ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Aug. 1989, p. 1368-1372

0066-4804/89/081368-05$02.00/0
Copyright © 1989, American Society for Microbiology

Vol. 33, No. 8

Cross-Resistance of Pseudomonas aeruginosa to Ciprofloxacin,

Extended-Spectrum B-Lactams, and Aminoglycosides and
Susceptibility to Antibiotic Combinations

ANTHONY W. CHOW,* JUSTINA WONG, KAREN H. BARTLETT, STEPHEN D. SHAFRAN, AND
H. GRANT STIVER

Division of Infectious Disease, Department of Medicine, University of British Columbia and Vancouver General Hospital,

Vancouver, British Columbia, Canada V5Z I1M9
Received 31 January 1989/Accepted 25 May 1989

The susceptibilities of 270 clinical isolates of Pseudomonas aeruginosa from diverse sources (82 burn patients,
76 cystic fibrosis [CF] patients, and 112 other sources) to ciprofloxacin and three other quinolones, nine
extended-spectrum beta-lactams, and three aminoglycosides were determined by an agar dilution method in
cation-suppleménted Mueller-Hinton medium. Ciprofloxacin, ceftazidime, imipenem, and aztreonam were the
most active. MICs for burn isolates were consistently higher than those for other isolates for most antibiotics,
whereas those for CF strains were consistently lower. Multidrug resistance to aminoglycosides and beta-
lactams occurred in 21% of the burn isolates, 2.6% of the CF isolates, and 8.9% of the other isolates. Ninety
percent of these strains remained susceptible to ciprofioxacin. Seven percent of the isolates were resistant to
ciprofloxacin (MIC, =2 pg/ml). Concurrent resistance to ciprofioxacin and beta-lactams or aminoglycosides
was rare (1.8 to 4%). Analysis by Spearman rank correlation revealed a high degree of correlation of MICs
among antibiotics within the same class, except for imipenem. An inoculum effect was observed for all
antibiotics between 10° and 10* CFU (P < 0.05), with those for piperacillin and cefoperazone being the most
pronounced (16-fold and 8-fold differences, respectively), and was least apparent for the quinolones,
aminoglycosides, imipenem, and aztreonam (twofold differences). Selected strains for which there were high
MICs of ciprofloxacin (=1 pg/ml) were tested against ciprofloxacin in combination with other agents in a
checkerboard agar dilution assay. Synergistic (summated fractional inhibitory concentration, <0.5) interac-
tions at clinically achievable concentrations were most frequent with mezlocillin (33 %), piperacillin (21%), and
cefoperazone (17 %), less frequent with ceftazidime and imipenem (12% each), and infrequent with cefsulodin
(7.6%), aztreonam (3.7%), and the aminoglycosides (3.7%). Antagonism (summated fractional inhibitory

concentration, =4) was observed in only one instance (with gentamicin).

Ciprofloxacin, a DNA gyrase inhibitor, is among the most
active fluoroquinolones, with broad-spectrum activity in
vitro against both gram-positive and gram-negative bacteria
(7, 12, 29). Its activity against Pseudomonas aeruginosa,
however, is less consistent, and resistance has been encoun-
tered, particularly during therapy (2, 11, 22, 23). In this
study, we examined the in vitro activity of ciprofloxacin by
an agar dilution method against 270 clinical isolates of P.
aeruginosa from various sources, including isolates from
cystic fibrosis (CF) patients and burn wound isolates with
multidrug resistance. Comparative activity and cross-resis-
tance were determined with three other quinolones, nine
antipseudomonal beta-lactams, and three aminoglycosides.
The potential effects of inoculum density on their in vitro
activities were also compared. Finally, selected strains with
high MICs of ciprofloxacin were tested for possible synergy
of ciprofloxacin in combination with other agents by a
checkerboard agar dilution technique. Demonstration of
synergistic activity in vitro with these antimicrobial combi-
nations may suggest useful therapeutic regimens for multi-
drug-resistant P. aeruginosa infections and for preventing
the emergence of resistance during therapy.

MATERIALS AND METHODS

Organisms. A total of 270 P. aeruginosa isolates obtained
from patients of Vancouver General Hospital were identified

* Corresponding author.

