower respiratory tract of mechanically ventilated human

patients, and that this therapy was associated with a significant clinical response.

Animal studies

The use of aerosolized antimicrobials in the treatment of infectious lower

respiratory disease has not received much attention within the veterinary medical

community, and much of the animal research has been directed towards potential human

applications. This may be the result of the belief that aerosolized administration of

antimicrobials is unlikely to deliver sufficient quantities of drug to the lower respiratory

tract.96 However, much has been learned about generating therapeutic aerosols, and

quantifying the effectiveness of pulmonary delivery of therapeutic substances, in the 15

years since that statement was made.

Klebsiella pneumonia

Two studies have been performed by Berendt et al. examining the efficacy of

aerosolized kanamycin in the treatment of experimentally induced Klebsiella pneumoniae

infections. The first study utilized the murine model, and used an LD95 dose of
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aerosolized K. pneumoniae.80 A kanamycin aerosol was generated which had an MMAD

of 3.5 µm. In the initial single treatment phase of the experiment the infected mice were

treated with 5 mg/kg kanamycin intramuscularly or exposed to the kanamycin aerosol for

40 minutes at 6, 24 or 30 hours after infection. Aerosol administration of kanamycin was

more effective than intramuscular injection at every time point. In the second phase of the

experiment mice were treated once daily with either intramuscular (10 mg/kg) or

aerosolized kanamycin, starting at 24 or 48 hours post infection, or by combined

intramuscular (5 mg/kg) and aerosolized administration (20 minutes exposure) starting at

48 hours post infection. For treatment initiated at 24 hours the administration of

kanamycin by aerosol was more effective in preventing death than intramuscular

administration, with a 92% survival rate for aerosol administration, versus a 70% survival

rate for intramuscular administration. When treatment was delayed until 48 hours after

infection the survival rate with aerosolized administration was 50%, as compared to 23%

for intramuscular administration. Combined aerosol and intramuscular administration did

not result in a significant increase in survival (58%) over aerosol administration alone.

A later study by Berendt et al. examined the treatment of Klebsiella pneumoniae

respiratory tract infection of squirrel monkeys with aerosol or intramuscular

administration of kanamycin.97 Kanamycin therapy was initiated 24 hours after

experimental infection. Monkeys were treated with kanamycin by intramuscular injection

(6.9 mg/kg to 22.5 mg/kg divided into two doses daily) or aerosol administration (3.8 to

15.0 mg/kg divided into two doses daily) for five days. The 3.8 mg/kg aerosol dose was

ineffective, with 100% mortality observed. No differences in mortality or morbidity were
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seen with equivalent dosages of antimicrobial ranging from 15.0 to 6.9 mg/kg of body

weight/day, and at 15.0 mg/kg mortality was 0%. In this study the aerosol route of

kanamycin administration was as effective as the intramuscular route.

Foal pneumonia

The use of aerosolized antimicrobials, in combination with saline, bronchodilators

and mucolytics, has been suggested as an adjunct to systemic antimicrobial treatment of

bacterial pneumonia in foals, but no recommendations were made regarding dosage,

frequency or method of administration.98,99 Rhodes and Genetzky100 reported on the use

of aerosolized gentamicin as an adjunct to systemic chloramphenicol therapy (55 mg/kg

orally twice daily) in the treatment of a suspected case of bronchopneumonia in a six

month old colt. The colt had been previously treated with gentamicin, chloramphenicol

and penicillin with no clinical response. The aerosolization solution consisted of 10 ml of

acetylcysteine, 20 ml of 1% isoetharine, 10 ml of gentamicin and 50 ml of saline. The

aerosol was generated from a jet nebulizer into a plastic bag placed over the foal’s head,

and treatment was administered for 15 minutes twice daily for 10 days, followed by once

daily for five days. They reported the resolution of mucopurulent nasal discharge within

two days of initiation of treatment, and normalization of respiratory sounds following

seven days of treatment. Unfortunately, the dose of gentamicin was not given in this

report, the characteristics of the aerosol generated are unknown, and the method of

aerosol administration was potentially very inefficient, making it unclear whether the

aerosol administration of gentamicin was involved in the resolution of lower respiratory

disease in this case.



27

Pasteurella haemolytica pneumonia in calves

There have been two studies examining the viability and efficacy of aerosol

ceftiofur administration in calves. Vermeersch et al. examined the pharmacokinetics of

ceftiofur when administered to calves by aerosolization, as compared to intravenous

administration.13 The aerosolization solution consisted of one gram of sodium ceftiofur

which was dissolved in 22 ml of a water/ethanol solution (10:1 V/V). This solution, when

aerosolized using a jet nebulizer, yielded an aerosol with almost 100% of the particles

less than 5 mm in diameter. The aerosol was administered to the calves using a jet

nebulizer, a nebulizing chamber and a snug-fitting facemask. Following intravenous

administration of ceftiofur (1.0 mg/kg) no antimicrobial activity was detected in the

bronchoalveolar lavage fluid at any time point. Immediately following aerosol

administration of ceftiofur the antimicrobial activity of ceftiofur in the bronchoalveolar

lavage fluid was approximately 4.5 mg/ml. The bronchial lavage fluid values were

converted to bronchial secretion activities using the results of an inulin dilution assay

(dilution factor = 70.7 +/- 18.8), yielding values greater than the mean inhibitory

concentration for P. haemolytica for at least 18 – 24 hours following aerosol

administration. The plasma concentration of ceftiofur following aerosol administration

was low (0 – 0.25 mg/ml), but detectable, for up to eight hours.

