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ABSTRACT: Cystic fibrosis (CF) is the most common lethal hereditary disorder with
autosomal recessive heredity in caucasians. The majority of CF patients suffer from
chronic respiratory infection with the opportunistic bacterial pathogen Pseudomonas
aeruginosa. No consensus among clinicians has been reached so far concerning
antibiotic treatment against P. aeruginosa in CF patients.

Consensus answers to 24 important questions in this context, based on current
evidence, are presented, given by a panel of 34 European experts. Questions addressed
and answered are: The diagnosis of P. aeruginosa lung colonization in CF; The impact
of P. aeruginosa on the clinical state of CF patients; The assessment of P. aeruginosa
susceptibility against antibiotics and the importance of these results for the clinician;
The use of monotherapy versus combination therapy; The development of microbial
resistance; The achievement of optimal airway concentrations; The effects of
subinhibitory concentrations of antibiotics on P aeruginosa; Statements on the
pharmacokinetics of antibiotics in CF patients; Recommendations for doses and
dosing intervals and length of treatment regimens; and Toxic side effects due to
repeated antibiotic therapy was addressed.

The expert panel answered further questions on the use of fluoroquinolones in
children with CF, on the administration of nebulized antibiotics and whether
prevention of P. aeruginosa lung colonization is possible in CF using antibiotic
therapy.

Problems of antibiotic therapy at home and in the hospital were addressed, a
consensus statement on regular maintenance treatment, or treatment on demand, was
given and different routes of administration of antibiotics were recommended for
different clinical situations.

Finally, the factors which determine the choice of the antibiotic, the dosage, and the
duration of the treatment in cystic fibrosis patients were addressed and the design of
future antibiotic studies in the context of Pseudomonas aeruginosa lung infection in
cystic fibrosis patients were recommended.
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This document is the result of an European
Consensus Conference which took place
in Artimino, Tuscany, Italy, in November
1999 involving 34 experts on antibiotic
therapy against Pseudomonas aeruginosa
in cystic fibrosis patients, organized by the
European Cystic Fibrosis Society, and
sponsored by PathoGenesis (major spon-
sor), Astra-Zeneca, Aventis, Bayer, Glaxo-
Wellcome, Lilly and Pharmax. The purpose
of the conference was to develop a con-
sensus document on antibiotic treatment
against P. aeruginosa in cystic fibrosis
patients based on current evidence.

Cystic fibrosis (CF) is a worldwide disease occurring in
virtually all ethnic groups. In Caucasians it is the most
common lethal hereditary disorder with autosomal reces-
sive heredity [1]. About 1 in 25 are heterozygous carriers,
while the incidence of clinical disease is ~1 in 2,500 live
births [1], with a prevalence of ~50,000 recognized
patients worldwide. Disease is caused by mutations in a
single gene of chromosome 7, which encodes the CF
transmembrane conductance regulator (CFTR) [2]. The
CFTR protein is a membrane bound cyclic adenosine
monophosphate (cAMP)-regulated chloride channel
which is thought to regulate other cell membrane ion
channels [3]. More than 800 different mutations have
been identified so far, however, a deletion of phenyla-
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lanine in the amino acid position 508 is present in ~66%
of all CF patients worldwide. CFTR mutations affect
epithelial ion and water transport mainly in cells in the
respiratory, gastrointestinal, hepatobiliary and reproduc-
tive tracts. In CF airways diminished chloride and water
secretion leads to viscous secretions and impaired muco-
ciliary clearance [3].

A hallmark of CF is chronic respiratory infection, which
may start very early in the life of these patients [4-6].
Since the early description of CF, pulmonary infection
has been recognized as having the greatest role in mor-
bidity and mortality leading to premature death in 90% of
patients [5]. Pulmonary infections in CF are unique bec-
ause of the underlying basic defect, the restriction of
infection to the pulmonary tract and the chronic nature of
infection with progressive tissue damage due to chronic
inflammation.
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Pseudomonas aeruginosa, a Gram-negative bacterium,
which also causes infections in patients with severe
burns, cancer, and paraplegia [7], is the most frequently
described opportunistic pathogen in CF patients. It is
ubiquitous and is found in many water reservoirs in the
inanimate and human environment [8]. Water reservoirs
polluted by humans or animals, such as with sewage, are
the most frequent environmental sources of P. aeruginosa.
P aeruginosa is seldom and transiently isolated from
healthy humans.

P aeruginosa is the most frequent pathogen isolated
from CF sputum or bronchoalveolar lavage samples of CF
patients of all age groups [5, 9, 10]. Many children with
CF develop respiratory tract infection early in their lives.
Epidemiological data from the Cystic Fibrosis Founda-
tion, USA, including ~20,000 CF-patients, revealed that
29.8% in the age groups of 2—5 yrs and 81.3% in the age
group of 26-30 yrs are infected with P. aeruginosa [5].
Similar values are obtained in European countries [10].
An overall incidence of P. aeruginosa infections in CF is
estimated at 8%.

Epidemiological studies using different typing methods
for P aeruginosa suggest that transmission of P. aeru-
ginosa to CF patients may occur by a direct patient-to-
patient contact. In addition, transmission of P. aeruginosa
to CF patients may occur via contaminated environmental
reservoirs [8].

CF centres have separated CF patients with and without
P aeruginosa infection in order to limit cross-infection
[11]. In addition, hygienic measures to decontaminate
environmental reservoirs of P. aeruginosa including neb-
ulizers [12] and other medical equipment, sinks, toilets
and dental tubings, have been recommended. Addition-
ally hand disinfection for CF patients and hospital per-
sonnel has been stressed [8]. Vaccination against P
aeruginosa in CF patients has been studied [13]. Whereas
in most trials vaccines do not appear to prevent lung
infection in CF patients [14, 15], administration of a
polysaccharide-exotoxin A conjugate vaccine may have
some clinical efficacy [16]. Currently, a multi-centre trial
with a bivalent P. aeruginosa flagella vaccine including
>500 CF patients in Europe is in progress [17].

Pathogenesis of the chronic Pseudomonas aeruginosa
lung infection in cystic fibrosis patients

The exact route(s) of entry of the bacteria into the lower
airways of CF patients is not known. It is generally belie-
ved that the pathogen reaches the lower airways through
mouth or nose passage. The reason for the peculiar
interaction of P. aeruginosa with the CF lung epithelium is
unclear at present, although several hypotheses have been
offered. Binding of P. aeruginosa to components of the
mucus layer on top of the cilia and failure to clear thicke-
ned mucus from airway surfaces is likely [18]. P. aerugi-
nosa colonization of CF airways triggers an inflammatory
response with concomitant release of a number of cyto-
kines, such as interleukin-8, which is chemotactic to
polymorphonuclear leukocytes (neutrophils).

Whereas mostly nonmucoid P, aeruginosa is cultured in
vitro from oropharyngeal CF specimens soon after onset of
infection, mucoid P. aeruginosa, characterized by the

formation of exopolysaccharide (alginate)-coated micro-
colonies (biofilm mode of growth), is nearly uniformly
present in chronic infection [9]. Mucoid P. aeruginosa is
more resistant against phagocytosis [19] and may also
restrict the penetration of antibiotics. Mucoid P. aerugi-
nosa is often nonmotile and this phenotype persists in a
nutrient rich, mostly anaerobic environment.

The pathogenesis of chronic P. aeruginosa lung infec-
tion in CF has been classified as a type III hypersensitivity
reaction, characterized by the production of specific anti-
bodies against a large number of bacterial antigens, im-
mune complexes and large numbers of neutrophils [9, 20].
The decaying neutrophils form large areas of pus around
the persisting bacteria, which may lead to total obstruc-
tion of CF airways. The release of high extracellular
concentrations of lysosomal serine proteinases far ex-
ceeds the endogenous antiproteinase capacity. Progres-
sive proteolytic impairment of multiple defense pathways
in addition to endobronchial tissue destruction are
thought to be responsible for the significantly reduced
life expectancy in CF patients [20].

Diagnosis of Pseudomonas aeruginosa lung infection
and its clinical course in cystic fibrosis patients

P aeruginosa lung infection in CF patients is generally
diagnosed by taking sputum, hypopharyngeal or endolar-
yngeal suctions or deep throat culture, preferably after lung
physiotherapy or alternatively after hypertonic (3%) saline
inhalation. P. aeruginosa grows well on standard labora-
tory media such as 5% sheep blood agar or chocolate agar
[21, 22]. Selective media, such as cetrimide agar, faci-
litate the isolation of P. aeruginosa from other bacterial
species. Plates are incubated at 35°C in a 5% CO,
atmosphere for 24 h. P. aeruginosa is easily identified by
characteristic colony morphology and standard micro-
biological methods [21, 22]. P. aeruginosa isolates may
differ concerning their morphotypes including mucoid,
smooth, rough, dwarf and small colony varieties, and
morphological varieties from a single patient may differ
in antibiotic susceptibility patterns [22, 23]. However,
different morphotypes mostly belong to a single geno-
type. The time required to identify P. aeruginosa and
assess its antibiotic susceptibility pattern from a sputum
culture is ~3—4 days. However, small colony variants may
only grow after 48 h agar cultivation and thus may be
overlooked in routine diagnostics [24]. Gram-stained
smears of patient materials are used to detect neutrophils
and squamous epithelial cells besides micro-organisms
and will indicate the adequacy of the sputum sample.