1368

by standard techniques. Multiple isolates from the same
patient were excluded. Eighty-two and 76 isolates were from
burn and CF patients, respectively. The other 112 isolates
were from wound specimens (30 isolates), urine (27 isolates),
blood (19 isolates), sputum (19 isolates), and miscellaneous
sources (17 isolates). Twenty-seven isolates for which there
were high MICs of ciprofloxacin (MIC, =1 pg/ml; MIC for
90% of the isolates, 4 ug/ml) were selected for combination
studies. A reference strain, P. aeruginosa ATCC 27853, was
included in each experiment to assure reproducibility.

Susceptibility testing. Antibiotic powders for susceptibility
testing were kindly supplied by the respective pharmaceuti-
cal manufacturers. The MIC of each antimicrobial agent was
determined by the standard agar dilution method described
by Barry (1), using inocula of 10* and 10° CFU. Inocula were
prepared from an overnight broth culture of the test organ-
ism in Trypticase soy broth (BBL Microbiology Systems,
Cockeysville, Md.), either undiluted (10° CFU/ml) or ad-
justed to a 0.5 McFarland standard and diluted 1:20 with
saline (107 CFU per ml). A Steers replicator was used to
deliver 0.0025 ml of inoculum onto the surface of Mueller-
Hinton agar (BBL) supplemented with calcium (50 mg/liter)
and magnesium (25 mg/liter) and containing twofold serial
dilutions of the test antibiotics. Plates without antibiotics
served as controls. All plates were incubated for 24 h at
37°C. The MIC was considered the lowest concentration of
antibiotic which permitted no visible growth.

Combination studies. Combinations of ciprofloxacin with
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TABLE 1. Comparative susceptibilities of P. aeruginosa from different clinical sources to quinolones,
extended-spectrum beta-lactams, and aminoglycosides

MIC (pg/ml) with inoculum of 10* CFU“

Median ratio”

(270 isolates).

Antibiotic Burn (82) CF (76) Other (112) Total (270) MIC (10° CFU)
50% 90% S0% 90% s0% 90% s0% 90% MIC (10* CFU)
Ciprofloxacin 0.5 1¢ 0.5 2 0.5 1 0.5 1 2
Norfloxacin 2 4 1 44 1 4 1 4 2
Difloxacin 4 8¢ 2 4 2 8 4 8 4
A-56620 2 2 0.5 4 1 2 1 4 2
Ceftazidime 2 64 2 44 2 32 2 32 4
Cefoperazone 8 =128 4 16¢ 8 128 8 =128 8
Cefsulodin 4 64¢ 2 8¢ 4 32 4 32 4
Piperacillin 8 512¢ 4 16¢ 8 64 8 128 16
Ticarcillin 32 256 16 64 32 256 32 256 3
Carbenicillin 64 256 32 2564 64 256 64 256 2
Imipenem 8 32 8 32 8 64 8 32 2
S-34343 =128 =128 =128 =128¢ =128 =128 =128 =128
Aztreonam 8 64 2 164 4 32 4 32 2
Gentamicin =400 =400 6.2 12.5¢ 6.2 50 12.5 =400 2
Tobramycin 100 =400 3.1 6.2¢ 3.1 12.5 3.1 =400 2
Amikacin 25 100¢ 12.5 25¢ 12.5 S0 12.5 50 4

“ The number of isolates is shown in parentheses. 50% and 90%. MIC for 50 and 90% of the isolates. respectively.

» MICs with inoculum of 10° CFU were significantly higher than with 10* CFU (P < 0.05, Wilcoxon signed rank test. two tailed) for all agents tested except
S-34343, for which the ratio could not be accurately determined since most strains were highly resistant to this antibiotic at either inoculum.

< Significantly higher by rank sum test (P < 0.05 [two tailed]) compared with value for **Other™" isolates.