The efficacy of intramuscular and aerosol ceftiofur therapy was compared in a P.

haemolytica bronchopneumonia model in calves.84 Calves were first subjected to the

physical stress of two hours of transport, then inoculated intratracheally with P.

haemolytica type A1. Treatment with intramuscular ceftiofur (1.0 mg/kg once daily) or
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aerosol ceftiofur (1 mg/kg once daily) was given for three days following the

development of clinical signs (fever, tachypnea). Calves treated with aerosolized ceftiofur

had lower body temperatures than calves treated intramuscularly on days 4 and 5 post-

infection. Calves treated with aerosolized ceftiofur had a more rapid return to normal

respiratory rates, normal milk intake and normal total white blood count, as compared to

calves treated intramuscularly. Mortality was 42% in the intramuscular treatment group,

as compared to 8% in the aerosol treatment group. While the high mortality rate seen

with intramuscular ceftiofur therapy may be the result of the low dosage rate utilized in

this study, it is clear that aerosol ceftiofur therapy was effective for the treatment of P.

haemolytica pneumonia in this experimental model.

Adult horses

The delivery of gentamicin to the lower respiratory tract of healthy adult horses

has been compared following intravenous (6.6 mg/kg gentamicin once) or aerosol

administration (1 gram of gentamicin intravenous solution q/s to 20 ml with sterile

water).101 The aerosol was generated using an ultrasonic nebulizer (Ultraneb 99,

Devilbiss) and the aerosol was delivered using a commercially available valved facemask

(Equine Aeromask, Canadian Monaghan). Horses were exposed to the aerosol for ten

minutes. The peak absolute concentration of gentamicin in bronchial lavage fluid was

5.66 mg/ml (+/- 1.03 µg/ml) following aerosol administration, and 0.46 mg/ml (+/- 0.21

µg/ml) following intravenous administration. The gentamicin concentration in the

bronchial lavage fluid following aerosol administration was significantly greater than

after intravenous administration for at least eight hours.
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The aerosol administration of antimicrobials has been advocated as a primary or

adjunctive treatment for lower respiratory infectious disease in adult horses.102

Administration of gentamicin (2.2 mg/kg once daily) and/or ceftiofur (2.2 mg/kg twice

daily) was reported to have been highly effective in the treatment of horses with infection

of the airway epithelium. Gentamicin concentrations in the bronchial secretions following

aerosol administration were reported to be higher than those obtained following

intravenous administration (6.6 mg/kg once daily). The gentamicin concentrations in the

serum following aerosol gentamicin administration were reported to be less than 1

mg/ml, decreasing the concern regarding potential nephrotoxicity. Parenteral

administration of antimicrobials was recommended for treatment of pulmonary

parenchymal infections, although aerosol administration of antimicrobials was suggested

as an adjunct to parenteral administration.

Viral respiratory disease

The aerosol administration of antiviral agents has been studied in animal models

and in humans with viral respiratory disease. Ribavirin is currently the only antiviral

agent approved for aerosol administration in humans. Aerosol administration of ribavirin

has been demonstrated to be effective in the treatment of influenza A and B infections in

young adult humans, and in the treatment of influenza A infections in mice. 103 Efficacy

of this treatment has also been demonstrated in respiratory syncytial virus infections in

cotton rats and in human infants.21,103 Aerosol ribavirin administration has been shown to

produce very high drug levels within the respiratory secretions with no local or systemic

toxicity noted.21,103
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Fungal respiratory disease

Aerosol administration of antifungal agents is of interest because fungal

pneumonia is associated with high mortality rates in humans and horses despite systemic

treatment with antifungals.104,105 Amphotericin B has been one of the most widely used

and successful treatments for fungal pneumonia,106 primarily due to it’s broad spectrum

of activity.104,105 Unfortunately this drug also has considerable toxic potential when

administered systemically, including nephrotoxicity, hepatotoxicity and phlebitis.104,105

Aerosol administration of amphotericin B has been demonstrated in sheep to achieve very

high drug concentrations in bronchial lavage fluid, while the drug was undetectable in the

blood following aerosol administration.107 Aerosol amphotericin B therapy has been

studied both for prophylaxis and treatment of fungal pneumonia, and has been shown to

be particularly effective when used prophylactically in both animal models and human

patients.106 Recent investigations have focused on the aerosol administration of

amphotericin B in liposomal complexes, which are thought to be taken up by the alveolar

macrophages, resulting in prolonged drug release and maintenance of therapeutic

intrapulmonary drug concentrations.107 Aerosolized liposomal amphotericin B has been

shown to be more effective than non-liposomal amphotericin B in aspergillus pneumonia

models in rats and mice.107,108
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Limitations

There are several reports documenting the alteration of pulmonary mechanics in

human patients following aerosol administration of antimicrobials, primarily as the result

of bronchoconstriction, and it has been hypothesized that this effect is the result of

irritation induced by the drug itself, the drug carrier, or the tonicity of the solution.70-72

The administration of bronchodilators prior to the administration of aerosolized

medication has been shown to counteract the bronchoconstriction and irritation induced

by some aerosolized medications.20,82 It has been demonstrated that prior treatment with a

bronchodilator attenuates the coughing induced by aerosolized medication and, perhaps

more significantly, improves the uniformity of pulmonary aerosol deposition.109,110

Due to the inability of aerosol administration to deliver medication to areas of the

lung which are not ventilated, the administration of antimicrobials by inhalation alone is

not appropriate when significant consolidation or parenchymal involvement is present.

