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Chronic Pseudomonas aeruginosa airway infections remain
the primary cause of morbidity and mortality in the cystic
fibrosis (CF) population (22). Young children with CF may be
infected as early as 6 months of age, based on cultures of
bronchoalveolar lavage fluid and positive serology (3, 6, 26,
35), and P. aeruginosa becomes chronic in the first decade of
life with pulmonary exacerbations increasing in frequency (10).
Antibiotic therapy, directed by standardized susceptibility testing, has traditionally been used to treat symptomatic CF patients with chronic infection (22, 29). In the setting of pulmonary exacerbation, antipseudomonal therapy, frequently
consisting of a ␤-lactam and an aminoglycoside, may result in
clinical improvement and a decrease in bacterial burden; however, eradication of infection is quite rare.
Despite recommendations for the use of standard susceptibility testing in CF (29), the methods used for this testing were
developed specifically to direct therapy for the treatment of
acute bloodstream and urinary tract infections and have only
been fully validated for these infections. The clinical utility of
standard susceptibility testing in CF has been called into question based on data recently reported by Smith et al. (32). This
is not surprising since CF chronic airway infections differ significantly from acute bloodstream and urinary tract infections;

thus, it seems reasonable that testing strategies should reflect
these differences.
Bacteria in CF airways appear to be very slow growing or
even in stationary phase, are likely to be in an anaerobic or
microaerophilic environment (39), and may even constitute a
biofilm (11, 31). Bacterial biofilms are inherently resistant to
antimicrobial agents, and sessile cells are much less susceptible
than when growing planktonically (18, 20, 34). These findings
are highly reminiscent of CF airway infections (21). Thus, the
inability to eradicate P. aeruginosa chronic infections in CF
may result, in part, from treatment regimens based on susceptibility testing that only poorly reflects the growth state of
bacteria in CF airways. The response to antibiotic exposure of
stationary-phase, microaerophilic bacteria growing as biofilms
in the clinical laboratory may better predict the response of CF
patients to antimicrobial therapy.
The present study was performed to examine the susceptibility of a large number of CF clinical isolates of P. aeruginosa
growing as biofilms and to compare these results with standard
MIC determinations. Evidence of in vitro antibiofilm activity
and of different susceptibility patterns by the two methods
would support further examination of the clinical utility of
biofilm susceptibility testing in CF.
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Center, 4800 Sand Point Way, NE, Seattle, WA 98105-0371. Phone:
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.org.