< Significantly lower by rank sum test (P < 0.05 [two tailed]) compared with value for **Other" isolates.

seven extended-spectrum beta-lactams (imipenem, aztreo-
nam, piperacillin, mezlocillin, ceftazidime, cefoperazone,
and cefsulodin) and three aminoglycosides (gentamicin, to-
bramycin, and amikacin) were examined by a two-dimen-
sional checkerboard agar dilution method as previously
described (10). Briefly, twofold serial dilutions of antibiotics
were prepared to give an initial concentration of four times
the MICs of the respective antibiotics alone as determined in
individual susceptibility testing. Combinations of antibiotics
were added, with drug A diluted along the abscissa and drug
B diluted along the ordinate. Thus, for a given range of
dilutions every possible combination of drug concentrations
was achieved. Plates were incubated with 10° CFU per
inoculum and read as described above.

In the evaluation of combination effects, the ratio of the
MIC of one antibiotic in the combination to the MIC of that
antibiotic used alone, termed the fractional inhibitory con-
centration (FIC), was calculated for each antibiotic in each
combination, and the FICs were then summated (2FIC).
Synergy and antagonism were defined as a minimum 2FIC of
=0.5 and a maximum XFIC of >4.0, respectively. Interac-
tion indices were noted, particularly if they occurred at
antibiotic concentrations that can be readily achieved in
serum clinically.

Statistical methods. Comparison of MICs between dif-
ferent groups of isolates was by the rank sum test (two
tailed). The effect of inoculum density with 10° versus 10°
CFU was examined by the Wilcoxon signed rank test (two
tailed). Cross-resistance to antibiotic pairs was determined
by Spearman rank correlations with correction for ties as
described by Hollander and Wolfe (20).

RESULTS

The in vitro susceptibilities of 270 P. aeruginosa strains to
ciprofloxacin and 15 other antimicrobial agents tested singly
are given in Table 1. The MICs for the reference strain were

all within the expected ranges for each antibiotic and did not
vary more than one twofold dilution in 10 separate experi-
ments. Overall, the most potent agents were the quinolones,
among which ciprofloxacin was the most active and diflox-
acin was the least active. Among the extended-spectrum
beta-lactams, imipenem, aztreonam, ceftazidime, and cefsu-
lodin were the most active agents. The penem S-34343 was
inactive against these isolates. Not surprisingly, amikacin
was the most active agent among the aminoglycosides.
Isolates from burn wounds and from CF patients were
separately analyzed (Table 1). The MICs for burn isolates
were consistently higher than for other isolates for all
antibiotics except ceftazidime, cefoperazone, ticaricillin,
carbenicillin, imipenem, and S-34343 (P < 0.05, rank sum
test, two tailed). Similarly, CF isolates were consistently
more sensitive than other isolates to all antibiotics except
ciprofloxacin, A-56620, and imipenem (P < 0.05, rank sum
test). The MICs of all antibiotics were significantly higher
when tested with an inoculum of 10° CFU than with an
inoculum of 10* CFU (P < 0.05, Wilcoxon signed rank test,
two tailed). However, the effect of inoculum density was
most prominent for piperacillin and cefoperazone (16-fold
and 8-fold differences, respectively), intermediate for diflox-
acin, ceftazidime, cefsulodin, ticarcillin, and amikacin
(three- to fourfold differences), and least apparent for cipro-
floxacin, norfloxacin, A-56620, imipenem, aztreonam, car-
benicillin, gentamicin, and tobramycin (twofold differences)
(Table 1). The inoculum effect for S-34343 could not be
accurately determined since most strains were highly resis-
tant at either inoculum density.

The relationships between different antibiotic pairs with
respect to their activities against the 270 P. aeruginosa
isolates were examined by Spearman rank correlation (Table
2). The higher the values of the correlation coefficients (r)
between the MICs of drug pairs, the higher the probability of
cross-resistance or cross-susceptibility. There was a positive
correlation between all 120 possible drug combinations.
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TABLE 2. Coefficients of correlation for the MICs of antibiotic pairs against 270 isolates of P. aeruginosa

Spearman correlation coefficient (r)?