While this represents a significant limitation of aerosol antimicrobial therapy, this route

of administration has a potential benefit as an adjunct to systemic administration.8,20,102

Inactivation of β-lactam and aminoglycoside antimicrobials has been demonstrated in

bronchial secretions, but it is likely that these inhibitions can be overcome by achieving

high concentrations of the antimicrobials.5 It has been demonstrated that very high

concentrations of antimicrobials can be attained within the respiratory tract, as described

above, and the positive clinical response seen to aerosol antimicrobial therapy in some of

these studies suggests that drug inactivation is not a major concern. In fact, it may be a

greater concern with systemic administration of antimicrobials, where the concentrations
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of antimicrobials within the respiratory tract are lower, and thereby more susceptible to

the effects of inactivation.

The development of antimicrobial resistance has been documented in several

studies of human patients treated with aerosolized antimicrobials.83,87,88,111,112 However,

the development of resistance was not reported to have any impact on the clinical course

in any of these studies. The presence of resistant strains was often transient and did not

require alteration of therapy in these studies. It has been suggested that in vitro resistance

may have a poor correlation with in vivo resistance, because the antimicrobial

concentrations that can be achieved within the lung following aerosol administration are

much higher than those concentrations on which standard in vitro susceptibility is

based.104

Atmospheric contamination has been mentioned frequently in the literature as a

possible complicating factor of aerosol antimicrobial administration.13,17,84 However,

there have been no problems attributable to atmospheric contamination reported to

date.104 The potential for contamination of the antimicrobial solution or delivery

apparatus with micro-organisms is a valid concern. Most manufacturers of delivery

systems give specific recommendations for the cleaning of the equipment to minimize or

prevent contamination. In the case of ultrasonic nebulizers, the entire portion of the

system exposed to the drug is often disposable. Jet nebulizers and facemasks can

typically be gas sterilized between patients to prevent the spread of infectious organisms.

The ready availability of snug-fitting valved facemasks for both foals and adult horses

(Equine Aeromask, Canadian Monaghan) allows aerosolized medications to be
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delivered routinely in a field or clinical setting.102,113 Unfortunately, the nebulizers that

are currently available for aerosol administration of antimicrobials to horses have the

limitations of low efficiency or high cost. The jet nebulizers, while being inexpensive and

producing aerosols with desirable particle size distributions, are slow and produce large

amounts of noise. The ultrasonic nebulizers tend to produce aerosols with significantly

greater density, resulting in much shorter treatment times, but are expensive, limiting

their clinical application.
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Conclusions

To date the clinical application of aerosol antimicrobial therapy has been limited

by technical concerns, concerns regarding adverse effects, an insufficient understanding

of the pharmacokinetics and pharmacodynamics of aerosolized medications, and a lack of

effective and appropriate means of determining the dosage of these drugs.21 Many of the

concerns have been overcome by improvements in delivery systems and drug

formulations, and the increasing body of literature in this area has allowed for a much

better understanding of the pharmacokinetics of aerosolized antimicrobials. Aerosolized

antimicrobial administration has been shown to be effective in the treatment of lower

respiratory infectious diseases where parenchymal involvement is not present, and it may

have a role as an adjunct to systemic antimicrobial administration even in the presence of

significant parenchymal involvement. The improvements in the equipment available to

administer aerosol antimicrobials to horses have made this route of administration more

practical.
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Administration of gentamicin to the horse by the intravenous and inhaled

routes.

Introduction

Respiratory disease is a widespread problem in the equine industry, resulting in

considerable expense and loss of use. Respiratory disease is the second most common

cause of decreased performance,114 and lost training days in horses,115 and bacterial

pneumonia has been described as the most common cause of lower respiratory disease in

foals and young horses.116 Treatment of infectious lower respiratory disease has

traditionally relied upon administration of enteral and/or parenteral antimicrobials.

However, effective antimicrobial therapy requires appropriate concentrations of the

antimicrobial agent at the site of infection,117 and one of the major limitations of systemic

antimicrobial therapy is the low activity or bioavailability of many of these medications

in the lower respiratory tract.1-6

Bacterial respiratory infections in horses are usually precipitated by impairment of

local host defenses by viral infections or physiologic stress.118,119 As a result, the primary

site of infection is typically on the bronchial mucosal surface, and the organisms involved

are often normal inhabitants of the respiratory tract.120 As a result, the therapeutic

outcome of respiratory infections is typically more closely associated with airway

antimicrobial concentrations than with serum antimicrobial concentrations.1,3 There has

been substantial interest in aerosol administration of antimicrobial drugs to the lower

respiratory tract because systemically administered antimicrobials may not achieve

adequate levels within the respiratory tract whereas the aerosol route of administration is
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capable of achieving high concentrations of antimicrobial drugs at the site of

infection.12,13 In addition, there are other potential advantages to delivering medications

to the lower respiratory tract via the inhaled route, which include a decrease in the total

dose administered, a rapid onset of action, and avoidance or reduction of systemic side

effects.15-17

Several studies in humans and animals have demonstrated the effectiveness of

aerosol antimicrobial administration in achieving high antimicrobial concentrations in the

pulmonary epithelial lining fluid and/or respiratory mucosa of the lower respiratory

tract.9-14 Human and animals studies have also demonstrated the effectiveness of aerosol

antimicrobial administration in decreasing the severity, or shortening the course of, lower

respiratory bacterial infections.14,80-84 There are two reports in which the aerosol

administration of aminoglycosides is suggested to be of potential benefit in foal

pneumonia,99,100 but neither attempted to characterize the dose delivered or determine the

effective dosage or optimal frequency of administration. No study to date has

investigated the feasibility or efficacy of aerosolized antimicrobial therapy in horses.

