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Abstract Pseudomonas aeruginosa is a non-capsulate and non-sporing Gram-negative
bacillus that most commonly affects the lower respiratory system in humans.
Burkholderia (previously Pseudomonas) cepacia has emerged as an important
respiratory pathogen in patients with cystic fibrosis (CF). The ability of P. aeru-
ginosa to persist and multiply in moist environments and equipment, such as
humidifiers in hospital wards, bathrooms, sinks and kitchens, maybe of impor-
tance in cross-infection. P. aeruginosa infections of the lower respiratory tract
can range in severity from colonisation (without an immunological response) to
a severe necrotising bronchopneumonia. Infection is seen in patients with CF and
other chronic lung diseases such as non-CF bronchiectasis. In patients with CF,
once P. aeruginosa is established in the airways it is almost impossible to erad-
icate, but prior to this, aggressive treatment can delay the development of chronic
infection. 30 to 40% of the present paediatric population with CF will have
chronic pseudomonal infection.

B. cepacia has a particular predisposition to infect patients with CF and may
be distinguished from P. aeruginosa by accelerated lung disease in about one-
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third of patients. Overwhelming septicaemia and necrotising pneumonia are well
described (cepacia syndrome); events that are rare with P. aeruginosa. With the
propensity for social cross-infection, segregation policies have been accepted as
means of controlling outbreaks.

A number of antipseudomonal agents are available. The most commonly used
are the extended-spectrum penicillins, aminoglycosides, cephalosporins, fluoro-
quinolones, polymixins and the monobactams. An aminoglycoside with a β-
lactam penicillin is usually considered to be the first line treatment. No trial has
shown any significant clinical advantage of any particular combination regimen
over another. The emergence of resistance continues to be a concern. Pipericillin,
piperacillin/tazobactam and meropenem have good but equivalent antibacterial
activity against P. aeruginosa. However, B. cepacia is characterised by in vitro
resistance to colistin (colomycin), aminoglycosides and ciprofloxacin but better
susceptibility to ceftazidime. Nebulised delivery of antipseudomonal antibiotics
is thought to prevent recurrent exacerbations, reduce antibiotic usage and main-
tain lung function, particularly in patients with CF. Colistin, tobramycin and
gentamicin are currently the most commonly prescribed nebulised antibiotics.
Much effort is directed at treating chronic P. aeruginosa infection but as chronic
infection is seldom if ever eradicated when first established, prevention is pref-
erable. Early intensive treatment for P. aeruginosa infection is advocated in order
to maintain pulmonary function and postpone the onset of chronic P. aeruginosa
infection.

The term Pseudomonad describes a large group
of aerobic Gram-negative bacilli saprophytes com-
monly found in soil, water and other moist environ-
ments. Pseudomonas aeruginosa is the species most
commonly associated with human disease, par-
ticularly that affecting the lower respiratory tract.
Burkholderia (previously Pseudomonas) cepacia
has emerged as an important respiratory pathogen
in immunocompromised patients and in patients
with cystic fibrosis (CF). This article reviews the
current antibacterial chemotherapy options for re-
spiratory pseudomonal infection with particular
relevance to CF.

1. Bacteriology and Pathogenesis

Molecular analyses of the Pseudomonad group
have led to revised taxonomic classifications and
some species have been allocated to new genera
which include Burkholderia, Comanonas, Steno-
trophomonas and Brevundimonas. The reasons for
the growing importance of P. aeruginosa as an op-
portunistic pathogen lie in its resistance to many
antibiotics and disinfectants, its putative virulence
factors and the increasing number of immunocom-

promised patients as a result of increasing age, un-
derlying disease and immunosuppressive therapy.

P. aeruginosa is a Gram-negative bacillus, non-
capsulate and non-sporing. Most strains produce
diffusible coloured pigments pyocyanin (green-
blue) and pyoverdin (yellow-green fluorescent).
Some strains appear mucoid because of the abun-
dance of a polysaccharide capsule (particularly
common in patients with CF). This capsule protects
the organism and also anchors it to cell surfaces.
Lipopolysaccharide endotoxin is a major cell wall
antigen in P. aeruginosa; the lipid A component
mediates the various biological effects of the sepsis
syndrome. Exotoxin A is an important virulence fac-
tor blocking protein synthesis in eukaryotic cells
and mediates tissue damage in chronic pulmonary
infections.