In non-expectorating patients oropharyngeal cultures
yielding P. aeruginosa are highly predictive [25]. How-
ever, false-negative results from throat cultures may occur
making additional diagnostic tools necessary. Sensitive
serological tests for P. aeruginosa antigens such as cros-
sed immunoelectrophoresis, radioimmunoassay (RIA)
and enzyme-linked immunosorbent assay (ELISA) have
been especially useful in this context [26]. The presence
of P. aeruginosa in throat culture and negative P. aeru-
ginosa antibody titres may help to distinguish between
early colonization and chronic infection. P. aeruginosa
colonization/infection may start in the first year of life of
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a CF patient [3, 4, 6, 10, 27] and it is believed that early
therapeutic intervention will delay progressive lung dam-
age caused by P. aeruginosa or even prevent or delay the
onset of chronic infection.

It has been demonstrated that clinical progression of
lung disease with deterioration of forced expiratory volume
in one second (FEV1) occurred despite the disappearance
of P. aeruginosa from sputum specimens, suggesting that
lung disease can also progress with other bacteria [28].
Additionally, epidemiological data show that infection
with P. aeruginosa is confounded with the degree of
pulmonary impairment which already exists [29] and that
P. aeruginosa, although associated with some decrease in
FEV1, does not cause sudden deterioration in CF patients
[30]. Apparently, some patients can tolerate P. aeruginosa
colonization for years without decline of lung function.
They are frequently, though not necessarily, characterized
by harbouring nonmucoid P. aeruginosa strains, absent or
low antibody titers to the organisms and absent or little
sputum production.

However, in the majority of CF patients producing
sputum and carrying mucoid P. aeruginosa, the infection
causes an immediate and more rapid reduction of lung
function than in CF patients without P. aeruginosa infec-
tion [9]. This leads to the hypothesis that uncontrolled
progression of infection will result in progressively severe
lung damage, respiratory failure and death. Indirect
evidence for the latter hypothesis stems from the fact that
sputum volumes increase significantly after onset of P
aeruginosa infection. Higher sputum volumes are corre-
lated with a higher degree of inflammation, higher
neutrophil numbers and released serine proteinases and
hence higher degree of lung obstruction and destruction.
Not all clinicians, however, agree to this description of
the pathophysiology of the P. aeruginosa lung infection,
as pulmonary exacerbations from other causes may lead
to similar clinical changes.

The use of antibiotics for P. aeruginosa lung infection in
CF patients has been questioned by only a few inves-
tigators. When P. aeruginosa-infected CF patients were
treated for acute exacerbations with antibiotics, the short-
term clinical outcome was comparable to the placebo
treated group [31]. Based on unchanged sputum colony
counts during or after intravenous antibiotic therapy, it
was concluded that antipseudomonal therapy in CF pati-
ents requires more critical bacteriological and clinical
evaluation [32].

However, several other studies investigating various
antibiotics for P aeruginosa in CF patients found a
positive effect on clinical condition, pulmonary function, P
aeruginosa colony counts in sputum, inflammatory para-
meters, quality of life and nutritional status of the patients.
Epidemiological data showed that lung function is the best
predictor of survival [29] and antibiotic therapy has lead to
improvement in lung function in many studies [33, 34].
The observation that the degree of improvement in lung
function correlated with the degree of reduction of P,
aeruginosa density in sputum specimens [34] suggests
that antibiotic therapy is directly responsible for lung
function improvement. For long-term effect, however, the
influence of anti-P. aeruginosa treatment is difficult to
evaluate since no controlled studies have been performed
and such long-term studies would be difficult to carry out
without well defined therapeutic strategies and due to

complexity of the management of the patient and a
limited patient population.

CF is a multi-faceted disease and many different
treatment strategies have been implemented during the
last 40 yrs. Therefore, it is difficult to prove that antibiotic
treatment alone is responsible for the dramatic positive
change in survival rates of CF patients in some countries.
Besides antibiotics, improved mucolytic therapy, airway
physiotherapy, improved nutritional strategies including
the use of pancreatic enzyme preparations have contributed
to the increased life expectancy in CF patients. The median
survival age of CF patients in the USA increased from 14
yrs in 1969 to 31.3 yrs in 1996 [5]. In Denmark, the
probability of surviving 40 yrs for a diagnosed CF patient
was 83.3% in 1995 [35]. This improved survival has been
correlated with an early anti-P. aeruginosa treatment
regimen in Denmark [35].

Antibiotic resistance of Pseudomonas aeruginosa in
cystic fibrosis

Traditionally, many decisions to treat P. aeruginosa lung
infections in CF patients are empirical and are based in part
on patient’s age, severity of disease and past experience
rather than on P. aeruginosa susceptibility patterns against
antibiotics. Bacterial susceptibility (or resistance) patterns
against antibiotics are assessed in vitro using the relatively
simple disk diffusion method, which is regarded to give
qualitative results according to established break-points, or
the quantitative dilution methods (agar dilution, microdilu-
tion broth, macrodilution broth). By using an automated
broth microdilution method, synergistic effects of combi-
nations of different antibiotics can be demonstrated which
may help to guide antibiotic therapy regimes in CF patients
[36].

For sputa containing susceptible isolates, testing the
mixed culture may provide adequate susceptibility data
with significant laboratory time and cost savings [23].
However, for sputa with resistant strains, the traditional
method of testing isolated morphotypes may be more
appropriate [23].

Several problems arise when P. aeruginosa suscept-
ibility patterns against antibiotics are used for clinical
treatment in CF patients: 1) multiple morphotypes with
different antibiotic susceptibilities are often isolated from
a single sputum sample [22, 23]; 2) the conventional
definition of antibiotic resistance, which is based on the
comparison of serum drug levels and minimal inhibitory
concentrations (MIC) in vitro does not apply to CF lung
infections when treated with inhaled antibiotics [37]; 3)
The biofilm mode of growth of P. aeruginosa requires
100-1,000 times the concentration of a certain antibiotic
to be effective compared to its nonmucoid variant which
is normally tested [38]. Nevertheless, for several anti-
biotics tested, nonmucoid isolates were more resistant
than mucoid isolates [39].

Whether CF patients should be treated over prolonged
periods of time with antibiotics to which P. aeruginosa is
resistant, according to definitions used in Europe or North
America, remains unclear at present. Actual data on P,
aeruginosa susceptibility patterns against antibiotics are
missing in Europe but may be retrieved from CF databases.
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When antibiotic therapy had been started before suscept-
ibility patterns had been available, the therapy has to be
adjusted accordingly.

Chronic P. aeruginosa infections in CF necessitates
many antibiotic therapy courses which carry the risk that
resistance towards a given drug increases more or less
rapidly. Consequently, P. aeruginosa often display higher
resistance to older drugs which have been used more
frequently compared to newly developed drugs [40—42].

Also trials with nebulized antibiotics in CF patients,
resulted in the emergence of resistant P. aeruginosa iso-
lates in the sputum during and after treatment with great
variations [33, 43—47]. For instance, a study of inhaled
tobramycin showed that the percentage of patients har-
bouring P. aeruginosa strains with a tobramycin MIC >8
ug-mL™" increased from 29-73% after 3 months of conti-
nuous use of 600 mg three times daily [47]. Therefore,
studies using an intermittent regimen of inhaled tobra-
mycin have been conducted [33, 45, 46]. With this re-
gime, the percentage of patients harbouring P. aeruginosa
with a tobramycin MIC >16 ug-mL"™" increased from 13—
25% only. In a subsequent open tobramycin study over 18
months using a daily dose of 600 mg, the increase of the
MIC of tobramycin had no negative effect on lung
function of the patients [48].

The emergence of resistant micro-organisms has been
reported to be transient and reverted to susceptible over
time, when antibiotic selective pressure is removed, a
phenomenon which was called "adaptive resistance" [49].
The mechanism which leads to adaptive resistance may
be based on a slower growth rate of resistant colonial
forms of P. aeruginosa compared to susceptible ones.
Generally, nonmucoid P. aeruginosa is more resistant to
antibiotics than mucoid P. aeruginosa [39]. Consequen-
tly, susceptible organisms will overgrow resistant forms
after the end of the antibiotic course. Frequent changing
from one antipseudomonal antibiotic to another may be
an option to prevent antibiotic resistant P. aeruginosa.