The objective of this study was to assess the administration of gentamicin to the

lower respiratory tract of horses via the inhaled route by comparing the antimicrobial

concentrations achieved in the epithelial lining fluid of the lower respiratory tract

following aerosol and intravenous administration. We tested the following hypotheses: 1)

the concentrations of gentamicin achieved in the airway epithelial lining fluid of the

horse are the same following aerosolized or intravenous administration; 2) the
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administration of gentamicin to the lower respiratory tract by aerosolization does not

induce lower airway inflammation.
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Materials and Methods

Preliminary studies

Aerosol characterization

The particle characteristics and size distribution for the aerosols generated by the

ultrasonic nebulizera were determined for the following 7 solutions: gentamicin injectable

solution (100 mg/ml), gentamicin injectable solution in sterile water (75 mg/ml, 50

mg/ml, and 25 mg/ml), and gentamicin injectable solution in 0.9% saline (75 mg/ml, 50

mg/ml, and 25 mg/ml). A total volume of twenty ml of solution was placed in the

nebulizer cup. Particle size distribution analysis was performed using a laser diffraction

aerosol particle analyzer.b The refractive index of water (1.330) was utilized in this

analysis. The refractive index of each of the eleven solutions was later analyzed using a

hand held refractometer.c The nebulizer was set up with no inline valving and with the

output setting on maximum. The output from the nebulizer cup was directed to the

sampling area of the particle analyzer using a 7/8” internal diameter (i.d.) x 36” long

section of corrugated plastic nebulizer tubing.d The nebulizer was turned on and allowed

to run until a steady output of aerosol was visible in the sampling region of the particle

analyzer, at which time sampling was begun. Each sampling consisted of 7,500 sweeps of

the detector array, and each solution was sampled twice. The results of this analysis were

expressed as a volume distribution, with the particle concentration expressed as a percent

volume, and with the mass median aerodynamic diameter (MMAD) expressed as that

diameter below or above which 50 percent of the volume of particles resided. The

changes in particle concentration and mass median aerodynamic diameter between



39

diluents and concentrations were compared using the Wilcoxon signed rank test. All

statistical analysis was performed using a computerized statistical analysis program,e and

statistical significance was defined as a p-value less than 0.05.

The aerosol generated by the ultrasonic nebulizera and the solution used in the

aerosol administration study (10 ml of 100 mg/ml gentamicin injectable solution in 10 ml

sterile water, 50 mg/ml final gentamicin concentration) was characterized. Particle size

distribution analysis was performed as previously described. Sampling was performed

every sixty seconds for the duration of two separate ten minute nebulizer runs. The

changes in particle concentration and mass median aerodynamic diameter over time were

compared using regression analysis.
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Sampling technique validation

The study required that samples of pulmonary epithelial lining fluid be acquired at

multiple times following a single administration of gentamicin, and it was necessary to

confirm that gentamicin was evenly distributed throughout the lungs after aerosol

administration. Six adult horses, 3 to 15 years of age, were used. These horses belonged

to the Marion duPont Scott Equine Medical Center research herd. Horses were

maintained on pasture except for the twelve hour period prior to and including the

sampling period, at which time the horses were housed in 12’ x 12’ box stalls and bedded

on pine wood shavings. Water and timothy hay were available at all times. Each horse

was administered gentamicin aerosol once. A close fitting facemaskf was placed over the

muzzle of the horse and attached to an ultrasonic nebulizera by smoothbore flexible

plastic tubing.g The test solution (10 ml of 100 mg/ml gentamicin in 10 ml sterile water-

50 mg/ml final gentamicin concentration) was placed into the disposable nebulizer cup,

and the nebulizer was run for ten minutes. Following completion of aerosol

administration 0.02 mg/kg acepromazine was administered intravenously. Five minutes

prior to bronchial lavage each horse was sedated further with 0.5 mg /kg xylazine

intravenously. Bronchial lavage was performed 15 to 20 minutes after the completion of

aerosol administration, with four sites being lavaged sequentially. These sites were

designated R1 (right caudoventral lung), R2 (right caudodorsal lung), L1 (left

caudoventral lung), and L2 (left caudodorsal lung).

A 2 meter-long video endoscopeh was utilized for all lavage procedures. Prior to

endoscopy a #205 polyethylene tube,i with an i.d. of 1.57 mm, was inserted into the
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biopsy channel of the endoscope, and a 16 gauge blunt needle was inserted into the outer

end of this tube to enable attachment of a Luer tip syringe. As the endoscope was

advanced down the trachea 20 to 40 ml of a 0.2% mepivacaine solution was infused into

the trachea via the polyethylene tubing, to ensure adequate local anesthesia of the tracheal

surface. Upon reaching the carina 5 ml of a 0.4% mepivacaine solution was infused into

the airway as the endoscope was advanced to the area where it was to be wedged. The

scope was withdrawn to the carina for 30 to 60 seconds to allow for the mepivacaine to

anesthetize the area, and the polyethylene tubing was withdrawn from the biopsy channel

of the endoscope. The endoscope was then advanced to the desired area, and the tip was

wedged in the bronchus. A 60 milliliter syringe containing 30 ml of normal sterile saline

and 30 ml of air was attached to the biopsy channel of the endoscope and the contents

were infused into the lung such that the air immediately followed the saline to ensure that

the full volume was delivered to the bronchi. A small volume (30 milliliter) lavage

technique was chosen for the lavage procedure in order to preferentially sample the

proximal bronchial tree and to minimize the dilution of the pulmonary epithelial lining

fluid.121,122 Aspiration was immediately performed with the attached syringe to remove as

much of the infused volume as possible, and aspiration was repeated five times. The

endoscope was then withdrawn to the carina and topical anesthesia and bronchial lavage

were repeated at each lavage site.