B. cepacia (previously best known as the caus-
ative agent of soft rot of onions; cepacia, Latin =
onion) has innate resistance to antibacterial agents
and concerns have arisen regarding transmission
by social contact. With the exception of pulmonary
infections, B. cepacia has a relatively low level of
virulence and laboratory identification is aided by
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the use of selective media and multitest identifica-
tion systems.[1-3]

2. Epidemiology

The ability of P. aeruginosa to persist and
multiply in moist environments, soil detritus and
equipment such as humidifiers in hospital wards,
urinary catheters, bathroom sinks[4] and kitchens is
of particular importance in cross-infection. In the
community, carriage rate is less than in the hospital
environment. In a large survey of 47 679 P. aeru-
ginosa isolates in Bristol UK,[5] 18% came from
the primary care physician. From the inpatient iso-
lates (n = 17 440), 39% were isolated from urine
(39% of these catheter specimens), 36% from skin
and soft tissue and 18% from the lower respiratory
tract. 20% of the isolates originated from surgical
wards, 18% care of the elderly, 13% general medi-
cine, 10% paediatrics and 9% intensive care wards.

The natural habitats of B. cepacia have been
described as soil, water and vegetation but exten-
sive surveillance studies have shown that culture
of B. cepacia from natural sources is surprisingly
difficult. Although airborne dissemination may pres-
ent a small risk of acquisition, the use of bacterial
fingerprinting techniques have provided compelling
evidence that person-to-person spread accounts for
the highest risk of acquisition of infection through
direct exchange of respiratory secretions. Different
B. cepacia strains differ greatly in their rates of
transmission. In the UK, a transmissible strain has
been identified which is identical to a strain from
Ontario, Canada. This strain labelled ET12 or UK
‘epidemic’ strain has a unique form of pilus desig-
nated ‘cable pilus’ because of its length (2µm) and
intertwining properties. Recently molecular analy-
ses of type strains and clinical isolates have re-
vealed that isolates identified previously as B.
cepacia belong to at least 3 distinct species and have
increased concerns regarding the reliability of cur-
rent laboratory detection and identification sys-
tems.[6]

3. Clinical Respiratory Features

P. aeruginosa infections of the lower respira-
tory tract can range in severity from only colonisa-
tion (without an immunological response) to a se-
vere necrotising bronchopneumonia. Infection is
seen in patients with CF and other chronic lung
diseases such as non-CF bronchiectasis, severe
chronic obstructive pulmonary disease (COPD)
and also patients in the intensive care unit. In pa-
tients with CF, once P. aeruginosa is established
in the airways it is almost impossible to eradicate.
Historically, more than 60% of these patients are
colonised with P. aeruginosa by adolescence.
However, there is a younger cohort of adult pa-
tients with CF presently leaving paediatric units
with early aggressive therapy policies who do not
develop chronic pseudomonal infection until much
later and only about 30 to 40% of the paediatric
population will have chronic pseudomonal infec-
tion. Over 60% of isolates have a mucoid morphol-
ogy in contrast to those found in other chronic lung
disease.[3]

Patients with non-CF bronchiectasis are more
commonly infected with uncapsulated Haemophilus
influenza, Streptococcus pneumoniae and Moraxella
catarrhalis, but in those with more severe disease
the incidence of non-mucoid and mucoid P. aeru-
ginosa rises. Similarly, in COPD, nosocomial P.
aeruginosa infection is more common in those with
severe disease [forced expiratory volume in 1 sec-
ond (FEV1) predicted <40%] perhaps as a con-
sequence of repeated hospital admissions and mul-
tiple antibacterial therapy for exacerbations.[7]

Pseudomonal pneumonia occurs as a consequence
of oro-pharyngeal contamination (sometimes from
contaminated nebuliser equipment) or secondary to
bacteraemia from an extrapulmonary focus in im-
munocompromised patients, and presents as an
acute toxic illness with high morbidity and mortal-
ity. Complications such as abscess or empyema
formation are not uncommon.

In the intensive care setting, P. aeruginosa is a
common isolate and a cause of nosocomial venti-
lator-associated pneumonia particularly in the im-
munocompromised.[8]
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B. cepacia has a particular predisposition to in-
fect patients with CF and is distinguished from P.
aeruginosa by accelerated lung disease in some pa-
tients.[9] Overwhelming septicaemia and necrotis-
ing pneumonia are well described; such events are
rare with P. aeruginosa. B. cepacia has also been
reported to cause chronic respiratory disease in a
patient with normal lungs following acquisition
from a relation with CF.[10] With the propensity for
cross-infection, segregation policies as means of con-
trolling outbreaks are strongly recommended.[11-13]

Early UK surveillance studies suggested a maxi-
mum prevalence of less than 10% but recent reports
have suggested this has risen with some centres
approaching the 40% described in the US.[14]