Bacterial strains. P. aeruginosa isolates (n ⫽ 94) were studied from 41 patients
of the Cystic Fibrosis Center at Children’s Hospital and Regional Medical
Center, in Seattle, Wash. Approval for the study was obtained from the Institutional Review Board. The subjects met the following eligibility criteria: a diag-
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Pseudomonas aeruginosa is the predominant cause of chronic airway infection in cystic fibrosis (CF). CF
airway isolates are often tested for antibiotic susceptibility but are rarely eradicated by the antibiotics
identified as potentially effective. The growth state of P. aeruginosa in CF airways is probably different from that
exhibited under conventional susceptibility testing conditions and may represent a bacterial biofilm. Biofilm
susceptibility testing methods were adapted to create an assay for implementation in a clinical microbiology
laboratory. This assay gave reproducible results when examined in 300 paired determinations with 12 antimicrobial agents, with a serious error rate of 5.7%. The biofilm assay was used retrospectively to test these 12
agents against 94 isolates from 41 CF patients. The biofilm inhibitory concentrations (BICs) were much higher
than the corresponding conventionally determined MICs for the ␤-lactam antibiotics (median values: aztreonam, >128 g/ml versus 4 g/ml; ceftazidime, 128 g/ml versus 2 g/ml; piperacillin-tazobactam, 256 g/ml
versus 4 g/ml; and ticarcillin-clavulanate, 512 g/ml versus 16 g/ml, respectively) and doxycycline (>64
g/ml versus 16 g/ml); and similar for meropenem (4 g/ml versus < 1 g/ml), ciprofloxacin (0.5 g/ml
versus 1 g/ml), and the aminoglycosides amikacin (32 g/ml versus 16 g/ml), gentamicin (16 g/ml versus
8 g/ml), and tobramycin (4 g/ml versus 2 g/ml). The median BIC for azithromycin was 2 g/ml, whereas
isolates were uniformly resistant when tested by standard methods. This demonstrates the feasibility of
adapting biofilm susceptibility methods to the clinical microbiology laboratory and opens the way to examining
whether biofilm testing might be used to select more effective antibiotic combinations for CF airway infections
than methods in current use.
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nosis of CF; age of ⱖ 6 years; maximum forced expiratory volume in 1 s of ⱕ 90%
predicted during the 12 months prior to culture; density of most abundant isolate
of P. aeruginosa in sputum of ⱖ 105 CFU/g of sputum; and no history of
Burkholderia cepacia airway infection. Multiple colonial morphotypes were obtained from a single sputum sample from each subject at clinical baseline as part
of routine CF care, cultured quantitatively by standard clinical microbiological
methods (5), and stored at ⫺80°C. Only those isolates with a density ⱖ 1% that
of the most abundant morphotype were tested, with a mean of 2.3 isolates per
patient (range, 1 to 5) meeting this criterion. Strains used for quality control of
antibiotic panels included strains ATCC 29212, ATCC 29213, and ATCC 25922
from the American Type Culture Collection.
Chemicals and bacterial media. Bacterial strains were grown in minimal broth
medium (M63) with 1 mM MgSO4 and 0.4% (wt/vol) arginine or in cationadjusted Mueller-Hinton broth (CAMHB) with or without 0.4% arginine. Antibiotics were pharmaceutical grade.
Biofilm susceptibility assay. Biofilm assays were generally performed as previously described (1, 9, 34), with variations introduced and tested at key steps to
make the procedure more compatible with routine clinical microbiology laboratory practices. In addition, more established biofilms were encouraged through
longer incubation periods, and specific modifications were implemented to accommodate the standard work cycle in a clinical microbiology laboratory, such as
longer antibiotic exposures and automated reading of bacterial densities with a
standard microtiter plate reader.
Isolates were passed twice on tryptic soy agar with 5% sheep blood after
retrieval from ⫺80°C storage and then grown overnight in CAMHB or minimal
medium. After dilution of this culture to 0.5 McFarland in broth medium, 100 l
was transferred to all but the negative control wells of a flat-bottom 96-well
microtiter plate (catalog no. 269787; Nalgene Nunc International, Rochester,
N.Y.). Bacterial biofilms were formed by immersing the pegs of a modified
polystyrene microtiter lid (catalog no. 445497; Nunc TSP system) into this biofilm
growth plate (Fig. 1), followed by incubation at 37°C for 20 h with either rocking
at 20Hz or no movement.
Peg lids were rinsed three times in sterile water, placed onto flat-bottom
microtiter plates containing antibiotic twofold dilutions in 100 l of CAMHB per
well (antibiotic challenge plate), and incubated for 18 to 20 h at 37°C. Twelve
antibiotics with known clinical efficacy in P. aeruginosa -infected CF patients were
tested against all isolates (Table 1, group 1). Nine additional antibiotics were
selected that are not commonly used in the United States for the treatment of P.
aeruginosa in CF (Table 1, group 2). The group 2 agents were tested against a
subset of 20 strains.
After antibiotic incubation, peg lids were again rinsed three times in sterile
water and placed into antibiotic-free CAMHB in a flat-bottom microtiter plate
(biofilm recovery plate, Fig. 1). To transfer biofilms from pegs to wells, each plate
was sonicated at room temperature for 5 min (using a Bransonic 220; Branson
Co., Shelton, Conn.) or centrifuged at 805 ⫻ g for 20 min. (Relatively low

centrifugation speeds were used because microtiter plates tended to fracture at
higher speeds, e.g., 1,811 ⫻ g.) The peg lid was discarded and replaced by a
standard lid. The optical density at 650 nm (OD650) was measured on a microtiter plate colorimeter (Spectramax 190 Gemini ELISA plate reader; Molecular
Devices Corp., Sunnyvale, Calif.) before and after incubation at 37°C for 6 h.
Adequate biofilm growth for the positive control wells was defined as a mean
OD650 difference (OD650 at 6 h minus the OD650 at 0 h) that is ⱖ 0.05. The
biofilm inhibitory concentrations (BICs) were defined as the lowest concentra-

TABLE 1. Antibiotics tested
Antibiotic (no. of strains tested)