Following completion of the bronchial lavage procedures, the bronchial lavage

fluid samples were centrifuged at 3,000 rpm for 10 minutes (1,900 G) at 4°C. The

supernatant was removed, filtered through a 0.2 micron polyethersulfone filterj and 2
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aliquots of fluid were frozen at -70°C until the assays were performed. Gentamicin

concentrations were determined by fluorescence polarization immunoassay.k The

working range for this assay is 1 µg/ml to 10 µg/ml, with a lower limit of sensitivity of

0.27 µg/ml gentamicin in serum.l Results of the gentamicin assays were compared using

the Wilcoxon signed rank test.

Gentamicin standards (10 µg/ml, 1 µg/ml and 0.1 µg/ml) were formulated initially

in gentamicin-free equine serum and bronchial lavage fluid utilizing the commercial

gentamicin 100 mg/ml solutionm utilized for gentamicin administration in this study.

Substantial errors in gentamicin concentration were observed with the 10 µg/ml and 0.1

µg/ml standards with both diluents. These errors were most likely due to the presence of

additives in the commercial solution that interfered with the fluorescence polarization

immunoassay for gentamicin determination. A 100 mg/ml gentamicin stock solution was

then formulated using reagent grade gentamicin sulfaten and sterile water as a diluent.

Gentamicin standards of 10 µg/ml, 1 µg/ml and 0.1 µg/ml concentration were formulated

by serial dilution in gentamicin-free equine serum and bronchial lavage fluid utilizing the

100 mg/ml gentamicin stock solution. The serum controls yielded mean gentamicin

concentrations of 9.76 ± 0.13 µg/ml, 1.16 ± 0.05 µg/ml and 0.21 ± 0.21 µg/ml for the 10,

1 and 0.1 µg/ml solutions, respectively. The bronchial lavage fluid controls yielded mean

gentamicin concentrations of 9.54 ± 0.47 µg/ml, 1.19 ± 0.01 µg/ml and 0.32 ± 0.01 µg/ml

for the 10, 1 and 0.1 µg/ml solutions, respectively.
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Primary study

Nine adult horses, 3 to 27 years of age, were used in a crossover design. Six

horses belonged to the Marion duPont Scott Equine Medical Center research herd and

three horses had been donated for medical reasons unrelated to the respiratory tract.

Gross evidence of respiratory disease, such as nasal discharge, labored respirations or

coughing were the only criteria for an individual not being included into the study.

Horses were turned out onto pasture for a minimum of 2 weeks between treatments.

Aerosol administration of gentamicin was performed as previously described.

Intravenous administration consisted of one 6.6 mg/kg bwt dose of gentamicin

administered via a 14 gauge, indwelling intravenous Teflon cathetero placed into the

right jugular vein. Samples of pulmonary epithelial lining fluid were collected by

bronchial lavage via videoendoscope, as previously described, performed at 0.5, 4, 8 and

24 hours following gentamicin administration. The lavage procedure was performed at

site L1 at 0.5 hours, site L2 at 4 hours, site R1 at 8 hours and site R2 at 24 hours.

Bronchial lavage samples were processed (as previously described). Serum samples were

collected at 0.5, 4, 8 and 24 hours following gentamicin administration. Ten ml of blood

was collected from the left jugular vein into a plain vacuum collection tube.p After being

allowed to clot, each blood sample was centrifuged at 3,000 rpm (1,900 G) for 10

minutes at 4°C. The serum was removed and two aliquots of serum were frozen at -70°C

until the gentamicin assays were performed.

All bronchial lavage fluid and serum samples were analyzed for gentamicin

concentration as previously described. Nucleated cell counts and cytologic examinations
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were performed on aliquots of bronchial lavage fluid obtained at 0.5, 8 and 24 hours. The

nucleated cell counts were performed manually using a commercial pipetting and dilution

systemq and a Neubauer ruled hemacytometer. Two separate counts were made from each

sample and the results were averaged. Slides were prepared for cytologic examination

using a cytology centrifuger and were stained with eosin and thiazine stain.s Cytologic

samples were analyzed microscopically for nucleated cell differential on a total of 200

nucleated cells for each sample.

