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Ticarcillin and clavulanic acid in combination were tested against 40 Pseudomonas aeruginosa isolates
resistant to ticarcillin by disk diffusion. A total of 21 isolates (53%) were susceptible to ticarcillin-clavulanate
by disk diffusion, under currently recommended criteria for ticarcilin susceptibility. Macro-broth dilution
tests (ticarcillin plus clavulanic acid, 2 ,ug/ml) confirmed susceptibility (MIC <64 4g/ml) of only 8 (38%) of 21
isolates. Time-kill studies of disk diffusion susceptible isolates indicated 2 log10 or greater killing of most isolates
at 6 h in broth containing ticarcillin (64 ,ig/ml) combined with clavulanic acid (1, 2, 5, or 10 ,ug/ml). After 6
h, regrowth was common in all concentrations of clavulanic acid except 10 ,ug/ml. Regrowth populations were
resistant to ticarcillin-clavulanate by MIC determination. Poor bactericidal activity of ticarcillin-clavulanate
against ticarcillin-resistant P. aeruginosa was confirmed, as most isolates did not undergo 99.9% or greater
killing at 24 h in all concentrations of clavulanic acid. Serotype 0-11 was our most common serotype and was
associated with disk diffusion "pseudosusceptibility." Concomitant disk diffusion testing of ticarcillin-
clavulanate and ticarcillin is recommended for testing the susceptibility of P. aeruginosa to ticarcillin-
clavulanate by disk diffusion. P. aeruginosa isolates resistant to ticarcillin should as a rule be considered also
resistant to ticarcillin-clavulanate, despite apparent susceptibility by disk diffusion.

Clavulanic acid, by virtue of its irreversible inhibition of
Richmond type II, III, IV, and V P-lactamases (18, 22), has
broadened the spectrum of activity of ticarcillin to include
many otherwise resistant strains of Staphylococcus aureus,
the family Enterobacteriaceae, and Bacteroides spp. (2, 6-8,
11, 15, 19). Against ticarcillin-susceptible Pseudomonas
aeruginosa, ticarcillin-clavulanate in combination has activ-
ity in vitro like that of ticarcillin alone (2, 6, 8, 11, 15).
Against ticarcillin-resistant P. aeruginosa, the activity of
this combination has been less thoroughly studied, often
with conflicting results. Some investigators have reported
that most ticarcillin-resistant P. aeruginosa strains are re-
sistant to ticarcillin-clavulanate by broth dilution MICs (19),
while others have found that the antipseudomonal activity of
the combination is superior to that of ticarcillin alone by disk
diffusion (T. Fosse, E.. Dupont, A. Rousset-Rouviere, D.
Darmuzey, M. David, and F. Duluc, Abstr. 14th Int. Congr.
Chemother. S-12-3, p. 119, 1985) or agar dilution MIC (14; R.
Morisset, E.-Toma, M. Poisson, D. Phaneuf, and C. Vega,
Proc. Conjoint Meet. Infect. Dis., Vancouver; no. 54, 1984).
Systematic correlations of disk diffusion, broth dilution, and
time-kill susceptibilities of ticarcillin-resistant P. aeruginosa
to ticarcillin-clavulanate have not been reported previously.
By disk diffusion testing, 21 (53%) of 40 ticarcillin-

resistant P. aeruginosa isolates from our medical center
were susceptible to ticarcillin-clavulanate, under currently
recommended criteria for ticarcillin-susceptible isolates (12).
Because of the apparently high proportion of ticarcillin-
clavulanate susceptibility, we undertook to corroborate disk
diffusion results by in vitro broth susceptibility tests. Addi-
tionally, we sought to determine whether ticarcillin-
clavulanate susceptibility among ticarcillin-resistant isolates
was serotype dependent.

* Corresponding author.