4. Antibacterial Therapy

4.1 Antibacterial Types

In the 1950s mortality rates were high for P.
aeruginosa respiratory infection. Colistin (colo-
mycin; polymixin E) was commercially released in
1959 and was the first antibacterial agent with sig-
nificant in vitro activity against P. aeruginosa. The
mechanism of action of polymixins involves inter-
action with the phospholipids of the cell membrane
and disruption of its structure. Unfortunately, clin-
ical efficacy did not match in vitro susceptibility
and adverse effects such as neurotoxicity and neph-
rotoxicity were reported. Later products such as
carbenicillin proved more successful but it was not
long before resistance against this extended-spec-
trum penicillin occurred. Other extended-spectrum
penicillins have been developed for use. These in-
clude carboxypenicillins such as ticarcillin, the
ureidopenicillins, for example, azlocillin, and the
piperazine penicillins, for example, piperacillin.
Ticarcillin is available in conjunction with the β-
lactamase inhibitor clavulanic acid. The pharmaco-
kinetics of both are closely matched and like other
penicillins are excreted via the kidney. Azlocillin
is very active against Pseudomonas spp. and given
parenterally; the half-life (t1⁄2) is 60 minutes and it
is excreted both in urine and bile. Manufacture of
azlocillin has ceased, although stocks do exist around

the world. Piperacillin may also be administered in
conjunction with tazobactam, a potent inhibitor of
many β-lactamases, in particular the plasmid me-
diated enzymes that commonly cause resistance to
penicillins and cephalosporins. Rash, urticaria and
pruritis are common adverse effects, particularly in
patients with CF (up to 30%).[15] Haemolytic anae-
mia, although rare, has also been reported with
piperacillin in patients with CF.[16] The presence of
tazobactam enhances and extends the antibiotic
spectrum of piperacillin.

Ceftazidime, a cephalosporin, is a commonly
used bactericidal agent causing inhibition of cell
wall synthesis. It is highly stable to most clinically
important β-lactamases produced by both Gram-
positive and -negative organisms. It has generally
good activity in vitro and advantages include ease
of parental administration, no requirement for
monitoring drug concentrations, twice daily ad-
ministration if preferred (3 times daily usage in the
US) and low toxicity. It has a serum t1⁄2 of 1.8 hours
in healthy volunteers and is not metabolised but is
excreted unchanged in the urine.

Ciprofloxacin, a fluoroquinolone, has the ad-
vantage over other agents in that an oral prepara-
tion is available. Oral bioavailibility is between 70
to 80% and a t1⁄2 of 5 hours allows twice daily ad-
ministration regimens. Elimination is partly via he-
patic metabolism by cytochrome P450 enzymes,
which are inhibited leading to the potential for drug
interactions. Constant prophylactic therapy is in-
advisable because of a steady increase over time in
the minimum inhibitory concentration (MIC) to P.
aeruginosa.[17] Such constant therapy will eventu-
ally lead to resistance and, hence, we believe this
agent should be used sparingly and for special cir-
cumstances. Unfortunately, however, it is often the
only oral antibiotic effective in patients with CF
with P. aeruginosa respiratory infections. Cipro-
floxacin (MIC90 0.12 to 0.25 mg/L) is twice as ac-
tive against P. aeruginosa than other fluoroquino-
lones such as trovafloxacin (0.25 to 0.5 mg/L),
levofloxacin (0.5 to 1.0 mg/L) and sparfloxacin
(0.5 to 1.0 mg/L), and 4 times as active as ofloxacin
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(1.0 mg/L).[18] The use of trovafloxacin is restricted
because of the risk of severe hepatic toxicity.

Other β-lactam antibiotics include the carba-
penems imipenem and meropenem and the mono-
bactam aztreonam. They were developed to deal
with β-lactamase producing Gram-negative organ-
isms resistant to extended-spectrum penicillins.
Imipenem, like other β-lactam antibiotics, acts on
the synthesis of the cell wall. It is given intrave-
nously and is broken down at the proximal tubule
by a dehydropeptidase; hence it is given in combi-
nation with cilastatin, a specific inhibitor of this
enzyme. Meropenem is similar to imipenem but is
not broken down by dehydropeptidase. Aztreonam
is a simple monocyclic β-lactam with good activity
against Gram-negatives such Pseudomonads but
no action against Gram-positive bacteria.