Gentamicin concentration data were compared by route of administration (aerosol

and intravenous), time following gentamicin administration (times 0.5, 4, 8 and 24 hours)

and sampling site (bronchial lavage fluid and serum).  Bronchial lavage fluid cytology

data were compared by route of administration and time following gentamicin

administration. The Wilcoxon signed rank test was used for all comparisons.
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Results

Preliminary studies

Aerosol characterization

The refractive indices of the test solutions ranged from 1.363 for the 100 mg/ml

gentamicin solution, to 1.341 for the 25 mg/ml gentamicin solutions. These values were

close to the value for water (1.330), and as a result should not have significantly affected

the results of the particle size analysis. The results of the initial aerosol characterization

demonstrated a significant (p<0.05) decrease in the mass median aerodynamic diameter

(MMAD) with increasing gentamicin concentration, regardless of diluent. (Figure 1)

There was a significant decrease (p<0.05) in the particle concentration (aerosol density)

with increasing gentamicin concentration, with the mean percent volume ranging from

4x10-3% at 25 mg/ml to 4x10-4% at 100 mg/ml, with no significant difference between

diluents. (Figure 2)

Further characterization of the test solution (50 mg/ml gentamicin in sterile water)

yielded results which differed from the previous analysis. The mean MMAD was 5.51

µm, as compared to 4.53 µm in the previous analysis. Over the course of the ten-minute

nebulizer run there was a statistically significant (p<0.05) decrease in MMAD, from 5.74

µm to 5.28 µm (Figure 3). The mean particle concentration observed at five minutes (2.8

x 10-3 %) was significantly greater (p<0.05) than the values observed at the beginning

(1.95 x 10-3 %) and end (1.8 x 10-3 %) of the ten-minute nebulizer run (Figure 4).
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Sampling technique validation

No significant differences were observed in the bronchial lavage fluid gentamicin

concentrations obtained from the four sites R1, R2, L1 and L2 immediately following

aerosol administration of gentamicin. The yield of bronchial lavage fluid was 11.1 ± 0.4

ml (37% of the volume infused ± 1.3%). The mean bronchial lavage fluid gentamicin

concentration from all of the sites was 5.56 ± 0.61 µg/ml (mean ± SEM). The bronchial

lavage fluid gentamicin concentrations (mean ± SEM) for each site were: R1, 6.74 ± 1.40

µg/ml; R2, 5.28 µg/ml ± 0.89 µg/ml; L1, 4.76 µg/ml ± 1.14 µg/ml; and L2, 5.46 ± 1.59

µg/ml.



47

Primary study

The yield of bronchial lavage fluid was 10.8 ml ± 0.2 ml (mean ± SEM),

representing 36% ± 0.6% of the volume infused. Mean bronchial lavage fluid gentamicin

concentrations (mean ± SEM) at 0.5, 4, 8 and 24 hours after aerosol administration were

5.66 µg/ml ± 1.03 µg/ml, 2.80 µg/ml ± 0.54 µg/ml, 0.80 µg/ml ± 0.04 µg/ml, and 0.18

µg/ml ± 0.02 µg/ml, respectively. Mean bronchial lavage fluid gentamicin concentrations

at 0.5, 4, 8 and 24 hours after intravenous administration were 0.46 µg/ml ± 0.21 µg/ml,

0.44 µg/ml ± 0.17 µg/ml, 0.3 µg/ml ± 0.03 µg/ml, and 0.17 µg/ml ± 0.05 µg/ml,

respectively. Mean serum gentamicin concentrations at 0.5, 4, 8 and 24 hours after

aerosol administration were 0.31 µg/ml ± 0.04 µg/ml, 0.15 µg/ml ± 0.02 µg/ml, 0.17

µg/ml ± 0.13 µg/ml, and 0.01 µg/ml ± 0.01 µg/ml, respectively. Mean serum gentamicin

concentrations at 0.5, 4, 8 and 24 hours after intravenous administration were 39.8 µg/ml

± 1.66 µg/ml, 7.93 µg/ml ± 0.49 µg/ml, 2.3 µg/ml ± 0.23 µg/ml, and 0.21 µg/ml ± 0.05

µg/ml, respectively. The mean bronchial lavage fluid gentamicin concentrations

following aerosol administration were significantly greater (p<0.05) than the bronchial

lavage fluid gentamicin concentrations following intravenous administration at 0.5, 4 and

8 hours after administration (Figure 5). The gentamicin concentrations in the serum

following aerosol administration of gentamicin were < 0.5 µg/ml at all times (Figure 6).

The total nucleated cell count in the bronchial lavage fluid demonstrated a

significant (p<0.05) increase over the course of the 24-hour sampling period, from 251 ±

42 cells/µl (mean ± SEM) at 0.5 hours to 464 ± 64 cells/µl at 8 hours and 433 ± 53
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cells/µl at 24 hours (Figure 7). There was a significant difference (p<0.05) in the increase

in total nucleated cell count between routes of gentamicin administration, with higher

counts following aerosol administration. The neutrophil count in the bronchial lavage

fluid increased significantly (p<0.05) over the course of the 24-hour sampling period

regardless of the route of gentamicin administration. The increase in neutrophil count

was, however, significantly greater (p<0.05) following aerosol gentamicin administration

as compared to intravenous gentamicin administration. The neutrophil count observed

following aerosol gentamicin administration increased from 31 ± 10 cells/µl to 90 ± 15

cells/µl from 0.5 to 24 hours, (Figure 8) while the number of neutrophils observed

following intravenous administration of gentamicin increased from 30 ± 8 cells/µl to 61 ±

12 cells/µl from 0.5 to 24 hours (Figure 9).
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Discussion