Antibiotic?
CFX NFX DFX A20 GTM TBM AMK CTZ CFP CSL PCL TCL CCL AZT S43
NFX 0.71
DFX 0.63 0.76
A20 0.69 0.74 0.59
GTM 0.30 0.40 0.33 0.37
TBM 0.23 0.34 0.28 0.31 0.89
AMK 0.30 0.43 0.35 0.36 0.81 0.81
CTZ 0.21 0.29 0.29 0.20 0.38 0.37 0.40
CFP 0.28 0.39 0.39 0.32 0.46 0.45 0.47 0.74
CSL 0.26 0.32 0.38 0.23 0.40 0.40 0.39 0.73 0.73
PCL 0.23 0.32 0.34 0.21 0.54 0.53 0.48 0.62 0.72 0.73
TCL 0.18 0.34 0.35 0.17 0.35 0.37 0.37 0.65 0.75 0.78 0.73
CCL 0.19 0.37 0.37 0.23 0.36 0.36 0.34 0.65 0.74 0.80 0.74 0.88
AZT 0.24 0.39 0.39 0.25 0.36 0.35 0.38 0.78 0.73 0.75 0.61 0.74 0.76
S43 0.19 0.37 0.36 0.17 0.30 0.29 0.22 0.24 0.40 0.35 0.48 0.44 0.45 0.40
IMP 0.02 0.05 0.03 0.07 0.08 0.13 0.23 0.20 0.17 0.10 0.01 0.08 0.09 0.14 0.19

@ Abbreviations: CFX, ciprofloxacin; NFX, norfloxacin; DFX, difloxacin; A20, A-56620; GTM, gentamicin; TBM, tobramycin; AMK, amikacin; CTZ,
ceftazidime; CFP, cefoperazone; CSL, cefsulodin; PCL, piperacillin; TCL, ticarcillin; CCL, carbenicillin; AZT, aztreonam; S43, S-34343; IMP, imipenem.
b r = (.16, significant with P'< 0.01 (two tailed); r = 0.20, significant with P < 0.001. The correlation coefficients of those antibiotic combinations with r =

0.5 are indicated in boldface type.

Only 11 of the 120 correlation coefficients showed values less
than 0.16 (all in imipenem combinations) and therefore were
not statistically significant at the 1% level (P < 0.01). In
general, high correlation coefficients were observed among
agents within the same antibiotic class (i.e., quinolones,
aminoglycosides, or beta-lactams). There was a high degree
of intercorrelation among the penicillins, cephalosporins,
and aztreonam (r = 0.5) but not the penems (Table 2).
Piperacillin also demonstrated moderate correlation with
gentamicin and tobramycin (r = 0.5). Ciprofloxacin corre-
lated poorly with the beta-lactams or aminoglycosides. Imi-
penem demonstrated the least correlation with all other
agents tested.

Twenty-nine of the 270 isolates were found to be resistant
to both gentamicin (MIC, =6 pg/ml) and piperacillin (MIC,
=128 ng/ml) and were separately analyzed (Table 3). These
included 17 of 82 (21%) burn isolates, 2 of 76 (2.6%) CF
isolates, and 10 of 112 (8.9%) other isolates. In addition to
gentamicin and piperacillin, these strains were also fre-
quently resistant to other agents, including extended-spec-
trum cephalosporins and other aminoglycosides. However,
90% of these isolates remained susceptible to ciprofloxacin
and to A-56620.

Twenty of the 270 isolates were resistant to ciprofloxacin
(MIC, =2 pg/ml) (Table 3). They included S of 82 (6%) burn
isolates, 9 of 76 (12%) CF isolates, and 6 of 112 (5.3%) other
isolates. The majority of these strains (=80%) remained
susceptible to ceftazidime, cefoperazone, cefsulodin, piper-
acillin, and aztreonam. Only 60% were susceptible to imi-
penem. ‘

Twenty-seven isolates for which there were relatively high
MIC:s of ciprofloxacin (MIC for 90% of the isolates, 4 ug/ml)
were selected for combination studies with ciprofloxacin
(Table 4). Synergistic interactions (minimum 2FIC, =0.5) at
clinically achievable concentrations were most frequent with
mezlocillin (33%), piperacillin (21%), and cefoperazone
(17%), less frequent with ceftazidime and imipenem (12%
each), and infrequent with cefsulodin (7.6%), aztreonam
(3.7%), and the aminoglycosides (3.7%). Antagonism (max-
imum 2FIC, =4) was rare, occurring only with gentamicin
and one isolate.