Group 1 agents (94)
Amikacin
Azithromycin
Aztreonam
Ceftazidime
Ciprofloxacin
Clarithromycin
Doxycycline
Gentamicin
Meropenem
Piperacillin-tazobactamb
Ticarcillin-clavulanateb
Tobramycin
Group 2 agents (20)
Cefepime
Cefoxitin
Chloramphenicol
Clindamycin
Colistin
Levofloxacin
Rifampin
Trimethoprim-sulfamethoxazolec
Vancomycin
a

Concn range (g/ml)
BIC test

4–256
0.5–32
2–128
2–128
0.25–16
0.5–32
1–64
1–64
1–64
16–512
16–512
1–64
1–256
0.25–64
1–256
0.0625–16
0.5–128
0.25–64
0.125–32
0.25–64
0.5–128

MIC test

0.5–128
NAa
1–128
0.5–64
0.12–8
NA
0.25–32
1–64
0.5–32
0.5–1024
2–4096
1–512
0.5–64
0.25–64
2–64
0.0625–16
0.5–128
0.25–64
0.125–32
0.25–64
0.5–128

NA, not available. MIC testing was not performed.
For standard susceptibility testing (MIC) of the ␤-lactam and ␤-lactamase
inhibitor combinations, only the ␤-lactam (without inhibitor) was tested. However, the MIC values should predict results for the combination.
c
Concentration represents the sulfamethoxazole component.
b
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FIG. 1. Biofilm susceptibility assay. See the text for details.
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tions of drug that resulted in an OD650 difference at or below 10% of the mean
of two positive control well readings. The 10% cutoff represents a 1-log10 difference in growth after 6 h of incubation.
The final assay conditions used for large-scale analysis of isolates, selected
based on results of pilot experiments, were (i) overnight growth in CAMHB, (ii)
dilution in CAMHB with 0.4% arginine, (iii) stationary overnight incubation of
the growth plate, and (iv) transfer to the recovery plate by centrifugation.
Biofilm growth assays. To assess the adequacy of growth, mature biofilms
grown on pegs in the biofilm growth plates were rinsed, placed in a 0.1% (wt/vol)
crystal violet solution for 15 min, rinsed again, and dried for several hours. To
solubilize adsorbed crystal violet, pegs with stained biofilms were incubated in
95% ethanol (150 l per well of a flat-bottom microtiter plate) for 15 min. The
absorbance was read at 590 nm on a plate reader as described above. Alternatively, to determine CFU, pegs with mature biofilms were rinsed, placed into
CAMHB with 0.1% Triton X-100 (100 l per well of a flat-bottom microtiter
plate), and sonicated for 5 min. Bacterial dilutions from each well were plated for
enumeration. For experiments comparing alternative methods of transferring
biofilms from pegs to media, peg lids with mature biofilms were placed onto
flat-bottom 96-well plates with 100 l of CAMHB in each well and either
sonicated for 5 min or centrifuged at 805 ⫻ g for 20 min, followed by quantitation
as described above.
Standard susceptibility assay. MICs of the group 1 drugs indicated in Table 1
were determined for each isolate during clinical testing by using the semiautomated broth microdilution Sensititre System (AccuMed, Westlake, Ohio) (5).
MICs of the group 2 drugs were determined in parallel with biofilm testing.
Data analysis. Twelve P. aeruginosa isolates were tested in replicate (n ⫽ 8) to
evaluate variations in biofilm assay conditions. For comparisons of two conditions, differences were evaluated by paired t test of mean replicate measurements. For comparisons of more than two conditions, repeated measures regression methods with robust variance estimates were used, followed by Wald tests
to assess differences between pairs of conditions.
In order to assess reproducibility, biofilm assays were performed in duplicate
with 25 isolates from 10 patients with the 12 group 1 antibiotics for a total of 300
possible paired determinations. The results of each pair of determinations were
compared to determine interassay reproducibility (7, 8). “Serious errors” were
defined as those that would result in misclassification of a resistant isolate as
susceptible or vice versa, whereas “minor errors” were defined as those that
would result in misclassification of an intermediate isolate as susceptible or
resistant (18). For comparison of BIC and MIC results, the respective 50th
percentile values (BIC50 and MIC50) and 90th percentile values (BIC90 and
MIC90) were calculated, and ranges were compared.