The emergence of resistant micro-organisms does not
necessarily lead to a poor response to repeated treatment
[41, 44, 47, 50, 51]. Nevertheless, the emergence of mul-
tiresistant P. aeruginosa strains from CF patients is well
known. Current epidemiological data on the prevalence of
antibiotic resistant P. aeruginosa infecting CF patients in
European countries other than Italy [52] and Denmark [53]
are missing.

Depending on the mode of action of a given antibiotic,
more or less rapid development of resistance occurs [54]
especially with monotherapy, when the drug has to be
given for prolonged periods of time. Indeed, a high
development of ceftazidime-resistant strains of P. aerugi-
nosa was noted in a small population of CF patients who
received ceftazidime monotherapy over a 5-yr period [55,
56]. This would imply that antibiotic monotherapy is
inferior to combination therapy with P. aeruginosa-
specific antibiotics displaying different mode of actions.
For example, 3-lactam antibiotics such as the penicillins
and cephalosporins, interfere with bacterial cell wall
biosynthesis, novobiocin and the quinolones inhibit
deoxyribonucleic (DNA) synthesis by acting on topoi-
somerases and rifampin inhibits DNA-directed ribonu-
cleic (RNA) synthesis. In contrast, aminoglycosides as
well as chloramphenicol, erythromycin, clindamycin and
the tetracyclines inhibit protein synthesis by binding to

bacterial ribosomal subunits or inhibiting ribosomal
enzymes [57].

However, when intravenously administered ticarcillin
and tobramycin was compared to ceftazidime, develop-
ment of resistance to multiple antibiotics was significantly
lower with ceftazidime alone compared to the ticarcillin/
tobramycin group [58]. Other studies revealed that
development of resistant strains is not prevented by the
use of a combination of tobramycin and B-lactam anti-
biotics [59, 60]. In addition, emergence of resistant
micro-organisms during aerosolization of colistin alone
seems to be rare, although published evidence is lacking.
Nevertheless, combination therapy is widely used in CF
patients.

Selection of intrinsically resistant pathogens after anti-
biotic therapy in CF patients may occur, yet no evidence of
increased selection for intrinsically tobramycin-resistant
bacterial pathogens, including Burkholdia cepacia, Steno-
trophomonas, and Alcaligenes xylosoxidans was reported
when intermittent inhaled tobramycin therapy was com-
pared with standard antimicrobial therapy [37]. However,
there was increased isolation of Candida albicans and
Aspergillus spp. in the treatment group compared with the
placebo group [37]. Such a development was not obser-
ved in a previous study using aerosolized colistin in CF
[43]. The clinical significance of these findings is unclear,
since long-term data on CF patients who have received
inhaled tobramycin for several years are missing.

Penetration of antibiotics into respiratory secretions
and pharmacokinetics of antibiotics in cystic fibrosis
patients

Antibiotics are believed to enter the bronchial secretions
from the blood by simple passive diffusion along a con-
centration gradient [61]. Aminoglycosides diffuse poorly
across lipid membranes and into bronchial secretions and
their distribution is mainly restricted to the extracellular
fluid. Although tobramycin has the highest penetration
into bronchial secretions of aminoglycosides studied [62,
63], relatively high dosages are needed when the drug is
given parenterally. Therefore, it is generally recommen-
ded to administer aminoglycosides by inhalation for
maintenance therapy. Intravenous aminoglycoside doses
have to be adjusted according to the serum levels of the
patient because of toxicity and efficacy of the drugs and
therefore may change from patient to patient. Doses can
be adjusted based on a mathematical model [64], which,
however, is not available in many centres. A practical
approach is to determine serum trough and peak levels of
aminoglycosides.

Data on airway concentrations of aminoglycosides [47,
65] as well as on other antibiotics [66, 67] are sparse and
depend on the mode of delivery [67]. Once daily dosing
of amikacin and tobramycin achieves higher airway con-
centrations than multiple daily dosing [68]. The general
applicability of once daily dosing is, however, pending.
When the drugs are used via the inhaled route during
acute exacerbations clinical experience suggests low
efficacy and therefore intravenous use is preferred [69].
Further studies which compare intravenous and inhaled
administration of antibiotics during acute exacerbations
are necessary.
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Table 1. — Recommended dosages for antibacterial agents in the management of P. aeruginosa lung infections in cystic

fibrosis patients

Antibiotics Route of Dose Administrations Maximum daily
administration mg-kg'-day per day n dose g
Amikacin* iv. 2 -
Aztreonam iv. 4 8
i continuously 8
Cefepime iv 100-150 2-3 6
Ceftazidime iv. 150-250 34 12
Ceftazidime iv. 100-150 continuously 12
Ciprofloxacin p.o. 2-3 1.5-2.25
Colistin Inhaled 80-160" 1-2 0.320"
Sulphomethate iv # 3 0.48
Imipenem/cilastatin iv. 50-100 34 4
Meropenem iv 60-120 3 6
iv. continuously 3
Netilmicin* iv. 2 -
Ticarcillin iv. 500-750 4 30
Tobramycin* iv 2 -
Inhaled 150-300" 1-2 0.6

*: dose based on measurements of serum concentrations; *: absolute dose (dependent on age and situation). These recommendations
may not be the approved dosing recommendations by regulatory authorities in different countries.

Penicillin and cephalosporins do not enter bronchial
secretions well and bronchial secretions and sputum con-
centrations usually range 3-15% of plasma levels [70].
Based on a minimum inhibition concentration inhibiting
90% of tested strains (MIC90) for ceftazime and P.
aeruginosa of 8 pg-mL™", the amount of drug to be ad-
ministered parenterally every 6 h would be 300 mg-kg™
[70]. However, when administered continuously, a much
lower dose can be used. Penicillins and cephalosporins
are generally administered intravenously. For classes of
antibiotics other than aminoglycosides given intraveno-
usly, monitoring of serum levels is not required because
of their wide therapeutic index and recommended doses
as given in table 1 should be used.

Administration of ciprofloxacin orally has resulted in
sputum concentrations ranging from 46-90% of those
obtained in serum [64, 71]. flouroquinolones are given
either intravenously or orally. The latter route is preferred
because of good absorption. The intravenous route is
much more expensive and less convenient for the patient.
Colistin given by inhalation is widely used for main-
tenance therapy and for eradication of early colonization/
infection with P. aeruginosa. Due to its chemical nature, a
product which upon hydrolysis releases the active drug, a
cycle polypeptide, analysis of colistan airway concentra-
tions are impossible to preform and therefore the opti-
mum levels are not known. Efficiency has been shown at
doses ranging from 1 million units twice daily [43] to 2
million units three times daily [72]. Colistin has been
used with efficiency by the parenteral route in patients
with multiresistant P. aeruginosa infection [73, 74].

In addition to penetration into bronchial secretions, plug
formation may present another problem for antibiotic
action. CF plugs are mainly composed of negatively char-
ged glycoproteins and DNA. Other macromolecules, and
positively charged aminoglycosides. such as tobramycin,
may be bound to these compounds [75—-78]. Because of
these reasons appropriate airway clearance should be
performed before inhalation of aminoglycosides or

colistin. No data on flouroquinolones binding to charged
macromolecules are available. Ceftazidime binding to
sputum is negligible [78]. A further obstacle for anti-
biotics to reach the P. aeruginosa outer cell membrane in
CF plugs is the mucoid exopolysaccgaride (alginate)
matrix [79]. In vitro models have been developed to
evaluate the penetration of ceftazidime into plugs [64].
Taken together, bactericidal concentrations of antibiotics
in CF plugs are difficult to reach and it has to be assumed
that often only subinhibitory concentrations can be ob-
tained. The same is true for poorly ventilated areas.

Subinhibitory concentrations of antibiotics may posi-
tively affect the clinical condition and the lung function of
CF patients [80—84]. For instance, ciprofloxicin [81] and
gentamicin [83] inhibit exotoxin production of P. aeru-
ginosa, which may decrease inflammation in CF due to
decreased immune complex formation. Tobramycin and
gentamicin inactivate oxygen radicals by binding to
amino groups [80] and ticarcillin and ceftazidime may
protect o.j-antitrypsin from oxygen radical damage [80].
Whether such modifications will lead to inactivation of
antibiotics is unknown. However, subinhibitory concen-
trations of antibiotics may change the mutation rate of P
aeruginosa facilitating the development of resistant var-
iants (adaptive mutation). They may also trigger adaptive
resistance [49].

The pharmacokinetics of antibiotics in CF patients have
been extensively studied [64, 76, 85-93]. CF patients often
reveal different pharmacokinetics particularly for amino-
glycosides and B-lactam-antibiotics when compared with
normal individuals. The volume of distribution per kg
body weight is often increased and the elimination half-life
decreased [90]. The higher body clearance due to incre-
ased renal and nonrenal elimination [76, 88] demands that
higher antibiotic doses are administered more frequently
[87, 93]. However, differences between CF patients and
non-CF individuals in this context do not seem to be as
large as used to be thought and may have been exag-
gerated by the lack of properly matched controls for
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clinical studies [69]. The pharmacokinetics of ciproflox-
acin are not altered in CF patients compared to non-CF
individuals [94-96]. However, due to the basic defect,
delayed absorption of oral antibiotics including cipro-
floxaxin has been reported [91].