The clinical efficacy of a therapeutic aerosol depends on the amount of the

therapeutic substance which is deposited within the respiratory tract.23 The pattern of

deposition of aerosol particles and the efficiency of aerosol delivery are profoundly

influenced by the characteristics of the aerosol itself, including the size distribution of the

aerosol particles and the aerosol density.27 The aerosols produced by nebulization show

very significant intra- and inter-device variability with identical solutions,18 and the use

of different solutions only increases this variability. In order to fully characterize the

delivery of an aerosolized drug it is essential to determine the characteristics of the

aerosol produced by the test solution in the delivery system utilized.73

The refractive indices of the test solutions ranged from 1.363 for the 100 mg/ml

gentamicin solution, to 1.341 for the 25 mg/ml gentamicin solutions. These values were

close to the value for water, and it was considered unlikely that this was an important

source of error in the particle size analysis.t The significant increase in aerosol density

with decreasing gentamicin concentration may have clinical relevance, because

increasing the density of the aerosol results in an increase in aerosol delivery per unit

time. Because the increased density coincided with decreasing drug concentration, we

elected to compromise between maximum drug concentration and maximum aerosol

density and utilize the 50 mg/ml solution for the remainder of the test protocol. The

MMAD decreased significantly with increasing gentamicin concentration, but this was

not important from a clinical standpoint, because the nebulizer produced an aerosol with



50

greater than 50% of the particles in the respirable range of 1-5 µm diameter with all of

the gentamicin solutions.

The characterization of the test solution yielded a 1 µm increase in mean MMAD,

to 5.51 µm, as compared to the initial analysis. The only change in technique between

these analyses was a change in the type of nebulizer tubing, from corrugated tubing to

smoothbore tubing. It is likely that the corrugated tubing created turbulent airflow,

resulting in the increased deposition of large particles, while the more laminar airflow

expected in the smoothbore tubing allowed these particles to reach the test chamber,

resulting in a skewing of the particle distribution towards a greater MMAD. Over the

course of the ten-minute nebulizer run there was a statistically significant decrease in

MMAD, from 5.735 µm to 5.275 µm, likely due to warming of the nebulizer solution

and/or the increasing gentamicin concentration in the nebulizer solution during the course

of the ten minute nebulizer run.23,36 This resulted in an increase in the percentage of

particles produced within the respirable range.

Gentamicin concentrations in the bronchial lavage fluid are reported here with no

correction attempted for the dilution of the pulmonary epithelial lining fluid by the lavage

fluid. Several techniques have been proposed for determining the volume of pulmonary

epithelial fluid in bronchoalveolar lavage fluid. These techniques have utilized

endogenous albumin or urea,78,123-125 or exogenous substances such as 99mTc-DTPA,

51Cr-EDTA, inulin, urea, and methylene blue, as markers of dilution.126 It has been

demonstrated that such correction techniques introduce significant error into the reported

concentration of pulmonary epithelial lining fluid constituents,126,127 and for that reason
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these correction techniques were not utilized in this study. The yield of bronchial lavage

fluid was very consistent, indicating that the lavage technique was consistent and

reproducible. This consistency in yield suggests that there should be minimal variation in

the dilution of the pulmonary epithelial lining fluid by the lavage fluid. The sampling

technique validation study demonstrated that there was no significant difference in the

bronchial lavage fluid gentamicin concentration obtained from the four sites R1, R2, L1

and L2 immediately following aerosol administration of gentamicin. The mean

gentamicin concentrations from all of the sites were not significantly different, validating

the sampling technique for determining bronchial lavage fluid gentamicin concentration

at different sites within the lungs.

The antimicrobial gentamicin was selected for this investigation because the

aminoglycosides have characteristics that are potentially beneficial when locally

administered. Aminoglycosides exhibit concentration-dependent bactericidal activity and

produce prolonged post-antibiotic effects against susceptible organisms.128 High

concentrations of aminoglycosides produce more rapid and extensive bacterial killing

than lower levels, as well as prolonging the duration of the post-antibiotic effects.128 High

peak concentrations (greater than 8-10 times the minimum inhibitory concentration) have

also been shown to decrease the emergence of resistant strains.128

In this study we demonstrated that the aerosol administration of gentamicin to the

equine lower respiratory tract achieves bronchial lavage fluid gentamicin levels that are

significantly higher than those obtained following intravenous administration for at least

the first eight hours following gentamicin administration. The bronchial lavage fluid



52

gentamicin concentrations reported in this study were lower than those reported by

Godber et al. in a study using a paper disc absorption technique for sampling equine

bronchial secretions.6 In that study the maximum gentamicin concentration in bronchial

secretions following intravenous administration of a single 6.6 mg/kg gentamicin dose

ranged from 3.67 µg/ml to 5.08 µg/ml ,6 approximately 8 to 11 times greater than the

mean bronchial lavage fluid gentamicin concentration following intravenous

administration reported here. Because the dose of intravenous gentamicin was the same

in both studies this suggests that the dilutional effect of the lavage fluid in this study was

approximately ten fold.

Godber et al. concluded that the time period during which bronchial gentamicin

concentrations were greater than minimum inhibitory concentrations, plus the duration of

the post-antibiotic effect, was approximately 8 hours, and that the intravenous

administration of gentamicin could not be recommended for treatment of airway

infections.6 Because the maximum bronchial lavage fluid gentamicin concentrations

reported here after aerosol administration were 12 times greater than those measured

following intravenous administration, we believe that aerosol administration achieves

sufficiently high airway concentrations of gentamicin to be of clinical benefit.

The administration of medications by aerosolization and inhalation has several

limitations. These include: 1) the inability to deliver medication to areas of the lung

which are not ventilated, 2) potential inactivation of the medication 3) time consuming

administration, 4) the potential for pulmonary tissue irritation or injury, 5) atmospheric

contamination and 6) potential contamination of the antimicrobial solution with micro-
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organisms.17-21 As a result of the inability of aerosol administration to deliver medication

to areas of the lung which are not ventilated, the administration of antimicrobials by

inhalation alone is not appropriate when significant consolidation or parenchymal

involvement is present, but may be of benefit as an adjunct to systemic administration.