RESULTS
Assay development. In order to adapt previous biofilm assay
methods to the clinical laboratory, as well as to mimic conditions in the CF lung more closely, several modifications of
these methods were tested. Twelve CF P. aeruginosa isolates
were used for this testing, six of which were mucoid.
To test the effect of growth medium on biofilm formation,
biofilms were grown on pegs for 20 h in three different medium
formulations. A minimal medium broth supplemented with
0.4% arginine (which P. aeruginosa can utilize as an a terminal
electron acceptor under hypoxic conditions) was compared to
CAMHB (the NCCLS-approved medium for susceptibility
testing). As shown in Fig. 2, CAMHB or CAMHB with 0.4%
arginine resulted in more luxuriant biofilm growth than with
minimal medium for the majority of isolates tested.
Biofilms are often grown in the presence of shear stress. In
CF, the mucus rheological properties and mucociliary clearance are markedly altered. Thus, the extent to which biofilms
in CF airways are exposed to shear forces is not known. To test
the effect of shear stress on biofilm growth in this assay system,
the formation of biofilms grown without movement of the
surrounding medium was compared to those exposed to rocking at 20 Hz. Biofilm growth in CAMHB under each of these
conditions was quantified by crystal violet staining. Incubation
of the growth plates without motion consistently resulted in
comparable growth compared to incubation in the presence of
shear stress (Fig. 3).
Several susceptibility protocols call for removing biofilms
from the pegs by sonication for 5 min (9, 34). Although this
removal method is effective, it is relatively impractical in the
clinical laboratory setting, where multiple isolates must be processed simultaneously; most bath sonicators can only hold two
plates, and it is possible that the water from the bath might
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FIG. 2. Effect of media on biofilm growth. Biofilms of 12 P. aeruginosa CF isolates were grown on pegs in three different media (M63 minimal
medium plus 0.4% arginine, gray bars; CAMHB, solid bars; and CAMHB plus 0.4% arginine, open bars) and stained with crystal violet. Bars
represent the mean OD590 values, and error bars represent the standard deviations. Isolates 1 to 6 were nonmucoid, and isolates 7 to 12 were
mucoid, with eight replicates tested per isolate. The P values from pairwise comparisons included the following (unadjusted for multiple
comparisons): CAMHB versus minimal (P ⫽ 0.02), CAMHB plus arginine versus minimal (P ⫽ 0.04), and CAMHB versus CAMHB plus arginine
(P ⫽ 0.63).
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enter and contaminate the plates. Thus, we evaluated centrifugation at 805 ⫻ g for 20 min as an alternative method of
biofilm removal. Initially, these removal methods were compared by crystal violet staining of biofilm material remaining
on pegs after processing. Centrifugation and sonication left
comparable amounts on the pegs (results not shown). To examine this further, the two methods were compared quantitatively by counting CFU in recovery wells. Centrifugation at 805
⫻ g for 20 min and sonication for 5 min gave similar results
(Fig. 4) in that both methods were reproducible, with little
variability. However, the mean CFU/well was 0.6 log10 lower
for centrifugation compared to sonication. Whether this difference in bacterial recovery could translate to altered biofilm
susceptibility and thus to altered drug selection in the clinical
setting is unknown.
To determine whether the removal method affects susceptibility results, a P. aeruginosa quality control strain was tested.
Comparison of BIC values for 12 antibiotics against strain
ATCC 27853 by each removal method demonstrated that 11 of
12 pairs of values were within one twofold dilution, and seven
pairs were identical. The twelfth pair of values, for mero-

penem, was within two twofold dilutions, and both were consistent with susceptibility of the strain, based on NCCLS breakpoints (19).
In addition to an assessment of the effects of antibiotic
exposure, the adequacy of biofilm formation was examined in
the growth plates. Nonantibiotic exposed pegs were used as
growth controls. Bacteria were centrifuged from pegs after
antibiotic exposure and washing and growth over 6 h determined by OD650. The range of OD650 differences in the nonantibiotic growth controls was 0 to 0.3547 (mean, 0.1394), with
74% of isolates above the cutoff for adequate biofilm growth
(0.05).
Reproducibility of BIC testing. To determine reproducibility, the biofilm susceptibilities to the 12 group 1 agents were
determined in duplicate for 25 isolates from nine of the subjects. Interpretable data were obtained for 260 of 300 isolateantibiotic pairs; data for the remaining pairs was not available
due to out-of-range values for quality control strains (n ⫽ 12
pairs, all with ticarcillin-clavulanate) or uninterpretable results
for one of the pair (n ⫽ 28 pairs). The reproducibility for each
pair of BIC determinations and the NCCLS-defined error rates