DISCUSSION

The in vitro susceptibility of P. aeruginosa reported
herein is in general agreement with results obtained by other
investigators and demonstrates the excellent antipseudo-
monal activity of ciprofloxacin, as well as of ceftazidime,
imipenem, and aztreonam (3, 7, 11-13, 22, 23, 25, 28, 29).
Our data are unique in that a relatively large number of
clinical isolates were tested and results were analyzed ac-
cording to the patient population from which they were
isolated, including burn wound and CF patients. These data
also demonstrate the frequency of multidrug resistance of P.
aeruginosa isolates from our burn unit. Importantly, these
isolates remained susceptible to ciprofloxacin, although the
MICs of this agent were also significantly higher than those

TABLE 3. Susceptibilities of selected strains of P. aeruginosa
resistant to gentamicin and piperacillin or to ciprofloxacin

Strains resistant to:

Break- Gentamicin and Ciprofloxacin
Antibiotic point piperacillin (n = 29) (n =20)
(pg/mi) - -
MICyy“ % Susceptible MICy, % Susceptible
(pg/ml)  at breakpoint (ug/ml) at breakpoint

Ciprofloxacin 1 1 90 4 0
Norfloxacin 4 4 86 16 45
Difloxacin 4 8 38 32 40
A-56620 2 2 90 4 25
Ceftazidime 32 =128 27 128 80
Cefoperazone 32 =128 7 32 90
Cefsulodin 32 =128 38 128 85
Piperacillin 64 >500 0 =500 85
Ticarcillin 64 >500 17 500 70
Carbenicillin 64 >500 3 500 55
Imipenem 16 32 59 64 60
S-34343 16 =128 0 =128 10
Aztreonam 16 =128 17 128 80
Gentamicin 6 =400 0 100 40
Tobramycin 6 =400 17 100 75
Amikacin 25 100 38 100 75

“ MICyy, MIC for 90% of the isolates.
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TABLE 4. Ciprofloxacin interactions with other antibiotics
against 27 strains of P. aeruginosa

No. of isolates with:

No. of
Antibiotic isolates SFIC = 0.5 SFIC = 4

tested (synergistic) (antagonistic)
Mezlocillin 24 8 (8)" 0
Piperacillin 24 5(5) 0
Cefoperazone 24 44 0
Ceftazidime 24 40) 0
Imipenem 24 30 0
Cefsulodin 26 3@ 0
Aztreonam 27 11 0
Gentamicin 27 2 1
Amikacin 27 1) 0
Tobramycin 26 1@ 0

“ Shown in parentheses are the numbers of isolates which demonstrated
synergy at clinically achievable concentrations of the antibiotic combinations
(for breakpoints, see Table 3; the breakpoint for mezlocillin was 64 pg/ml).

for non-burn isolates. CF isolates remained highly suscepti-
ble to ciprofloxacin, as was reported by Klinger and Aronoff
(22) and Bosso et al. (3). Interestingly, in contrast to other
agents tested, no significant difference in MICs of ciproflox-
acin was noted in our study between CF and non-CF
isolates.

Using cation-supplemented Mueller-Hinton agar, we dem-
onstrated a significant effect of inoculum density on the
MIC:s for all agents tested, although this was less apparent
for the quinolones, aminoglycosides, imipenem, and aztreo-
nam than for other beta-lactam agents. The inoculum effect
was most prominent for piperacillin and cefoperazone. Eng
et al. (14) reported similar findings and described three
groups of antipseudomonal agents according to their inocu-
lum effect and antibacterial activity: group I antibiotics
(typified by piperacillin and cefoperazone) demonstrated the
largest inoculum effect, were poorly bactericidal, and pro-
duced aberrant, elongated bacilli during antibiotic exposure;
group II antibiotics (typified by ceftazidime and ticarcillin)
demonstrated moderate inoculum effect, were slowly bacte-
ricidal, and caused minimal formation of aberrant, elongated
bacilli; and group III antibiotics (typified by imipenem and
tobramycin) were bactericidal and did not cause the forma-
tion of elongated bacilli and regrowth. Our data suggest that
quinolones, particularly ciprofloxacin, belong in the group
III category of antibiotics against P. aeruginosa.