MATERIALS AND METHODS

Bacterial isolates. Initially, 65 P. aeruginosa clinical iso-
lates from Nashville Veterans Administration Medical Cen-
ter, either frozen or lyophilized from, 1979 to 1984, were
reconstituted, grown in broth, plated, and screened for
ticarcillin resistance by disk diffusion testing. Of these, 21
were ticarcilin resistant (inhibition zone, <12 mm). One
ticarcillin-resistant isolate from 1973 was also included.
Similarly, 7 current (1985) ticarcillin-resistant isolates frozen
by the Vanderbilt Hospital Microbiology Laboratory and 9
more current ticarcillin-resistant isolates from Nashville
Veterans Administration Medical Center from June to Au-
gust 1985 were tested, for a total of 40 isolates. All isolates,
except one, were ticarcillin resistant by disk diffusion; one
isolate with an intermediate inhibition zone (12.5 mm) and a
ticarcillin MIC of 128 .Wg/ml was also included.

Disk diffusion susceptibility tests. Disk diffusion suscepti-
bility was evaluated by the method of the National Commit-
tee for Clinical Laboratory Standards with rapid inoculum
preparation modification (3). Isolates were grown on sheep
erythrocyte agar for 18 to 24 h at 35°C. Five morphologically
similar colonies were picked from the plates and suspended
in 0.9% NaCl solution (saline) to equal a 0.5 McFarland
barium sulfate turbidity standard. This bacterial suspension
was repeatedly confirmed to contain approximately 109
CFU/ml as follows. A 0.5-ml sample of a 1:1,000 dilution in
saline of this bacterial suspension was serially diluted 10-
fold. A 0.01-ml sample from each dilution was cultured on
sheep erythrocyte agar plates. After 18 to 24 h of incubation
at 35C, the number of colonies on plates was multiplied by
the appropriate dilution to verify that bacterial suspensions
did indeed contain 1 x 109 ± 0.5 x 101 CFU/ml.

Within 5 min of preparation, the inoculum was evenly
spread over Mueller-Hinton agar plates by a sterile swab and
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TABLE 1. Ticarcillin and ticarcillin-clavulanate MICs for ticarcillin-resistant P. aeruginosa determined
by ticarcillin-clavulanate disk diffusion

Ticarcillin-clavulanate Cumulative % inhibited at a concn (p.g/ml) of:
disk diffusion category Antibiotic 32 64 128 256 512 .-512

Susceptiblea Ticarcillin 0 5 24 29 48 100
Ticarcillin-clavulanate 10 38 67 71 76 100

Resistantb Ticarcillin 0 25 63 75 81 100
Ticarcillin-clavulanate 0 31 81 88 88 100

an = 21.
b n = 16.

left undisturbed for about 10 min. Disks (supplied by
Beecham Laboratories, Bristol, Tenn.) containing ticarcillin
(75 ,ug), either alone or in combination with clavulanic acid
(10 ,ug), were placed on a single plate, and the zones of
inhibition were measured after 18 to 24 h at 35°C. Ticarcillin
and ticarcillin-clavulanate disk potencies were verified with
P. aeruginosa ATCC 27853 and Escherichia coli ATCC
35218. Disk diffusion susceptibility tests were run in dupli-
cate, and. mean inhibition zones were calculated. Results
were readily reproducible with all isolates. Isolates with
inhibition zones of <12 mm were considered resistant; those
with inhibition zones of .15 mm were designated suscepti-
ble.
Macro-broth dilution tests. The macro-broth dilution MIC