FIG. 4. Comparison of sonication versus centrifugation. Quantification of bacteria removed from the pegs by sonication for 5 min (solid bars)
and centrifugation for 20 min at 805 ⫻ g (gray bars), with the same set of 12 isolates examined in Fig. 3. Each value represents the mean log10
CFU/peg and standard deviation of eight replicates of each isolate. On average, the density was 0.6 log10 higher with sonication than with
centrifugation (P ⫽ 0.0001). The 95% confidence interval for the log10 difference in density was 0.4 to 0.8.
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FIG. 3. Comparison of sheer stress versus static culture. P. aeruginosa biofilms of 12 isolates were grown under sheer stress (solid bars) and
statically (gray bars), and bacteria on pegs were stained with crystal violet. Each value represents the mean OD590 and standard deviation of eight
replicates of each isolate (P ⫽ 0.07).
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TABLE 2. Error rates by duplicate assay discordance for group
1 agents
Antibiotic (no. of strains)a

Total (260)

Serious errors

Minor errors

23 (96)
21 (84)
17 (94)
18 (78)
19 (83)
20 (91)
22 (100)
21 (91)
13 (59)
16 (80)
12 (92)
25 (100)

1 (4.2)
2 (8.0)
0
2 (8.7)
0
0
0
1 (4.3)
4 (18.1)
5 (20.0)
0
0

4 (16.6)
1 (4.0)
0
3 (13.0)
1 (4.3)
1 (4.5)
0
7 (30.4)
3 (13.6)
NAb
NA
4 (16.0)

227 (87)

15 (5.7)

24 (9.2)

a

A total of 25 strains were tested for each agent (possible 300 paired determinations).
b
NA, not applicable. There is no intermediate category for ticarcillin-clavulanate and piperacillin-tazobactam; thus, all errors are serious.

were determined (Table 2). Overall, 87% of the paired BIC
values were within two dilutions of each other, with the most
reproducible results for doxycycline and tobramycin (100%)
and the lowest results for meropenem (59%). No serious errors
were identified for aztreonam, ciprofloxacin, clarithromycin,
doxycycline, ticarcillin-clavulanate, and tobramycin. The highest percentages of serious errors were for piperacillin-tazobactam (20.0%) and meropenem (18.2%). The serious error rate
for all agents was 5.7% overall.
Comparison of MIC and BIC values. BICs for the 12 group
1 antibiotics were determined for 94 clinical isolates of P.
aeruginosa from 41 patients with CF by biofilm testing. Table 3
presents the MIC50, MIC90, BIC50, and BIC90 for these isolates. Percentile-based MIC and BIC values were similar for
some drugs (amikacin, ciprofloxacin, and tobramycin), whereas
other drugs had BIC percentiles that were somewhat higher
than their MIC percentiles (gentamicin and meropenem). The
␤-lactam antibiotics (aztreonam, ceftazidime, piperacillin-ta-

zobactam, and ticarcillin-clavulanate) and doxycycline had BIC
percentiles much higher than their MICs. For two drugs
(azithromycin and clarithromycin), no MICs were available
because P. aeruginosa are uniformly considered to be resistant
in standard susceptibility testing. However, azithromycin appeared quite active against P. aeruginosa biofilms under these
assay conditions.
In addition to testing the antibiofilm activity of 12 agents
that are widely used in the United States for the treatment of
CF-associated P. aeruginosa airway infections (group 1 agents),
9 additional antimicrobial agents (group 2 agents) were tested
against a subset of isolates (n ⫽ 20). This included antibiotics
that lack conventional activity against P. aeruginosa but that
might have antibiofilm effects (e.g., anaerobic agents), as well
as antipseudomonal antibiotics that are not commonly used
either because of their recent introduction to clinical practice
(e.g., cefepime) or toxicity (e.g., chloramphenicol and colistin).
Of these, only levofloxacin displayed significant antibiofilm
activity (Table 4) comparable to that of ciprofloxacin.
Cefepime displayed antipseudomonal activity in the conventional MIC assay, as expected, but like the other ␤-lactam
antibiotics tested, displayed generally poor antibiofilm activity.
Colistin also displayed conventional antipseudomonal activity
but not significant antibiofilm activity, although this may have
been due to inoculum size differences between the methods, an
effect to which colistin susceptibility testing is sensitive.
DISCUSSION
We have utilized a previously developed technique to evaluate biofilm susceptibility testing of CF clinical isolates (1, 9,
34). Some of the growth and testing conditions that are used in
antibiotic susceptibility assays deliberately reflect in vivo conditions during human infection, whereas other aspects of these
methods reflect practical considerations or are purely arbitrary. Recognizing that many aspects of existing methods are
arbitrary, we adapted the published methods to (i) reflect conditions in the CF lung more accurately and (ii) facilitate performance in a clinical laboratory setting. These methodological
modifications appear to affect the results of the test only min-