The aminoglycosides are a group of antibiotics
with a complex chemical structure resembling each
other in antimicrobial, pharmacokinetic character-
istics and toxicity. They include gentamicin, tobra-
mycin and amikacin, and act by inhibiting bacterial
protein synthesis. They are not absorbed in the gas-
trointestinal tract and the serum t1⁄2 is 2 to 3 hours.
Elimination is virtually entirely through glomeru-
lar filtration and care with the dosage should be taken
in patients with renal impairment. Serum concen-
trations are measured just prior intravenous ad-
ministration (trough) and 1 hour after (peak). For
gentamicin and tobramycin, the ideal maximum
trough and peak concentrations to provide a thera-
peutic effect and avoid toxicity are 2 and 10 µg/ml,
respectively (10 and 30 µg/ml for amikacin). Clin-
ical experience with 3 times daily usage suggests
that the trough level above 2 µg/ml is a better
marker of potential toxicity than peak levels. It is
also likely that frequency of aminoglycoside courses
will be found to have an important role in toxicity.
There is increasing interest in once-daily adminis-
tration, which is more convenient than multiple-
dose regimens.[19] Animal studies and clinical tri-
als suggest that once-daily administration is as
efficacious and no more toxic, and indeed such a
regimen is now standard for many patients in the
US. However, there is some reluctance for routine

use in neutropenic patients because of the potential
risk of breakthrough bacteraemia.

Aminoglycosides demonstrate a post-antibiotic
effect where bacteria that survive following expo-
sure may not metabolise normally for up to 8 hours
afterwards despite undetectable drug concentra-
tions. Increasing oxygen tensions are also reported
to augment this post-antibiotic effect. Consequently,
the more traditional approach of maintaining serum
and tissue concentrations above the MICs for as
long as possible may be no more effective than
achieving a higher concentration for a short period.
Despite the possibility of reduced toxicity with
once-daily regimens, serum monitoring particularly
the trough is still necessary. As yet no agreed con-
sensus regarding the timing or the interpretation of
the post-dose sample concentrations has been
reached.

The pharmacokinetics of aminoglycosides, β-
lactams and cephalosporins are altered in patients
with CF. This is a result of increased renal clear-
ance, liver enzyme induction and a larger volume
of distribution due to an increased amount of lean
tissue per kilogram bodyweight (as a consequence
of malnutrition and paucity of adipose tissue).
Larger doses of antibacterials must therefore be
given to optimise therapeutic benefit. Aminoglyco-
side adverse effects such as ototoxicity (high-tone
deafness) are more common than previously thought
(16% in one case series of patients with CF[20]) but
are more common in non-CF related treatment ep-
isodes.[21] Nephrotoxicity requires particular pre-
cautions in ill patients who also are prone to hy-
potension and those who are exposed to other
nephrotoxic drugs such as loop diuretics and ceph-
alosporins. A summary of antibacterial dosages
and adverse effects are given in table I.[22]

4.2 Antibacterial Resistance

The emergence of antibiotic resistance is a con-
cern and there have been numerous testings of clin-
ical P. aeruginosa isolates for susceptibility and
resistance.[5,23,24] Data is available from the UK
(17 000 isolates),[5] Spain (1000 isolates)[23] and
Italy (1000 isolates).[24] Ceftazidime susceptibility
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was lower in the Spanish and Italian studies com-
pared with the UK (85 and 87% vs 93%). The best
susceptibility was for piperacillin/tazobactam of
93% (Spain) closely followed by meropenem 92%
(Spain) and 91% (Italy). Ciprofloxacin susceptibil-
ity was lower at 77% in Spain, 68% in Italy but
90% in the UK. Susceptibility patterns to ceftazi-
dime, ciprofloxacin, gentamicin, imipenem and
piperacillin did not change significantly over the
years between 1986 and 1993. However, B. cepacia
is characterised by in vitro resistance to colistin and

aminoglycosides but less so for ceftazidime com-
pared with P. aeruginosa.[25,26]

4.3 Combination versus Monotherapy

In vitro susceptibility testing offers a biological
rationale for selecting antibacterial agents for the
treatment of infection. However, the correlation of
clinical outcome with in vitro susceptibility is not
always guaranteed and patients infected by organ-
isms resistant to antipseudomonal antibiotics may
not necessarily fare worse; clinical response to an

Table I. Summary of antibacterial dosages and adverse effects for adults and children

Antibacterial agent Dosages Main adverse effects

Ciprofloxacin Adults: IV 400mg bid, oral up to 750mg bid
Children (CF): IV 10 mg/kg tid (max/day 1.2g) or oral
20mg/kg bd (max/day 1.5g)

Generally well tolerated
Possible cartilage damage in children and
arthropathy in children and adults. Sunlight
sensitivity rash

Ticarcillin Adults: 3.2g 6-8 hourly (max 4 hourly)
Adults (CF): 3.2-6.4g 6-8 hourly (max 4 hourly)
Children: 80 mg/kg 6-8 hourly

Similar to other penicillins
In CF: pruritis, urticarial rash and drug fever

Azlocillin Adults: 5g 8 hourly
Children: 75 mg/kg 8 hourly

Similar to other penicillins
In CF: pruritis, urticarial rash and drug fever

Piperacillin Adults: 4g 6 or 8 hourly
Children: 100-300 mg/kg per day in 3 divided doses