was determined for 37 of 40 ticarcillin-resistant isolates; 3
failed to grow for retesting. Organisms were grown to log
phase (4 to 6 h) at 35°C in Mueller-Hinton broth supple-
mented with 25 mg of magnesium and 50 mg of calcium per
liter. The resultant bacterial suspension was adjusted with
broth to 0.5 McFarland standard turbidity. Repeated assay
of these suspensions indicated approximately 109 CFU/ml,
as described above. This initial suspension was further
diluted 1:1,000, to yield approximately 106 CFU/ml. Twofold
serial dilutions of ticarcillin, starting with 512 ug/nml, were
employed, adding clavulanic acid in a fixed final concentra-
tion of 2 ,ug/ml when determining ticarcillin-clavulanate
MICs, as previously recommended (11). Diluted antibiotic
(0.5 ml) was combined with an equal volume of the working
bacterial suspension (106 CFU/ml) to yield a final inoculum
of approximately 5 x 10- CFU/ml. Ticarcillin and ticarcillin-
clavulanate broth dilution tests were run simultaneously.
The MIC, which was defined as the lowest concentration of
ticarcillin inhibiting visible growth of the organisms, was
read after 18 to 24 h of incubation at 35°C. The MIC was
redetermined for all isolates susceptible to ticarcillin-
clavulanate by disk diffusion with good reproducibility of
results. For six isolates in which the two MICs differed by
one tube dilution, the higher MIC was arbitrarily selected.
One isolate yielded greater than a twofold difference in
MICs; a third MIC was determined with the final MIC based
on the two closest values. An MIC of -64-,g/ml for
ticarcillin (with or without clavulanic acid) was defined as
susceptible.

Time-kill studies. To assess bactericidal activity of ticar-
cillin-clavulanate against ticarcillin-resistant P. aeruginosa,
time-kill studies were performed on all 21 isolates suscepti-
ble to ticarcillin-clavulanate by disk diffusion. Inocula were
prepared by the methods described above. At zero time,
ticarcillin (64 jxg/ml) in broth was added to glass tubes either
alone or in combination with 1, 2, 5, or 10 ,ug of clavulanic
acid per ml, which at these concentrations has no activity by
itself against P. aeruginosa (18). Tubes containing bacterial

suspension with or without 10 ,ug of clavulanic acid per ml
served as controls. The final volume in each tube was 5 ml.
Tubes were incubated at 35°C with continuous agitation by
using a blood culture bottle shaker (New Brunswick Scien-
tific Co., Inc., Edison, N.J.) to prevent regrowth of suscep-
tible organisms caused by poor mixing with antimicrobial
agents (13). At 0, 6, and 24 h, 0.5-ml samples from each tube
were serially diluted 10-fold in 4.5 ml of sterile 0.9% NaCl
solution (saline). The viable bacterial count was determined
by culturing 0.01-ml samples from bacterial broth and saline
tubes on blood agar and multiplying the resulting colony
count by appropriate dilution. Also at 6 h, a duplicate
ticarcillin-clavulanate (2 ,xg/ml) tube received an additional 2
,ug of clavulanic acid per ml, and the viable cell count was
determined similarly at 24 h. Regrowth was defined as 2 logl0
or greater reduction in viable cell count at 6 h, followed by
growth resulting in 24-h viable cell counts similar to those of
controls.

Serotyping. A total of 17 0 antisera based on the Interna-
tional Antigenic Typing Scheme for P. aeruginosa (5) were
purchased from Difco Laboratories (Detroit, Mich.). Sero-
typing was performed on all isolates by the method of
Brokopp and Farmer (5).

Statistical analysis. Statistical analysis was by the chi-
square test of significance. P values of <0.05 were consid-
ered significant.

RESULTS

Of 40 ticarcillin-resistant P. aeruginosa isolates, 21 (53%)
were susceptible to ticarcillin-clavulanate by disk diffusion.
The distribution of ticarcillin and ticarcillin-clavulanate
MICs in each disk diffusion susceptibility category is shown
in Table 1. Of disk diffusion susceptible isolates, 38% had
ticarcillin-clavulanate MICs of <64 ,ug/ml, resulting in a
false-susceptibility rate of 62% for ticarcillin-clavulanate
disk diffusion testing.