8,20 Inactivation of β-lactam and aminoglycoside antimicrobials has been demonstrated in

bronchial secretions, but it is likely that these inhibitions can be overcome by achieving

high concentrations of the antimicrobials.5 There are several reports documenting the

alteration of pulmonary mechanics in human patients following aerosol administration of

antimicrobials, primarily as the result of bronchoconstriction, and it has been

hypothesized that this effect is the result of irritation induced by the drug itself, the drug

carrier, or the tonicity of the solution. 70-72

The serum concentrations of gentamicin observed following aerosol

administration are primarily the result of pulmonary absorption.16 While gastrointestinal

absorption of ingested gentamicin is a potential source of serum gentamicin following

nebulized administration, gentamicin is poorly absorbed from the gastrointestinal tract

due to its polarity.16 The pulmonary absorption of the drug appears to be minimal, and the

low serum concentrations of gentamicin detected following aerosol administration in this

study are consistent with the results of other studies in human beings and laboratory

animals.9,11,16,129 Studies of short and long term aerosol administration of aminoglycoside

antimicrobials to human beings have found no evidence of pulmonary, renal or neural

toxicity.88,90,111,112 The concurrent administration of gentamicin by the aerosol and

intravenous routes could potentially alter the pharmacokinetics of gentamicin in the
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serum. Studies in human beings have found no statistical difference, however, in the

serum peak and trough aminoglycoside concentrations in patients receiving intravenous

or concurrent intravenous and aerosol administration of aminoglycosides.90,91

The significant increase in the total nucleated cell count and neutrophil count in

the bronchial lavage fluid that occurred over the course of the sampling period suggests

that there was an inflammatory response to the testing procedure. Because increases in

total nucleated cell count and neutrophil count occurred with both routes of gentamicin

administration a component of this response was due to the repeated bronchial lavage.

This was expected, as bronchoalveolar lavage has been documented to cause mild

neutrophilic pulmonary inflammation in the horse.130 There was a significantly greater

increase in the total nucleated cell count and neutrophil count in the bronchial lavage

fluid following aerosol administration of gentamicin, although the magnitude of this

difference was not great. This finding indicates that there is an inflammatory response

within the respiratory tract to the aerosol administration of gentamicin. Previous

investigators have indicated that the preservatives contained in the gentamicin solution,

such as sodium sulfite, sodium metabisulfite and EDTA, are known bronchoconstrictors

and could cause pulmonary inflammation if delivered to the respiratory tract by

aerosolization.36,56,59,73,104 The clinical relevance of the inflammatory response to

gentamicin nebulization is unclear, however, as the total nucleated cell counts observed at

all time points were within normal limits for small volume bronchoalveolar lavage (50

ml) in healthy horses.131
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Summary

This study demonstrated that the aerosol administration of gentamicin to the

equine respiratory tract achieves pulmonary epithelial lining fluid gentamicin levels that

are significantly greater than those obtained following intravenous administration for at

least the first eight hours following administration. The low concentration of gentamicin

in the bronchial lavage fluid at all times following intravenous administration is

consistent with the reports of poor penetration of aminoglycosides into bronchial

secretions following systemic administration.3,9,16,75,77,78,132 There was a mild increase in

bronchial lavage fluid nucleated cell and neutrophil counts, which reflected a mild

inflammatory response to the lavage procedure and to aerosol administration of

gentamicin. We conclude that aerosol administration of gentamicin to the equine

respiratory tract achieves bronchial lavage fluid gentamicin concentrations that are

significantly greater than the concentrations obtained following intravenous

administration for at least the first 8 hours after administration.
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Figures

Figure 1. Aerosol particle size (mean ± SEM) of gentamicin solutions aerosolized using

an ultrasonic nebulizer.a
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Figure 2. Aerosol density (mean ± SEM) of gentamicin solutions aerosolized using an

ultrasonic nebulizer.a
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Figure 3. Aerosol particle size (MMAD, mean ± SEM) of the aerosol generated using the

50 mg/ml gentamicin in sterile water solution in an ultrasonic nebulizer.a
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Figure 4. Aerosol density (mean ± SEM) of the aerosol generated using the 50 mg/ml

gentamicin in sterile water solution in an ultrasonic nebulizer.a
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Figure 5. Bronchial lavage fluid concentrations of gentamicin (mean ± SEM) after

aerosol or intravenous administration of gentamicin to horses (n=9).       indicates

significant difference (p≤ 0.05) between routes of administration.
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Figure 6. Gentamicin concentrations (mean ± SEM) in bronchial lavage fluid and serum

after aerosol administration of gentamicin to horses (n = 9).       indicates significant

difference (p≤ 0.05) between sampling sites.
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Figure 7. Total nucleated cell counts in bronchial lavage fluid after aerosol and

intravenous administration of gentamicin to horses (n = 9).         indicates significant

difference (p≤ 0.05) between routes of administration.
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Figure 8. Bronchial lavage fluid cytology after aerosol administration of gentamicin to

horses (n = 9).      indicates significant difference (p≤ 0.05) between times following

administration.
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Figure 9. Bronchial lavage fluid cytology after intravenous administration of gentamicin
to horses (n = 9). See figure 8 for key.
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