Similar to other penicillins
In CF: pruritis, urticarial rash and drug fever

Piperacillin/Tazobactam Adults and children >12 years: 4.5g 8 hourly
Children <12: 90 mg/kg 6 hourly

Similar to other penicillins
In CF: pruritis, urticarial rash and drug fever

Ceftazidime Adults: up to 2g 8 hourly
Children: 30-100 mg/kg/day in 3 divided doses
Adults (CF): 100-150 mg/kg/day up to 3g 8 hourly
Children (CF):100-150 mg/kg/day up to 2g 8 hourly

Generally well tolerated
Occasional urticarial rash

Imipenem Children >40kg and adults: 500-1000mg 6-8 hourly
Children <40kg: 15 mg/kg 6 hourly

Generally well tolerated
Nausea

Meropenem Adults: 1g 8 hourly
Adults (CF): 2g 8 hourly Children 10-20 mg/kg 8 hourly
Children (CF): 25-40 mg/kg 8 hourly

Generally well tolerated

Aztreonam Adults: 1-2g 6-8 hourly
Children: 50 mg/kg 6-8 hourly (max 8 g/day)

Generally well tolerated

Gentamicin Adults: 5 mg/kg/day in 3 divided doses
Children: up to 12 years 2 mg/kg 8 hourly

Ototoxicity, nephrotoxicity, hypomagnesaemia

Tobramycin Adults: 5 mg/kg/day in 3-4 divided doses
Adults (CF): 8-10 mg/kg/day
Children: 6-7.5 mg/kg/day in 3-4 divided doses

Ototoxicity, nephrotoxicity, skin paraesthesia,
muscle twitching and hypomagnesaemia

Amikacin Adults and children: 15mg/kg/day in 2 divided doses As for tobramycin

Colistin (colomycin) Adults inhaled or IV: up to 2 million units 8 hourly
Children up to 60kg: 50 000 units/kg/day 8 hourly

Nephrotoxic, ototoxic, neurotoxic – transient facial
paraesthesia and vertigo, rarely slurred speech,
visual disturbances

bid = twice daily; CF = cystic fibrosis; IV = intravenous; tid = 3 times daily.
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antibacterial regimen is more important than in
vitro sensitivity. The demonstration of in vitro syn-
ergy with combination therapies such as antipseu-
domonal penicillins and aminoglycoside agents,
and the earlier clinical disappointment of gentami-
cin monotherapy and the emergence of resistance
with carbenicillin monotherapy, have prompted
trials of combination therapy. Combination ther-
apy has long been shown to be more effective in
the treatment of tuberculosis and successful in pre-
venting the emergence of the resistance. However,
the occurrence of synergy may be unpredictable
and traditional methods of reporting strains as ‘re-
sistant’ or ‘susceptible’ may be crude.

Susceptibility patterns of 122 isolates of P.
aeruginosa from patients with CF to 5 individual
antibiotics (tobramycin, ceftazidime, piperacillin,
ticarcillin and imipenim) and 4 antibacterial com-
binations (tobramycin with the other 4 agents) were
evaluated.[27] Synergy was demonstrable against
32% strains with tobramycin plus ticarcillin, 31%
with tobramycin plus piperacillin, 39% with tobra-
mycin plus ceftazidime and against 19% with
tobramycin plus imipenem. No combination ex-
hibited antagonism. In vitro activity of aztreonam
combined with tobramycin and with gentamicin
was assessed in 78 clinical isolates of P. aerugin-
osa and 11 clinical isolates of B. cepacia from pa-
tients with CF.[28] Synergy was detected in 56% of
P. aeruginosa isolates and 60% of B. cepacia iso-
lates with the aztreonam plus tobramycin combi-
nation and in 49% of P. aeruginosa isolates and
82% of B. cepacia isolates with the aztreonam plus
gentamicin combination. No antagonism was ob-
served. Monotherapy, particularly with ceftazidime,
has been associated with outbreaks of resistance.
An epidemic of multiresistant P. aeruginosa in
1983 in the Copenhagen Cystic Fibrosis unit was
attributed to the extensive use of ceftazidime.[29]

Similarly and more recently, in Liverpool UK,[30]

65 out of 92 P. aeruginosa isolates (from a total of
120 children) were ceftazidime resistant. By mole-
cular techniques, 55 out of 65 children were shown
to be infected with the same epidemic strain, which
was resistant to azlocillin and imipenem.