It has been reported by several investigators that the
cation concentration and type of medium used for suscepti-
bility testing greatly influence the in vitro activities of the
quinolones, aminoglycosides, and extended-spectrum beta-
lactams against P. aeruginosa (9, 15, 19, 30). We supple-
mented the test medium in our studies since the lot of
Mueller-Hinton agar we used was low in calcium and mag-
nesium and required supplementation to attain physiologic
concentrations (calcium, 2.25 to 2.75 mM; magnesium, 0.75
to 1.25 nM). We believe that it is prudent to routinely
determine the calcium and magnesium concentrations of the
medium to be used to appropriately assess the need for
supplementation, since variation in media between lots and
from different manufacturers is not uncommon (26).

The occurrence of cross-resistance or concurrent resis-
tance of P. aeruginosa to related or unrelated antibiotics has
not been studied extensively. Without identifying the mech-
anisms of resistance, it is impossible to determine whether
true cross-resistance to two agents is present. Our analysis
by the Spearman rank correlation technique indicates a high
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degree of correlation among antibiotics within the same class
(i.e., quinolones, extended-spectrum beta-lactams, or ami-
noglycosides) and suggests that cross-resistance to these
agents might be present. Multidrug resistance to gentamicin
and piperacillin, as well as to tobramycin, aztreonam, and
extended-spectrum cephalosporins, was found in approxi-
mately 10% of our isolates. Importantly, these strains re-
mained susceptible to ciprofloxacin. Coresistance to cipro-
floxacin and aminoglycosides (1.8 to 4% of strains),
imipenem (3%), or other extended-spectrum beta-lactams
(0.7 to 4%) was observed infrequently. Multidrug resistance
involving ciprofloxacin, imipenem, ceftazidime, and amino-
glycosides was not found. Selection of multidrug resistance
to quinolones, beta-lactams, and aminoglycosides is being
increasingly recognized among nosocomial pathogens (27).
These data underscore the need to examine carefully the
frequency with which resistance to any new antibiotic de-
velops, as well as the patterns of multidrug resistance which
may occur simultaneously. Such determinations are partic-
ularly important in areas of high selection pressure due to
intensive antimicrobial use, such as burn and intensive care
units, and among CF patients.

Since 7% of our strains were resistant to ciprofloxacin and
multidrug resistance to aminoglycosides and extended-spec-
trum beta-lactams was not infrequent, the activity of cipro-
floxacin in combination with other agents was of particular
interest. Synergy was most frequent with mezlocillin (33%)
and piperacillin (21%), moderately frequent with cefopera-
zone, ceftazidime, and imipenem (12 to 16%), and least
frequent with aztreonam and aminoglycosides (3.7%). Sim-
ilar data have been obtained by other investigators using
either the checkerboard microdilution technique or the time-
kill curve method (4, 5, 8, 16-18, 21, 24). In addition to
synergistic interactions of ciprofloxacin with mezlocillin and
piperacillin, frequent synergistic interactions of ciproflox-
acin with azlocillin against P. aeruginosa have been noted by
other workers both in vitro and in vivo (21, 24). The
mechanism(s) responsible for the enhanced activity of these
agents in combination are presently unknown. Several in-
vestigators have pointed out the relative lack of agreement
between the checkerboard and time-kill curve techniques in
demonstrating antimicrobial synergy against pseudomonads
(6, 18, 24). These differences could be due to variations in
media, including divalent cation content, or to the selection
and regrowth of aberrant forms of P. aeruginosa, which can
be more readily demonstrated in broth during the time-kill
assay than in an agar medium. Nevertheless, the in vitro data
demonstrating synergistic but not antagonistic interactions
with ciprofloxacin combinations suggest that these agents
may prove useful for the management of multidrug-resistant
P. aeruginosa infections. Combination therapy with cipro-
floxacin may also deter the emergence of resistance, as has
been demonstrated in earlier studies (23). The clinical rele-
vance of these observations, however, must await careful
evaluation of controlled therapeutic trials in vivo.
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