Intravenous antipseudomonal antibiotic therapy in
cystic fibrosis

Mostly due to the endobronchial location of the P.
aeruginosa infection in CF patients and the inaccessibility
of mucoid P. aeruginosa in plugs, high doses of antibiotics
have been recommended in CF patients (table 1). Never-
theless, optimal doses of various intravenously adminis-
tered antibiotics in CF are debated. The initial doses of
aminoglycosides may be calculated based on the body
surface area [76] or body weight [64, 90, 93]. A theo-
retical calculation of the dosing of ceftazidime demon-
strates that the previously recommended doses of <200
mg-kg™! [97] may still be too low for treating CF patients
[70] when given 1nterm1ttent1y Meropenem was given at
a dose of 40 mg-kg™' [98] three times daily.

Intravenously administered aminoglycosides are usually
given three tlmes daily. Initial tobramycin dosages of ~10
mg-kg'-day” and more have been recommended [22, 64,
99, 100]. An adjustment in dose interval based on the
serum tobramycin level has a significant effect on pulmo-
nary function [93]. Due to the subinhibitory MIC effect
[101], the bactericidal concentration-dependent killing
and adaptive resistance, aminoglycosides might be admi-
nistered in higher doses less frequently [102]. Indeed, 12
hourly high peak aminoglycoside dosing has been shown
to be less toxic and equally efficacious as 8 hourly dosing
[103]. Similarly, a study comparing once daily with thrice
daily intravenous tobramycin suggested that once daily
tobramycin combined with three injections of ceftazidime
is safe and effective in CF [68]. To fully answer the
question on efficacy and toxicity in this context, a multi-
centre study is currently being carried out in the UK. (A.
Smyth, Dept of Paediatrics, Nottingham City Hospital,
Nottingham, UK, personal communication). Since piper-
acillin has been repeatedly described to induce a serum-
sickness-like symptom [104-106], caution is needed
when using this drug in high concentrations. Intravenous
antibiotic therapy is generally scheduled for ~2 weeks but
may also be prolonged for another week [99].

Courses with intravenously administered antibiotics
have been shown, by most investigators, to be clinically
effective. The effectiveness of the various penicillins
seems to be similar [42]. From the third generation
cephalosporins, ceftazidime particularly is effective
against P. aeruginosa [85, 97]. Similarly, no differences
were found in effects on clinical condition, pulmonary
function, or P. aeruginosa sputum counts when different
aminoglycosides were compared with each other such as
tobramycin with gentamicin or with netilmicin [42]. From
a clinical viewpoint and depending on the local antimic-
robial resistance patterns encountered most frequently,
gentamicin appears the less desirable option.

Combination therapy with antibiotics has been favoured
by several investigators because it may slow down drug
resistance and may result in synergy. Often, a combination
of a penicillin and an aminoglycoside is given. Genta-

micin/carbenicillin, tobramycin/ticarcillin or amikacin/cef-
tazidime combinations have been widely used. Probenicid
may be taken orally to enhance blood levels of some
penicillins. Cefsulodin, piperacillin, imipenem, fosfomycin
or aztreonam have been combined with tobramycin or
amikacin [42]. Combinations of aminoglycosides with a
cephalosporin such as ceftazidime or cefsulodin seem to
be superior in their effect on pulmonary function, clinical
situation and drug resistance compared to combinations
with penicillins.

Also the combination of antipseudomonal antibiotics
with antibiotics of less efficacy against this organism
may lead to beneficial results. For example, in vitro the
combination of high concentrations of ceftazidime and
gentamicin with rifampicin, which has little activity against
the strains, led to the elimination of P aeruginosa from
biofilms [107]. Whether macrolides such as azithromycin
[108] are effective has to be investigated in future multi-
centre studies. In vitro studies showed an inhibitory
activity of macrolides on the production of alginate and
other virulence factors of P. aeruginosa [109].

Nevertheless, in some studies, monotherapy was super-
ior to combination therapy. For example, when ticarcillin
and tobramycin was compared to ceftazidime, clinical
outcome was comparable, yet ceftazidime was more effi-
cient to reduce P. aeruginosa colony counts in sputum
specimens [58]. Similarly, ceftazidime alone showed
better effectiveness than tobramycin and carbenicillin and
better follow-up lung function values [110, 111]. When
azlocillin alone was compared to azlocillin and tobramy-
cin [60] at the end of the treatment no significant dif-
ference was seen between the two groups in clinical
evaluation, sputum DNA concentration, forced vital
capacity, FEV1, or peak expiratory flow rate. However,
sputum P. aeruginosa density decreased more with
combination therapy and time to readmission for a new
pulmonary exacerbation was significantly longer in the
group receiving combination therapy [60]. Thus, little
difference existed between antibiotics or their combina-
tions concerning clinical condition, bacterial counts in
sputum, leukocytes and chest radiographic findings [42].
Clinical studies evaluating the rational use of the com-
bination of intravenous and aerosolized antibiotics in
acute exacerbations are scarce and conclude that this
combination therapy is not superior compared to intra-
venously administered therapy alone [69, 112—115].

CF patients are treated with antibiotics for most of their
lives. Thus, any new or unusual symptom must be viewed
with great suspicion as a possible drug side effect. The
potential toxicities of aminoglycosides are similar and
largely confined to the vestibular-auditory and renal sys-
tems [116] due to accumulation of the drug in cells where
they bind to the ribosomes. Typical manifestations of
ototoxicity such as loss of hair cells and degeneration of
ganglion cells have been reported in CF patients [117,
118]. This may lead to high tone deafness and hypo-
kalaemia or hypomagnesaemia [119]. Acute vestibular
toxicity may be seen if the drug is given rapidly [102] and
a 10r1g infusion is preferable. Some studies suggest tob-
ramycin may be less nephrotox1c than gentamicin [119].
Administration of 15 mg-kg'-day™ of tobramycin [102]
and netilmicin [120] has been associated with symptoms
of dizziness after the antibiotic infusion. However, sur-
prisingly few side-effects have been reported in high dose
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aminoglycoside therapy [89, 121, 122]. Nevertheless, it is
necessary to monitor ototoxicity and renal function and
adjust the dosage interval accordingly, early in therapy
[64]. When meropenem was used in CF patients only
transient elevations of serum transaminases have been
reported and none of the patients experienced nausea and
vomiting, even when meropenem was administered as a
bolus injection [123].

Concerns have been raised on the potential toxicity of
intravenous colistin. However, two studies reported a low
frequency of nephrotoxicity [73, 74]. The UK is the only
known European country where colistin is given intra-
venously in CF patients. Whether other compounds pre-
sent in the formulation of antibiotics such as phenol in the
tobramycin preparation lead to toxicity is unknown. No
written reports on side effects in this context have been
collected by one of the manufacturers of tobramycin
worldwide (J. Biclher, Lilly Germany, Bad Hamburg,
Germany, personal communication). Penicillins contain
large amounts of sodium, and caution is required in
patients at risk of cor pulmonale. The addition of vitamin
K to the daily regimen of patients on chronic or high-
dosage antibiotic therapy has been recommended [22].
More frequent are allergies against [3-lactam antibiotics
[124-126]. As a group penicillins had a higher frequency
of allergic reactions than cephalosporins. The frequency
of reactions has been shown to be greatest with acylami-
nopenicillins (azlocillin and piperacillin) and imipenem/
cilastatin [127]. The latter combination has not been
recommended for routine treatment of CF patients with P,
aeruginosa infection [128]. In CF patients with adverse
reactions to ceftazidime or other B-lactam antibiotics, a
desensitization regimen, starting at a very low dosage and
increasing the dosage, has been proposed [129].

Oral antipseudomonal antibiotic therapy
in cystic fibrosis

For obvious reasons, CF patients prefer oral treatment to
intravenous therapy. As a result of the search for a useful
oral treatment against P. aeruginosa, the fluoroquinolone
ciprofloxacin was introduced in 1985. Early experience has
been encouraging [71, 130—132]. Ciprofloxacin resulted in
equal improvement in pulmonary function as treatment
with azlocillin and gentamicin, and significant improve-
ment was maintained at 6 weeks after ciprofloxacin treat-
ment, which was not observed in a control group [130].
Statistically significant, stepwise changes in clinical sco-
res, pulmonary function, and sputum concentrations of P
aeruginosa were noted, but regression toward initial
values occurred by one week after treatment [132]. In a
prospective, randomized, double blinded study compar-
ing the efficacy and safety of ciprofloxacin versus cefta-
zidime/tobramycin in P. aeruginosa infected CF patients
it was concluded that sequential intravenous/oral cipro-
floxacin monotherapy offers a safe and efficacious alter-
native to standard parenteral therapy for acute pulmonary
exacerbations in CF [133]. Oral ciprofloxacin therapy for
4 weeks has also been shown to prolong the beneficial
effects of intravenous antibiotic therapy [134]. However,
in seriously affected CF patients conventional treatment
was significantly better than quinolone treatment [135].