The antibacterial practices of 26 physicians in
the UK and Republic of Ireland caring for patients
with CF was assessed in 1993 by a postal question-
naire.[31] Ceftazidime monotherapy was regularly
used by 5 (19%) physicians, although the majority
20 (77%) used combination therapy of a penicillin
with an aminoglycoside. 73% of the physicians used
the latest sputum microbiological susceptibility re-
sults to guide the choice of antibacterial regimen.
In a recent double-blind, randomised controlled
trial, azlocillin plus placebo were compared with
azlocillin plus tobramycin in 76 patients with CF
with P. aeruginosa exacerbations.[32] There was no
difference in clinical outcomes such as spirometry
and sputum bacteriology but combination therapy
did lead to a longer clinical remission (as measured
by time to readmission for a new exacerbation).

A recent trial has compared once daily intrave-
nous tobramycin 15 mg/kg/day with three times
daily intravenous tobramycin in combination ther-
apy with intravenous ceftazidime.[33] Although the
numbers were small (n = 22), there was no differ-
ence in clinical outcome or adverse effects, sugges-
ting that a once daily regimen may be as effective
and well tolerated as a three times daily regimen.
Once daily regimens of other aminoglycosides in-
vestigated in clinical trials include netilmicin[34]

and amikacin (in patients without CF).[35] A large
UK trial based in Nottingham is currently further
investigating the potential advantages of once
daily tobramycin and will have the power to show
equal efficacy and toxicity. A combination of gen-
tamicin plus aztreonam was tested in a multicentre
trial in Florida, USA.[36] Aztreonam 2g 8 hourly
and gentamicin 3 to 5 mg/kg/day in 3 equal doses
was given to 57 patients with CF with P. aeruginosa
infections. The clinical response was 84% and the
combination was generally well tolerated. How-
ever, as with many previous trials, there was no
control group for comparison.

Over the last few years, there has been resur-
gence in the use of intravenous colistin for P. aeru-
ginosa in patients with CF. Despite P. aeruginosa
being fully sensitive to colistin, there has been re-
luctance in the past to use it because of the potential
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risk of neuro- and nephrotoxicity. In one study in
Leeds, UK, of 71 P. aeruginosa exacerbations in
53 patients with CF, intravenous colistin 2 million
units (MU) three times daily was compared with
colistin 2MU three times daily plus another anti-
pseudomonal depending on the latest sputum sus-
ceptibilities.[37] Both treatments were effective in
producing a clinical improvement, although the
combination therapy produced a more rapid and
greater improvement. However, there were 37 ad-
verse neurological events (dizziness, numbness,
tingling, incoordination, unsteadiness and muscle
weakness) in the monotherapy group and a similar
number in the combination group, but only one pa-
tient withdrew from the trial as a consequence. In-
terestingly, at another UK CF unit, no neurotoxic
events were recorded in 52 patients with CF receiv-
ing the same regimen of 2MU three times daily
intravenously.[38] Both cohorts of patients from the
two UK studies were well matched with regard to
gender, FEV1 % predicted and body mass index.
The authors in the second UK study advocate the
more widespread use of colistin.[38]

There have been no double-blind, randomised
controlled trials investigating antibacterial chemo-
therapy for B. cepacia, although an in vitro study
of 66 sputum isolates from patients with CF found
meropenem to have the best MIC90.[39] The same
group found a combination of β-lactam, ciproflox-
acin plus tobramycin to have the best synergistic
effect. The addition of ciprofloxacin significantly
enhanced the killing activities of meropenem. An-
other study looking at 36 isolates of B. cepacia
from blood cultures found 86% of the strains sus-
ceptible to ceftazidime.[40] Susceptibilities above
80% were also shown for ciprofloxacin. 69% of the
strains exhibited a synergistic effect when ceftazi-
dime was combined with ciprofloxacin. We recom-
mend that first line treatment of exacerbations with
both P. aeruginosa and B. cepacia should include
ceftazidime and an aminoglycoside with the con-
sideration of adding ciprofloxacin, particularly at
late stage disease.

Despite the abundance of in vitro trials, results
of in vivo clinical trials are more meaningful. How-

ever, more trials need to be adequately powered to
investigate the possibility of superiority of new an-
tibacterial agents compared with others. No trial
has shown any significant clinical advantage of any
particular combination regimen over another. Most
clinicians rely on the latest microbiological suscep-
tibility as a guide; aminoglycoside (for example,
tobramycin) in combination with a β-lactam peni-
cillin being the most common regimen used. Some
centres such as the Copenhagen group advocate the
regular use (every 3 months) of intravenous ther-
apy to encourage a slower decline in lung func-
tion.[41] However, this must be weighed against the
possibility of selecting for resistant bacteria, fre-
quent hospital admissions and therefore risk of
cross-infection, disruption of lifestyle and risk of
drug sensitisation.