TABLE 3. Comparison of biofilm and standard susceptibility testing of P. aeruginosa isolates for group 1 agents
Concn (g/ml)
Antibiotic (no. of strains)

a

Amikacin (90)
Azithromycin (90)
Aztreonam (85)
Ceftazidime (88)
Ciprofloxacin (90)
Clarithromycin (90)
Doxycycline (86)
Gentamicin (90)
Meropenem (87)
Piperacillin-tazobactamb (85)
Ticarcillin-clavulanateb (72)
Tobramycin (92)
a

BIC

MIC

BIC50

BIC90

Range

MIC50

MIC90

32
2
⬎128
128
0.5
32
⬎64
16
4
256
512
4

256
32
⬎128
⬎128
4
⬎32
⬎64
⬎64
64
⬎512
⬎512
32

4–⬎256
ⱕ0.5–⬎32
ⱕ2–⬎128
ⱕ2–⬎128
⬍0.25–⬎16
ⱕ0.5–⬎32
ⱕ1–⬎64
ⱕ1–⬎64
ⱕ1–⬎64
ⱕ16–⬎512
ⱕ16–⬎512
ⱕ1–⬎64

16
NA
4
2
1
NA
16
8
ⱕ1
4
16
2

128
NA
32
16
4
NA
32
⬎32
8
128
256
32

Range

ⱕ0.5–⬎128
NA
ⱕ2–⬎64
ⱕ0.5–512
ⱕ0.25–16
NA
ⱕ1–⬎32
ⱕ1–⬎32
ⱕ1–16
ⱕ1–1,024
ⱕ2–⬎4,096
ⱕ0.25–⬎512

A total of 94 strains were tested.
For standard susceptibility testing (MIC) of the ␤-lactam and ␤-lactamase inhibitor combinations, only the ␤-lactam (without inhibitor) was tested. However, the
MIC values should predict results for the combination.
b
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Amikacin (24)
Azithromycin (25)
Aztreonam (18)
Ceftazidime (23)
Ciprofloxacin (23)
Clarithromycin (22)
Doxycycline (22)
Gentamicin (23)
Meropenem (22)
Piperacillin-tazobactam (20)
Ticarcillin-clavulanate (13)
Tobramycin (25)

No. (%)
⫾2 dilutions
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TABLE 4. Comparison of biofilm and standard susceptibility testing results for group 2 agents
Drug (no. of strains)a

BIC50 (g/ml)

BIC range (g/ml)

MIC50 (g/ml)

MIC range (g/ml)

Cefepime (20)
Cefoxitin (18)
Chloramphenicol (19)
Clindamycin (20)
Colistin (18)
Levofloxacin (20)
Rifampin (14)
Trimethoprim-sulfamethoxazoleb (18)
Vancomycin (18)

⬎256
⬎64
⬎256
⬎16
128
4
16
⬎64
⬎128

8–⬎256
32–⬎64
2–⬎256
⬎16
8–⬎128
ⱕ0.25–32
4–⬎32
8–⬎64
128–⬎128

8
⬎64
⬎256
⬎16
ⱕ0.5
2
8
32
⬎128

ⱕ1–⬎256
64–⬎64
32–⬎256
16–⬎16
ⱕ0.5–8
ⱕ0.25–16
0.5–16
2–⬎64
128–⬎128

a
b

A total of 20 strains were tested.
The concentrations represent the sulfamethoxazole component of the drug.