The use of fluoroquinolones in children and accumula-
tion of data on the pharmacodynamics of these drugs [66]
have been limited and delayed by concerns regarding side
effects, although adverse reactions were infrequent [132]
and no serious side-effects were observed [130]. Animal
studies showed that quinolones may negatively influence
the cartilage [136] and therefore the use was restricted to
patients after puberty. However, ultrasound examination
and nuclear magnetic resonance imaging scans showed
no evidence of cartilage toxicity in ciprofloxacin-treated
CF patients [133, 137]. A comprehensive review of the
findings in animals compared with the cumulative pub-
lished findings in children and adolescents allowed the
conclusion that such concerns were not justified [138].
On this topic a consensus meeting has been held [139,
140]. Most experience is obtained with ciprofloxacin,
other fluoroquinolones are less well tested in paediatric
CF patients with pseudomonal respiratory tract infections.
Gastrointestinal side effects, arthralgia in older CF pati-
ents with chronic P. aeruginosa infection, and occurrence
of sleep disorders and psychotic episodes may be seen as
well as photosensitivity reactions to sunshine.

Rapid emergence of resistance seems to be a much
greater problem than side effects due to cartilage des-
truction [132]. However, initially, drug resistant organ-
isms were isolated no more frequently after ciprofloxacin
than after intravenous therapy with azlocillin and gen-
tamicin. As with other drugs, clinical improvement in CF
patients was achieved, regardless of the emergence of
resistant P. aeruginosa [130, 132]. However, experience
with ciprofloxacin or other quinolones in children <5 yrs
of age is very limited.

Nebulized antipseudomonal antibiotic therapy in
cystic fibrosis

In an attempt to circumvent the problem of intrave-
nously administered antibiotics penetrating into lung
parenchymal tissue and bronchial secretions and their
potential toxicity when given over prolonged periods of
time, aerosolization of these drugs has been suggested.
Indeed, this approach produced high lung concentrations
and low serum levels of antibiotics [47, 141]. However, in
general, aerosol delivery is a very inefficient method of
delivering the antibiotics and even with the most efficient
nebulizer, only a small proportion (~15-20%) of the
medication is deposited in the lung; the remainder is
either impacted on the oropharynx and swallowed, or
exhaled into the surrounding atmosphere [142].

Several studies using aerosolized antibiotics in CF
patients have been performed often with variable results
[33, 45, 50, 51, 141, 143, 144]. Besides aminoglycosides
(gentamicin [144], tobramycin [33, 44, 45, 47, 51] and
B-lactam antibiotics (ceftazidime [50] carbenicillin [143]),
combinations of both classes have been used [50, 60].
Colistin has also been used [43, 145, 146]. The penicillins
have been mostly avoided because of concerns regarding
development of hypersensitivity, odour, effect on teeth
and greater difficulty in nebulization.

Interpretation and comparison of many studies in this
field is difficult because of the different designs, the wide
range in the amount of the antibiotic used, and the possible
carry-over effects in cross-over studies. Despite these
methodological difficulties, most of the studies showed
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Table 2. — Definitions within the context of management of cystic fibrosis patients

Lung colonization

by P. aeruginosa
Chronic lung colonization
P. aeruginosa

Presence of P. aeruginosa in the bronchial tree without direct (inflammation, fever, etc.) or
indirect (specific antibody response)signs of infection and tissue damage.

Presence of P. aeruginosa in the bronchial tree for at least 6 months, based on at least three
positive cultures with at least one month in by intervals between them without direct (inflamma-

tion, fever etc.) or in direct (specific antibody response) signs of infection and tissue damage.

Lung infection by
P aeruginosa

Presence of bacteria in the bronchial tree with direct (inflammation, fever etc.) or indirect
(specific antibody response) signs of infection and tissue damage. Infection can also be diagnosed

on the basis of a positive antibody response in at least two examinations for patients who do not
expectorate and present negative bacterial cultures.

Chronic lung infection by
P. aeruginosa

Presence of P. aeruginosa in the bronchial tree for at least 6 months, based on at least three
positive cultures with at least one month intervals between them with direct (inflammation, fever

etc.) or indirect (specific antibody response) signs of infection and tissue damage. Chronic
infection can also be diagnosed on the basis of a positive antibody response in at least two
examinations for patients who do not expectorate and present negative bacterial cultures.
Maintenance antibiotic therapy Prolonged, continuous or intermittent antibiotic therapy, given even if clinical symptoms are
discrete and signs of acute exacerbations of lung disease are absent.
Prophylactic antibiotic therapy The use of antibiotic before P. aeruginosa has been detected in order to prevent colonization and

infection.

Antibiotic therapy on demand The use of antibiotics only when symptoms and signs of acute exacerbations of lung disease are

present.

improved lung function [33, 45, 47, 50, 143, 144] or
slowing of the deterioration of lung function [33, 44, 51] in
the active treatment group compared to placebo. Addi-
tionally, most studies report a reduction in the number of
hospital admissions [50, 51, 143, 144] and some report on
a reduction of P. aeruginosa numbers [47, 145]. Only one
study demonstrated a decrease in inflammation by
treatment with aerosolized antibiotics [S1]. A review of
five randomized controlled trials [33, 43, 50, 143] sho-
wed benefit for nebulized antipseudomonal antibiotic
therapy with no demonstrable adverse effects [147]. A
multicentre study including 520 CF patients in the USA
demonstrated conclusively that chronic intermittent
therapy with tobramycin improved lung function, and
reduced hospitalization and concomitant intravenous
therapy [33]. Aerosolized colistin in combination with
oral ciprofloxacin has been shown to significantly post-
pone chronic P. aeruginosa infection in CF patients [72,
146] and to maintain pulmonary function during the year
after inclusion compared with the control group, in which
pulmonary function declined [72]. Similarly, tobramycin
inhalation may prevent P. aeruginosa pulmonary infec-
tion in CF [148]. Results from a recent consensus confe-
rence on the use of aerosolized antibiotics in CF patients
[149] and reviews [142, 147, 150] have been published.

Due to low serum levels of aerosolized drugs, systemic
toxicity is possibly avoided. Nevertheless this depends on
the doses administered. Aerosol administration of 400 mg
[151] or 600 mg [47] tobramycin performed during tidal
volume breathing manoeuvres did not lead to audiometric
abnormalities or renal toxicity in CF patients [47, 152].
Similarly, no signs of renal or ototoxicity were detected
after long-term tobramycin aerosol therapy [44, 47, 51].
Nevertheless, with higher daily doses of aminoglycosides
and other inhalation techniques, long-term safety studies
are still required, applying more sensitive methods for the
investigation of renal function.

Since tobramycin levels in serum samples of CF patients
may vary considerably after aerosol treatment [152],
general dose recommendations should not be followed
but rather serum aminoglycoside concentrations mon-
itored in patients given high doses [64]. Thus, the optimal

dose to be aerosolized for the different antibiotics may
differ from patient to patient. For colistin, 2 mega units
twice daily have been recommended [12]. Monitoring by
serum levels is not yet feasible. Dosing of aerosolized
antibiotics also depend on clinical efficacy and microbial
susceptibility.

Emergence of drug-resistance after aerosol therapy has
been noticed in several studies [33, 45, 47, 143] although
P aeruginosa susceptibility was regained after drug-free
time periods [47]. This led to the concept of intermittent
dosing [33, 45]. The effect of resistance on efficacy of
more prolonged aerosol antibiotic therapy is unknown at
present. Large amounts of the aerosolized antibiotics may
also be swallowed and studies have been suggested to
investigate the effects on the gastrointestinal flora during
chronic administration [64]. Improved drug delivery to
the lung may overcome this problem.

Caution has to be maintained when solutions of drugs in
saline or water are prepared since hypotonic as well as
hypertonic solutions may affect lung function leading to
bronchoconstriction and inflammation [153—155]. Further-
more, the drug itself can induce bronchoconstriction.
Consequently, the use of isotonic solutions and the
control of lung function before and immediately after
nebulization of the antibiotic as well as therapeutic inter-
vention with bronchodilators has been suggested [12, 64,
155, 156]. For instance, an isotonic solution of colistin is
made by dissolving 2 mega units of colistin in 3 mL water
and 3 mL physiological saline [12].