4.4 Desensitisation to Antibacterial Drugs

Occasionally a patient will develop an allergy
to parental antibacterial agents, particularly piperi-
cillin,[42] aztreonam[43] and ceftazidime.[44] Given
the problems of multidrug resistance, desensitisa-
tion to the antibacterial agent may be necessary. In
the case of ceftazidime desensitisation,[44] starting
with a low dose such as 1mg per hour and doubling
the dose every hour by continuous infusion, a rate
of 150 to 300 mg/kg/day was reached. For patients
who tolerated the maximum infusion rate but re-
acted adversely to the bolus doses, the procedure
was restarted and once the normal daily dosage rate
had been achieved, the treatment was completed by
continuous intravenous infusion rather than bolus
doses. Such a regimen allowed 4 patients out of 6
to have further courses of ceftazidime who had pre-
viously exhibited allergic reactions. Similar regi-
mens have been attempted in patients with hyper-
sensitivity reactions to other antibacterials. The
intravenous procedure has the advantage of allow-
ing the antibacterial agent to be diluted to permit
accurate administration of small quantities of drug
with the ability to stop the infusion at the first sign
of a reaction.
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4.5 Home versus Hospital Therapy

There is good evidence that home intravenous
antibacterial therapy for patients with CF is as ef-
fective as hospital therapy.[45,46] Clinical improve-
ments are similar and home treatment provides less
disruption to personal and family, as well as sleep-
ing patterns. Hospital therapy does allow a greater
degree of control of administration of antibacterial
agents but the total cost for hospital treatment in
one study was twice that of home treatment.[46]

4.6 Nebulised Antibacterials

Aerosol delivery of antibiotics via a nebuliser
allows around 10% deposition in the lungs and,
although the concentration of the aerosolised anti-
biotic in the bronchial secretions may not always
achieve bactericidal levels, sublethal concentra-
tions may diminish bacterial virulence factors.

Regular use of aerosolised antibacterial agents
is now common in patients chronically infected
with P. aeruginosa to reduce rate of deterioration.
In an analysis of 12 trials of nebulised antibacteri-
als in patients with CF, the overall conclusion was
that such treatment does reduce the number of hos-
pital admissions with improvement of lung func-
tion.[47] There was no enhancement of clinical ef-
fects when used in conjunction with intravenous
antibacterial therapy for acute exacerbations. It is
recommended to use nebulised agents after phys-
iotherapy and bronchodilators to ensure maximum
deposition and protection from bronchoconstric-
tion that usually occurs immediately after admin-
istration (up to 10% of those using colistin). Colis-
tin, tobramycin and gentamicin are currently the
most commonly prescribed nebulised antibacterial
agents.

Colistin is probably the best first choice as P.
aeruginosa resistance is rare; however, resistance
to B. cepacia is total. Dosages are as follows: co-
listin 2MU 12 hourly, gentamicin 80mg 12 hourly
and tobramycin 80mg 12 hourly. Toxicity studies
carried out have shown no renal or ototoxicity, and
development of resistance is uncommon, although
it may appear occasionally on a temporary basis.

With regard to patient safety, it is recommended
that nebulisers should be cleaned after every use
and no patient should share nebuliser equipment
with others.[48] A recent trial compared the admin-
istration of inhaled tobramycin 300mg twice daily
with placebo twice daily in a total of 520 patients
with CF over a period of 26 weeks, alternating one
month on and one month off treatment.[49] The
tobramycin group had a mean increase of FEV1 of
10% compared to a 2% decline in the placebo
group (p < 0.001). The tobramycin group also had
better bacterial loads (p < 0.001) and were 26% [95%
confidence interval (CI) 2 to 43%] less likely to be
hospitalised compared with placebo. The authors
suggest that concomitant inhaled tobramycin pro-
vides additional benefit in patients with CF. Evidence
of superiority of this regimen over other inhaled
drugs and regimens is not currently available.

Newer technology such as the adaptive aerosol
delivery (AAD) system has been found to have po-
tential advantages over the older traditional nebu-
lisers.[50,51] It is a breath-enhanced nebuliser which
delivers a precise and reproducible drug dose, adapt-
ing to each individual’s breathing pattern and de-
livering aerosol during the first 50% of inspiration
only rather than the traditional method of generat-
ing a continuous aerosol cloud with environmental
contamination. The AAD system will not deliver
aerosol if the patient interrupts treatment because
of, for example, coughing or nasal breathing. As a
result, the nebuliser dose delivered with this sys-
tem may be reduced without a loss of effect; clin-
ical trials are awaited.