standard in vitro susceptibility testing. With recent reports of
biofilm formation in CF airway infections (11, 17, 31, 39), these
data raise the possibility that current antimicrobial regimens
based on standard susceptibility testing may result in suboptimal drug combinations. This may explain the failure of treatment regimens based upon standard susceptibility testing to
eradicate P. aeruginosa from CF airways. Studies of young
patients with CF who have recent acquisition of P. aeruginosa
and of older patients with non-CF bronchiectasis have shown
evidence of eradication (4, 13, 14, 24, 37). In contrast, although
antibiotic therapy may improve clinical status and reduce bacterial burden by up to 2 log10 in older CF patients (23, 25, 33),
efforts to eradicate P. aeruginosa in the setting of more established CF airway infections have generally failed. Among a
group of CF patients with chronic persistent P. aeruginosa
infection, 28 days of tobramycin inhalation decreased the geometric mean bacterial density by only 1.9 log10 CFU/g (23).
A tendency toward biofilm formation in chronic CF airway
infection may also contribute to this difference in eradicability.
Biofilm formation has been demonstrated in CF patients with
chronic P. aeruginosa infection (31), and P. aeruginosa biofilm
properties, including antibiotic resistance, have been correlated with mucoidy (15). This association is more likely related
to shared regulatory control (36) than to involvement of alginate itself in biofilm formation (40). Both mucoidy and biofilm
formation are associated with chronic but not transient P.
aeruginosa infection of CF airways, since only 17% of CF
patients have mucoid isolates in the first 3 years of life (6),
whereas up to 94% of older patients may have them (5).
In contrast to the finding that many drugs with good activity
in conventional testing did not have antibiofilm activity, at least
one agent, azithromycin, appeared much more active against
biofilm-grown P. aeruginosa. This has previously been reported
in non-CF isolates (16). The antibiofilm activity of azithromycin is particularly significant in the face of recent reports of the
clinical efficacy of azithromycin in CF patients with P. aeruginosa infection (12, 27, 38).
Although antibiotic susceptibility testing is recommended
for CF isolates of P. aeruginosa (29) and special techniques are
advised (7, 8), there are no prospective data to demonstrate
the clinical efficacy of using the results to direct patient care. A
recent retrospective analysis of data from the placebo group
from the phase III clinical trials of inhaled tobramycin suggests
the lack of utility of standard testing (32). In that study, 76 of
the 262 patients in the placebo arm experienced a pulmonary
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imally and, importantly, improve its acceptability in the clinical
microbiology laboratory.
Validation of the reproducibility of the modified methodology, as well as determination of NCCLS-defined error rates,
was deemed important in considering this assay as a potential
clinical test. The concordance between duplicate determinations and the observed error rates for BIC testing was similar
to that previously reported for standard methods. The totals of
5.7% serious errors and 9.2% minor errors are within an acceptable range when viewed in light of our previous examination of susceptibility testing methods in CF isolates of P. aeruginosa (8). Also, as previously reported for MIC testing, the
greatest numbers of serious errors for BIC testing were seen
with ␤-lactam antibiotics, and the greatest numbers of minor
errors with the aminoglycosides. Of particular note, some of
the serious errors represented a difference of only two twofold
dilutions.
No predominant pattern of P. aeruginosa CF biofilm susceptibility emerged among the 94 isolates tested. The ranges of
BIC values for most drugs were broad, and it was not possible
to select a single best antibiofilm agent or combination of
agents based on biofilm susceptibility testing of this group of
isolates. This indicates that the optimal combination of antibiofilm agents must be determined through antibiotic susceptibility testing of individual isolates. This is similar to the results reported for synergy testing, where it is not possible to
predict the most active combinations by studying populations
of organisms (28).
Studies of biofilm susceptibility testing have been performed
on a small scale for years, with reports of increased clinical
activity of drugs known to have activity against biofilms in both
in vitro and in vivo models compared to standard therapy.
Infections on indwelling devices such as intravenous, urinary,
and peritoneal dialysis catheters and endotracheal tubes are
perhaps the best studied (2, 30). In these studies, both standard
antibiotics delivered at higher doses and agents not previously
described as having antibacterial activity have been demonstrated to be effective against biofilms. In addition, there are
numerous anecdotes of patients responding to therapy based
on either direct biofilm susceptibility testing or extrapolated
from in vitro testing of different drug classes (Howard Ceri,
University of Calgary [unpublished data]).
Biofilm susceptibility testing of nearly 100 P. aeruginosa
strains from individuals with CF demonstrated diminished activity of several antipseudomonal antibiotics, compared to
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