Antibiotics are usually aerosolized by nebulizing a
solution of the drug, although dry powder inhalation has
also been reported [157, 158]. A nebulized aerosol can be
produced by an air jet or by ultrasonic sound waves.
Nebulization times may be much shorter using ultrasonic
devices than using jet nebulizers [64, 115, 159]. Never-
theless, aerosolized medications are still frequently
administered by nebulizers. In CF, the nebulizer should
produce particles in the range of 2-5 um in order to reach
the smaller bronchioles. Particles too large (>5 um do not
reach the lower respiratory tract, whereas particles too
small (<1 wm are exhaled [160]. Important characteristics
of nebulizers which may affect performance include drug
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output, aerosol particle size, nebulization time, drug
amount delivered to the patient, fill volume, flow, tem-
perature, and humidity of the driving gas. A number of
studies have been performed that address these issues
[115, 159, 161-171]. In general, large differences were
found in relation to these variables [162, 166, 167, 171—
173]. For instance, deposition of aerosols in the airways
may differ between the nebulizers as shown in radio-
aerosol studies [163, 167, 169]. In one study, a mean of
7% of inhaled tobramycin dose reached the lungs, while
only 16% of this pulmonary tobramycin was deposited
peripherally. The greater the lung damage as indicated by
FEV1 and Chrispin-Norman score, the smaller the
proportion of pulmonary tobramycin that reached the
periphery [165]. Suitable systems for nebulization of
antibiotics are an active Venturi nebulizer (Hudson
Respiratory Care, Temecula, CA, USA) with low flow
compressor, Pari LC plus (Pari, Starnberg, Germany) and
Pulmo Aide compressor (DeVilbiss, Somerset, PA, USA),
or Ventstream (Inspired Medical Products, Pagham, UK)
and CR50 (Medic-Aid, Pagham, UK) or Porta-Neb (Me-
dic Aid, Romedic, Meersen, the Netherlands). Nebu-
lization during inspiration alone, regulated by pressing a
break key (e.g. using the Pari LC plus) helps to save drug.

Sputum may impair uniform deposition of antibiotics
and decrease therapeutic effects [163]. In general, the
distribution of a drug in the CF lung is not homogenous,
but focal in the larger central lung areas [164, 174, 175].
Hence, it is quite conceivable that CF patients with mild
disease and low sputum production improve the most
from aerosol antibiotic therapy [51], suggesting that early
antipseudomonal treatment with aerosolized antibiotics is
most effective. Consequently, it has also been suggested
that antibiotic aerosolization should be preceded by phy-
siotherapy, bronchodilators [176], mucolytic agents [177,
178], 1% N-acetylcysteine [179] or recombinant human
deoxyribonuclease (rhDNase) [180]. Alternatively, mix-
ing tobramycin with salbutamol is acceptable, and saves
nebulization time [44]. However, some mucolytic drugs
may adversely influence the activity of antibiotics [75,
181]. For example, binding of tobramycin to components
of CF sputum was increased after rhDNase treatment [75].

Since many CF patients re-use their disposable jet
nebulizers [166], hygienic problems related to microbial
contamination may arise. Therefore, patients must be in-
structed how to clean and dry their nebulizers. Further-
more, exhaled antibiotics should be discharged through
a tube to the outside air or trapped in a filter, in order not
to contaminate the surroundings of the patient. In some
hospitals it is recommended that inhalations are perfor-
med in a separate area [182]. With new nebulizers
releasing the drug during the first part of inspiration only
(adaptive aerosol delivery, e.g. Halolite), filtering or
venting the antibiotic is not required as the drug is not
released during expiration. A recent sputum culture
should be used to determine resistance patterns and guide
the choice of inhaled antibiotic.

Antibiotic strategies against Pseudomonas
aeruginosa

The use of prophylactic antibiotics in an attempt to
prevent infection or colonization has been suggested, since

lung infections with other micro-organisms including
viruses may pave the way for P. aeruginosa colonization
and infection. Conversely, it is thought that the increased
incidence of P. aeruginosa is the result of more frequent
use of antibiotics, since broad spectrum antibiotics may
depress the normal pharyngeal flora and thereby lower the
colonization resistance. Continuous prophylactic fluclox-
acillin in CF patients diagnosed early, was associated with
improved clinical progress during the first two years of life
[183]. Whether antistaphylococcal treatment increases the
rate of P. aeruginosa infections is not known. No studies
have yet been published using antibiotics with anti-P.
aeruginosa activity to prevent P. aeruginosa colonization
in CF. Such studies may be needed, particularly to inves-
tigate if anti-P. aeruginosa antibiotics may be successful
and prevent P. aeruginosa colonization and infection
during symptomatic virus infection.

To eradicate mucoid P. aeruginosa from CF airways in
the chronic infection state has been shown to be virtually
impossible. The major factor responsible for this unplea-
sant situation is the inability to achieve antibiotic concen-
trations in CF airways high enough to kill P. aeruginosa.
This is in part a consequence of the viscous nature of the
pus matrix and the bacterial polysaccharide (alginate)
matrix surrounding many P. aeruginosa organisms. Both
matrices contribute to a decreased penetration of anti-
biotics. Thus, only a reduction of P. aeruginosa colony
counts can be generally achieved by antibiotic therapy in
CF airways. This may lead to temporal undetectability of P
aeruginosa in sputum specimens after antibiotic therapy
courses which may be interpreted as temporal eradication.
However, when P. aeruginosa is recultured, genotyping
may prove identity with the P. aeruginosa strain present
before treatment, suggestive that the therapy did not lead to
eradication but rather led to numbers of P. aeruginosa in
the CF airways too low to be detected in vitro.

This has prompted trials with small numbers of CF
patients in which antibiotic therapy was initiated shortly
after the assessment of P. aeruginosa lung colonization
[146, 148]. At that time, the bacterium exhibits normally a
nonmucoid phenotype and sputum volumes are low. In an
open study, the combined treatment of aerosolized coli-
stin and oral ciprofloxacin significantly reduced the onset
of chronic P. aeruginosa infection in treated CF patients
compared to untreated controls [146]. Similarly, a pla-
cebo controlled doubleblinded, randomized tobramycin
inhalation study showed that after onset of P. aeruginosa
colonization, the time of conversion to a P. aeruginosa
negative respiratory culture was significantly shortened
by active treatment, suggesting that early tobramycin
inhalation may prevent P. aeruginosa pulmonary infection
in CF [148]. In a follow-up study [72], it was demonstrated
that aggressive treatment prevented or delayed chronic P
aeruginosa infection in 78% of the CF patients for 3.5 yrs.
After introduction of early intensive antibiotic treatment,
the probability of still not having developed chronic P
aeruginosa infection 7 yrs after the first isolation of P.
aeruginosa was >80% [184]. Furthermore, aggressive
treatment maintained or increased pulmonary function
during the year after inclusion compared with the control
group, in which pulmonary function declined [72].

Home therapy permits more normal activity for the CF
patient including school attendance or continuing employ-
ment [185]. When ceftazidime was delivered via an
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infusion pump intravenously to adult CF patients at home
for 3 weeks, prolonged clinical improvement was noted
in 70% of the patients and the number of cultures positive
for P. aeruginosa decreased significantly during antibiotic
treatment [186]. In another study [187] it was concluded
that home intravenous antibiotic therapy in CF patients
was a feasible, cost-effective alternative to receive ther-
apy in hospital. However, for home antibiotic therapy
whether nebulized or intravenously administered, patient
guidelines concerning hygiene and physiotherapy need to
be established [188]. In addition, stringent quality control
and assessment of effectiveness is mandatory. When a
patient is acutely ill or is not responding to outpatient
parameters, hospitalization is usually recommended for
administration of intravenous antibiotics and intensive
use of aerosols and postural drainage. The costs for home
treatment versus hospital treatment may differ from
country to country.

Home treatment gives the patient more independence
and less disruption to school, work or family life, saves
cost of a hospital bed. Patients may agree to earlier
antibiotic intervention and have less fear of cross-infection.
For home treatment, the clinician should have knowledge
of the home circumstances and a home visit is essential.
The necessary equipment should be monitored. The patient
or carer should be carefully instructed and a first antibiotic
course should always take place in the hospital under
medical supervision for 1 h after the injection. Written
instruction of what to do, and how to handle any side
effects should be given and a 24 h telephone assistance
should be provided. Venflon, longline or implantable
intravascular devices should be used. Home treatment is
not allowed for any patient with a history of anaphylaxis.
Some centres issue home anaphylaxis kits, however, such a
complication has not occurred to the knowledge of the
clinicians at the consensus conference.