Chronic P. aeruginosa infection in patients with
non-CF bronchiectasis should have nebulised anti-
bacterials analogous to the patients with CF in con-
junction with regular postural drainage and intra-
venous antibacterials for acute exacerbations.[52]

This author prefers gentamicin 80mg twice daily,[52]

although few trials have been performed to deter-
mine which nebulised antibiotic may have a better
clinical effect.
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4.7 Delaying Infection with Pseudomonas
aeruginosa in the Lung

Chronic pulmonary infection with P. aeruginosa
develops in most patients with CF and is associated
with deterioration in lung function. Much effort is
directed at treating chronic infection but as chronic
infection is almost impossible to eradicate when
first established, prevention is preferable. A pros-
pective study (n = 26) in Copenhagen[53] found
treatment with colistin inhalation twice daily and
oral ciprofloxacin for 3 weeks every time P. aeru-
ginosa was isolated in patients never treated before
with antipseudomonal agents resulted in fewer
chronic infections than no treatment.

The same Danish group use a ‘3-step protocol’
in all non-infected patients. Step 1 (first isolate P.
aeruginosa): 3 weeks colistin 1MU twice daily plus
ciprofloxacin; step 2 (the following isolate): 3
weeks colistin 2MU three times daily plus cipro-
floxacin; step 3 (third isolate within 6 months): 3
months colistin 2MU three times daily plus cipro-
floxacin. The same group has shown that 3 months
treatment was superior to the 3 weeks treatment in
delaying the time until recurrence of P. aeruginosa
in the sputum. A follow-up study on the patients
treated with such a regimen between 1989 and
1993 was compared with historic controls between
1983 and 1986 and found that early intensive treat-
ment for early P. aeruginosa infection maintained
pulmonary function in addition to postponing the
onset of chronic P. aeruginosa infection (16 vs
72% over 44 months).[54] Latest figures from the
Danish group have shown that with early aggres-
sive antibacterial therapy, the probability of not de-
veloping chronic infection after first isolating P.
aeruginosa in the sputum after 7 years was more
than 80%.[55] Although these data are compelling,
it might be difficult to reproduce these results in
countries that do not reimburse for this intensity of
healthcare, including the full costs of regular clinic
visits with the same set of physicians, the costs of
medications, and the costs of regular assessments
of pulmonary function and sputum culture with
sensitivity testing.

4.8 Antimicrobial Peptides – Potential Future
Antibacterial Agents?

Mammalian epithelial surfaces are remarkable
for their ability to provide critical physiological
functions in the face of frequent microbial chal-
lenges. The fact that these mucosal surfaces remain
infection-free in the normal host suggests that
highly effective mechanisms of host defence have
evolved to protect these environmentally exposed
tissues. Throughout the animal and plant king-
doms, endogenous genetically encoded antimicro-
bial peptides have been shown to be key elements
in the response to epithelial compromise and mi-
crobial invasion. In mammals, a variety of such
peptides have been identified, including the well-
characterised defensins and cathelicidins. A major
source of these host defence molecules is circulating
phagocytic leucocytes. However, more recently, it
has been shown those resident epithelial cells of the
skin and respiratory, alimentary and genitourinary
tracts also synthesise and release antimicrobial
peptides. Both in vitro and in vivo data support the
hypothesis that these molecules are important con-
tributors to intrinsic mucosal immunity. Alter-
ations in their level of expression or biological ac-
tivity can predispose the organism to microbial
infection.[56] Bronchoalveolar lavage fluids from
patients with CF have found significantly lower
levels of antimicrobial peptides than in patients
without CF.[57] In vitro studies of two antimicrobial
peptides have shown useful antibacterial activity
against P. aeruginosa suggesting a potential role
for such agents in the treatment of patients with CF
infected with multidrug-resistant P. aerugin-
osa.[58] More data on antimicrobial peptide agents is
awaited before their potential clinical role is fully
understood.

5. Summary

Antibacterial therapy in patients with chronic
lung disease infected with Pseudomonas spp. aims
to prevent, eradicate and reduce lower respiratory
tract infection and eradicate Pseudomonas spp. if
possible. The clinical condition may deteriorate more
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rapidly after chronic infection becomes established
particularly patients with CF.

Exacerbations are treated with a combination of
aminoglycoside and most commonly a β-lactam;
the choice depending on previous clinical response
with some guidance from identification and sus-
ceptibility of bacteria isolated from the sputum.
Table II describes the antibacterial clinical guide-
lines in place at the authors’ adult CF centre for pa-
tients with established chronic pseudomonal respi-
ratory infection in order of preference. If in vitro
resistance to the antibacterial is shown but clinical
improvement has been demonstrated during pre-
vious courses, the same regimen will be used again.
Such guidelines help preserve antibacterial sensi-
tivity and minimise excessive drug expenditure.

For the maintenance treatment of chronic
pseudomonal infection, there is good evidence, es-
pecially in patients with CF, that nebulised anti-
pseudomonals, particularly aminoglycosides and
colistin, have a role in maintaining respiratory
function. The debate between regular intravenous
therapy and treatment only for exacerbations will
continue until good randomised controlled trials
have directly compared both regimens.
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