In CF patients suffering from chronic P aeruginosa
infection lung tissue damage is thought to occur by
continuous inflammation. During acute exacerbations, the
lung function may further decline. Based on lung function
data, studies from Denmark [11, 189] and the USA, indi-
cate a positive effect on patients treated with intravenous
antibiotics with specific activity against P. aeruginosa
when given 3—4 times a yr either regularly as "main-
tenance therapy" or in comparison to administration for
acute exacerbations as "on demand" therapy. Due to
continuous inflammation, a slow decline of lung function
is observed in patients also in between courses of intra-
venous antibiotics. This decline can be reduced by daily
treatment with aerosolized antibiotics such as colistin and
tobramycin. Alternatively a new approach of using
preservative free tobramycin in a month on/month off
fashion has been shown to be superior in terms of lung
function than standard care in the USA (which included
intravenous treatment on demand during exacerbations)
[33]. Regardless of whether or not the patients expe-
rienced exacerbations for which they received intrave-
nous antipseudomonal antibiotics, the FEV1 predicted of
patients receiving placebo, decreased steadily during the
pivotal trials [25]. The benefits to lung function observed
following initiation of preservative free tobramycin ther-
apy were similar among patients with and without
symptoms requiring treatment with intravenous anti-
pseudomonal antibiotics.

Concerns that intensive and aggressive antibiotic treat-
ment may eventually result in the occurrence of multi-
resistant P aeruginosa strains [53, 190], increased
antibiotic toxicity or that such a treatment is very cost-
intensive and may therefore only be applied to some CF
patients [191], was not regarded as valid in this context by
the members of the consensus meeting.

Provided that P. aeruginosa is sensitive to the antibio-
tic(s) used, there is broad scientific evidence that antibio-
tics administered intravenously, orally or by nebulization
are clinically effective in CF patients. At best, these treat-
ment strategies can reduce the number of exacerbations,
hospital admissions and numbers of P aeruginosa colonies
in CF airways. In addition, early treatment of intermittent
colonization of P. aeruginosa by the combination of a
systemic antibiotic and the inhalation of an antibiotic may
delay the onset of chronic P. aeruginosa infection.

A direct comparison of the different administration
strategies, however, is difficult. Furthermore, some drugs
with high activity against P. aeruginosa e.g. colistin are
preferentially, but not exclusively [73], given by the aero-
sol route, whereas others e.g. ceftazidime, are preferen-
tially given intravenously. Based on clinical efficacy, it is
thus difficult to choose a given route and other criteria
should be evaluated in order to reach an consensus on the
optimal treatment strategy. These other criteria include: 1)
development of microbial resistance to the drug(s); 2)
drug toxicity; 3) quality of life; and 4) feasibility for the
patient. Aerosol delivery of antibiotics to P. aeruginosa
infected CF patients has been suggested as maintenance
treatment.

It is highly recommended that the antibiotic is chosen on
the basis of resistance pattern of the microorganisms. The
use of a given drug with activity against P. aeruginosa may
also differ from country to country. Thus, colistin is used
for inhalation therapy in the UK, Italy, France, The
Netherlands and Denmark, whereas in Germany tobramy-
cin is used more commonly. An epidemiological study
showed that in France the antibiotics most frequently
prescribed were colistin (500,000 to 3 MIU per aerosol),
tobramycin (25-600 mg per aerosol) and amikacin (150
mg to 1.5 g per aerosol) reflecting the frequent use of
nebulizers [192]. In the UK and Eire, P. aeruginosa acute
exacerbations are treated with a combination of peni-
cillins with aminoglycosides by 76.9% of physicians,
whereas 19.2% regularly use intravenous monotherapy
with ceftazidime. As an alternative, when intravenous
therapy is considered inappropriate, oral ciprofloxacin is
sometimes used by all clinicians. For maintenance of lung
function in P. aeruginosa infected CF patients all phy-
sicians used nebulized antibiotics, the indications for
which vary between CF centres [193].

In general, there is no consensus on the dosage for the
different antibiotics. However, high doses of drugs should
be given in order to maximize reduction in P. aeruginosa
colony counts and increase lung function.

The duration of therapy, once initiated, varies conside-
rably. Most decisions are empirical and are based in part on
age, severity of disease and past experience. In general,
most patients show improvement well into the second
week of therapy. Weekly pulmonary function testing and
clinical observations are used for the decision when to end
hospitalization. If further improvement seems possible,
therapy is extended into the third week.
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Future antibiotic treatment studies against
Pseudomonas aeruginosa in infected cystic fibrosis
patients

Although much has been achieved, there is still the need
to fill the gaps in the knowledge on antibiotic therapy for P
aeruginosa lung infection in CF patients. This concerns
indications for antibiotic therapy, the antibiotics used, or
the dosage schedules. Therefore, further studies need to be
planned. However, designs of such trials are complicated.
Well defined indications and objectives, together with
valid outcome measures, will be decisive for the choice of
the appropriate (randomized, double-blind or single-blind)
design and duration of a study. See for example the list of
issues below which need to be studied. Lung function
parameters and local inflammation parameters are useful
for the assessment of antibiotic efficacy in clinical trials
[194]. Attention to matching of patients for severity
should be considered. Studies are required to determine if
the dose of antibiotics can be indicated by their activity in
the sputum. The distribution and half-life of antibiotics in
pulmonary secretions should also be studied. The pro-
gressive nature of the disease, the large heterogeneity of
the clinical status, the variability of the therapy regimens
in single CF centres and other difficulties can better be
controlled for in large randomized clinical studies. Pre-
scribing strategies may differ from country to country.
Multicentre, preferably pan European, studies are recom-
mended [195, 196]. Such studies will require a well
organized research network, which will minimise the
barriers across the boarders; the limited number of study
patients is a strong reason to be as efficient as possible in
organizing such trials. Studies intending to seek approval
of an indication or dosing regimen, within the context of
drug registration, need to take the available regulatory
guidelines into consideration. A well structured research
incentive in CF patients will also need to be supported by
funds from public health authorities and industry.

Appendix: important questions and answers

Definitions can be seen in table 2.

1. How, when, and how often should P. aeruginosa lung
colonization or lung infection be assessed in CF
patients?

Consensus: P. aeruginosa lung infection in CF patients
should be assessed by taking sputum with as little con-
tamination of saliva as possible. In nonsputum producers,
hypopharyngeal or endolaryngeal suctions should be taken
preferably after lung physiotherapy or alternatively after
hypertonic saline inhalation. In nonsputum producers
periodic serological tests for P. aeruginosa antigens should
be used to avoid false-negative results from bacterial
culturing. Microscopy of Gram stained smears is recom-
mended to detect neutrophils and micro-organisms and
disregard specimens dominated by squamous epithelial
cells. P aeruginosa colonization/infection should be
assessed as early as possible, on every routine visit of
the patient at the CF centre, preferentially at least every
three months.

2. Does P. aeruginosa lung infection accelerate the
decrease in lung function in CF patients?

Consensus: some patients characterized by harbouring
nonmucoid P. aeruginosa strains, absent or low antibody
titers to the organisms and absent or little sputum pro-
duction can tolerate P. aeruginosa colonization for years
without decline in lung function. However, in the majority
of CF patients carrying mucoid P. aeruginosa, the infection
causes an immediate and more rapid reduction of lung
function than in CF patients without P. aeruginosa in-
fection.

3. Is antibiotic therapy for P. aeruginosa lung infection
needed and does it affect survival in CF patients?

Consensus: in general antipseudomonal therapy is war-
ranted in CF patients. It affects survival of the patients to an
unknown extent, since CF patients are treated with drugs
other than antibiotics.

4. How should P. aeruginosa susceptibility against
antibiotics be assessed and how should the results be
used?

Consensus: for testing antibiotic susceptibility, the plate
diffusion method should be the standard for practical
purposes. Micro-dilution methods should only be used on
specific requests by the clinician, e.g. in clinical trials or on
an annual basis to document the levels of bacterial
resistance against the antibiotics used in the CF centre.
Quantitative P. aeruginosa counts in the sputum culture are
not needed in routine diagnostic. Certain subpopulations of
P aeruginosa may take longer than 48 h to grow. The
results of antibiotic susceptibility should guide the clini-
cian to use the antibiotics to which P. aeruginosa is most
sensitive. P. aeruginosa strains revealing different anti-
biotic sensitivity patterns in one patient sample should be
treated with combinations of antibiotics which act syn-
ergistically. Similarly, pan-resistant organisms should be
treated with antibiotic combinations based on the patient’s
previous clinical response.

5. Does drug resistance influence antibiotic therapy
regimes?

Consensus: although antibiotic treatment may lead to the
growth of resistant strains, the resistant strains may not
have the same degree of pathogenicity as the dominant
sensitive strains. Results from bacterial antibiotic resis-
tance testing should influence antibiotic choices. In
general, high antibiotic dosages are recommended to ma-
ximise drug concentration in the lungs and to minimise the
risk of the development of bacterial resistance.

6. Does combination therapy with two different drugs
delay antibiotic resistance compared to monotherapy?

Consensus: combination therapy with two different drugs
delays antibiotic resistance compared to monotherapy.
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7. Does antibiotic therapy lead to selection of
intrinsically resistant pathogens?

Consensus: clinical experience on the selection of in-
trinsically resistant pathogen during antibiotic therapy
varies and more long term evidence and more detailed
analysis of any evidence both in inhalation and intravenous
antibiotic therapy is needed.

8. How are optimal airway concentrations of antibiotics
obtained?

Consensus: optimal airway concentrations of antibiotics
are obtained by individually tailoring doses for each patient
which can be given intravenously, orally or by inhalation.
Because of lack of data, the optimal route to achieve
suitable airway concentrations is unclear and clinical indi-
cations determine the route of administration: 1) eradica-
tion of early P. aeruginosa colonization/infection (inhaled
with and without oral antibiotic therapy); 2) maintenance
therapy (inhaled antibiotic therapy without and with
intravenous antibiotic therapy); and 3) acute exacerbations
with multiresistant P aeruginosa (intravenous antibiotic
therapy).

9. Do even subinhibitory concentrations of antibiotics
produce beneffcial effects in CF airways?

Consensus: subinhibitory concentrations of antibiotics
may have beneficial effects on P. aeruginosa pathogeni-
city. However there may be also unwanted effects, such as
increased mutation rates and the production of adaptive
resistance to aminoglycosides in P aeruginosa. The
ultimate effect is unclear.

10. Do the pharmacokinetics of antibiotics in CF
patients differ from that in non-CF individuals?

Consensus: CF patients may differ from healthy indivi-
duals in the pharmacokinetics of certain antibiotics. How-
ever, this may be due to differences in body composition
rather than the basic defect of CF.

11. With which doses and dosing intervals and for how
long CF patients should be treated with intravenously
administred antibiotics?

Consensus: antibiotics, doses, dosing intervals and dura-
tion of treatment given in table 1 of this document are
recommended whenever appropriate. The minimum
length of intravenous antibiotic treatment should be ~2
weeks; however there is little published data to support
this.

12. Is combination therapy with two different drugs
superior to monotherapy?

Consensus: with a susceptible bacterial strain, monother-
apy may be as effective as combination therapy. However,
with a resistant strain of P. aeruginosa, combination ther-
apy is more effective. Combination therapy is encouraged

because of the risk of development of bacterial resistance if
monotherapy is continued over several courses.

13. Does repeated intravenous antibiotic therapy lead
to toxic side effects in CF patients?

Consensus: aminoglycosides may cause ototoxicity and
nephrotoxicity, however, surprisingly little side effects
have been reported in high dose aminoglycoside therapy.
Intravenously administered colistin was reported to cause
only a low frequency of nephrotoxicity. B-lactam anti-
biotics may cause drug hypersensitivity.

14. Should fluoroquinolones be used in children with
CF and at which doses?

Consensus: certain fluoroquinolones such as ciprofloxacin
can be used in CF patients including children, however,
experience in children <5 yrs of age is very limited to allow
a general recommendation. Severe skin photosensibility
can be prevented by use of sun-block lotions. Side effects
disappear after treatment is finished and no persistent
damage has been observed. Resistance to quinolones
occurs as to any other antibiotics.

15. Is administration of nebulized antibiotics clinically
effective?

Consensus: administration of nebulised antibiotics is
clinically effective. When given to patients chronically
infected with P. aeruginosa, it may improve lung function
and reduce the incidence of acute exacerbations. All
patients chronically infected with mucoid P. aeruginosa
should be offered this treatment irrespective of lung
function. Nebulized antibiotics are beneficial if given at the
first isolation of P. aeruginosa in delaying chronic in-
fection. There is no evidence that they are effective in the
treatment of acute exacerbations.

16. What are the side effects of nebulized antibiotic
therapy, what are the antibiotic doses to be adminis-
tered and does resistance of P. aeruginosa against high-
dose nebulized antibiotics develop after treatment
courses?

Consensus: the major side effect of nebulized antibiotic
therapy is bronchospasm. There is no evidence of renal
toxicity or auditory toxicity when inhaled antibiotics are
used alone. However, caution is needed when patients
receive intravenously administered aminoglycosides in
addition to high dose aerosolized antibiotics. No compara-
tive dose studies are available. Tobramycin 300 mg b.i.d.
on alternative months is safe over a two year period. Daily
colistin 1 mega unit bid or tobramycin 80 mg b.i.d. or 160
mg b.i.d. is safe. Resistance of P. aeruginosa against high-
dose nebulized tobramycin antibiotics may develop, but
does not seem to be clinically important. There is little
evidence of resistance to colistin. There is a need to obtain
evidence concerning toxicity from long-term follow-up
studies of patients who are taking inhaled antibiotics.

17. How should antibiotics be inhaled?
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Consensus: patients must be instructed how to clean and
dry their nebulizer. Drugs should be inhaled using a
nebulizer and air compressor system that produces the
majority of aerosol particles at a mass medien aerodynamic
diameter of 2—5 um. The nebulization time should be short
to encourage compliance. A filter or venting of antibiotics
to the outside air is advisable. Patients should be tested
for a bronchial constriction effect when started on a new
inhaled antibiotic. Some patients benefit from taking a
bronchodilator before inhaling the nebulized antibiotic on
a regular basis.

18. Is prevention of P. aeruginosa lung colonization
possible in CF using prophylactic antibiotic therapy?

Consensus: due to lack of prophylactic studies using
antibiotics with anti-P. aeruginosa activity, preventive
antibiotic strategies are not recommended.

19. Can antibiotic treatment prevent early colonization
or delay the onset of chronic P. aeruginosa infection in
CF?

Consensus: early anti-P. aeruginosa treatment of initial
P. aeruginosa colonization can delay the onset of chronic
P. aeruginosa infection. In many patients the treatment has
to be repeated due to recurrent colonization. The long-term
clinical outcome of this early treatment is not sufficiently
known.

20. Antibiotic therapy at home or in the hospital: what
is recommended?

Consensus: both antibiotic therapy at home or in the
hospital is recommended whenever appropriate since both
locations have advantages and disadvantages. Hospital
treatment provides better physiotherapy, treatment of
complications and dieticians advice. It gives the patient
and/or the family a rest and is essential for severely ill
patients, patients with anaphylaxis or patients with un-
favourable social/economic circumstances.

21. Regular maintenance treatment or treatment on
demand: what is recommended?

Consensus: CF patients suffering from chronic P. aeru-
ginosa infection should be treated with antibiotics with
specific activity against P. aeruginosa either 3—4 times a
year intravenously or by appropriate acrosol administration
using either colistin or tobramycin throughout the year.
Any acute exacerbation should be treated with appropriate
antibiotics.

22. Which route of administration of antibiotics is
recommended?

Consensus: answers to this question depend on the clinical
situation. For maintenance therapy the inhalation route is
strongly suggested. For the treatment of moderate to severe
acute exacerbations, intravenous administration of two
different classes of antibiotics is suggested. There is no

available evidence which supports the addition of aerosol
therapy for routine treatment of acute exacerbations. For
exacerbations, also oral ciprofloxacin may be appropriate.
For eradication therapy of a first or intermittent P. aeru-
ginosa colonization, treatment strategies include immedi-
ate colistin or tobramycin inhalation combined with oral
ciprofloxacin. In case that inhalation and oral therapy fails,
patients should be immediately treated with intravenously
administered antibiotics.

23. Which factors determine the choice of the antibiotic,
the dosage, and the duration of the treatment in CF
patients?

Consensus: the choice of an antibiotic is based on the
susceptibility patterns of the microorganism and the
occurrence of previous side effects. Recommended doses
are listed in the table of this document. The cheapest
alternative is recommended. High dosages of antibiotics
should be used and levels of aminoglycosides monitored
weekly. For intravenous therapy, the standard length of
treatment should be 14 days which may be prolonged in
special cases, i.e. in severe exacerbations or incomplete
recovery. Suggested end points for treatment are respira-
tory function, weight, the overall clinical state and in-
flammatory markers.

24. What is the design of future antibiotic studies in the
context of P. aeruginosa lung infection in CF patients?

Consensus: future studies should deal with: Different
antibiotic dosage for both intravenous and inhaled admi-
nistration; daily treatment versus treatment every second
month for inhaled antibiotics; inhaled antibiotic versus
inhaled antibiotics plus oral quinolones; different dose
frequency (once, twice or three times daily) for intravenous
antibiotic therapy; the use of antibiotics in acute exacer-
bations. It is needed to study one antibiotic, plus two
antibiotics given intravenously, and also one antibiotic
given intravenously with another given by inhalation; the
efficacy of colistin versus tobramycin for inhalation; the
effects of early treatment, long-term follow-up of high dose
(300 mg) tobramycin b.i.d. and rotating inhaled antibiotics;
the devlopment of improved nebulisers to shorten treat-
ment time including dry powder inhalers; long-term
antibiotic studies; and treatment on demand versus
maintenance therapy in chronic infection.
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