Time-kill results with the 21 isolates susceptible to ticar-
cillin-clavulanate by disk diffusion are indicated in Table 2.
At 6 h, most strains underwent 2 log10 or greater killing by all
concentrations of clavulanic acid in the presence of ticarcil-
lin. However, at 24 h, only 10, 19, and 38% of isolates
showed persistent killing in the presence of 1, 2, and 5 ,ug of
clavulanic acid per ml, respectively. Persistent bactericidal
activity at 24 h prevailed only when 10 ,ug of clavulanic acid
per ml was combined with ticarcillin. Regrowth was. evident
in l9% of isolates in ticarcillin-clavulanate (10 ,ug/ml) but as
frequently as 76% in ticarcillin-clavulanate (2 ,zg/ml). A
decrease of -3 log10 in bacterial cell count (.99.9% killing)
at 24 h occurred in only 29% of isolates, even at higher
clavulanic acid concentrations of 5 and 10 ,ug/ml. Clavulanic
acid (2 ,ug/ml) added at 6 h to duplicate ticarcillin-clavulanate
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(2 ,ug/ml) tubes conferred no significant advantage in 24-h
killing over ticarcillin-clavulanate (2 ,ug/ml) alone. Ticarcillin
(64 ,g/ml) or clavulanic acid (10 ,ug/ml) alone was not
bactericidal in time-kill studies.
To assess the emergence of more resistant subpopulations

of bacteria, ticarcillin-clavulanate MIC determinations for all
21 isolates were repeated on randomly selected colonies
persisting after a 24-h exposure to ticarcillin and clavulanic
acid. A total of 19 isolates were retested after the 24-h
exposure to ticarcillin-clavulanate (5 p.g/ml), and 2 isolates
were retested after 24-h exposure to ticarcillin-clavulanate (1
or 2 ,ug/ml) because of complete killing of these 2 isolates at
24 h with higher concentrations of clavulanic acid in the
presence of ticarcillin. Of the 21 isolates retested after 24-h
exposure to ticarcillin-clavulanate, 14 also demonstrated
regrowth, with the remaining isolates either showing growth
at 6 h (1 isolate) or .2 logl0 killing at 24 h (6 isolates). All 21
isolates that recovered from 24-h time-kill studies were
resistant to ticarcillin-clavulanate (MIC .128 p.g/ml), with 16
(76%) having MICs of -512 ,ug/ml. Of the 14 regrowth
populations tested, 10 (71%) had MICs of .512 ,ug/ml. All
eight isolates previously susceptible to ticarcillin clavulanate
by MIC before time-kill studies became resistant after 24-h
exposure to ticarcillin-clavulanate, with six (75%) demon-
strating a fourfold or greater increase in MIC.

Serotyping of our ticarcillin-resistant P. aeruginosa iso-
lates revealed that 19 of 38 isolates (50%) belonged to
serotype 0-11. A total of 14 of 21 (67%) disk diffusion
ticarcillin-clavulanate isolates were serotype 0-11, while
only 5 of 16 isolates (29%) in the disk diffusion resistant
category belonged to this serotype; this difference nearly
reached statistical significance (X = 3.83, P = 0.05). The
distribution of other serotypes did not differ significantly
between the ticarcillin-clavulanate-susceptible and -resistant
isolates.

DISCUSSION
Approximately 15 to 20% of all P. aeruginosa isolates

from Nashville Veterans Administration Medical Center and
Vanderbilt University Medical Center are resistant to ticar-
cillin by disk diffusion criteria, as in other centers (2, 20).
More than half of these isolates appeared susceptible to
ticarcillin-clavulanate by disk diffusion. Thus, we sought to
further evaluate the degree of correlation of this test with
macro-broth dilution MIC and time-kill studies. Knowledge
of this correlation might be particularly important in centers

TABLE 2. Bactericidal activity of ticarcillin (64 ,ug/ml) plus
graded concentrations of clavulanic acid in time-kill studies of 21
P. aeruginosa isolates resistant to ticarcillin but susceptible to

ticarcillin-clavulanate by disk diffusion

Clavulanic No. of strains (%)
acid .2 loglo .2 loglo Showing .3 loglo
concn CFU killed CFU killed regrowtha at CFU killed
(,ug/ml) at 6 h at 24 h 24 h at 24 h

0 0 0 0 0
1 14 (67) 2 (10) 12 (57) 1 (5)
2 20 (95) 4 (19) 16 (76) 3 (14)
5 20 (95) 8 (38) 12 (57) 6 (29)

10 20 (95) 16 (76) 4 (19) 6 (29)
2 + 2b 7 (33) 3 (14)
a Isolates with .2 log1o CFU killed at 6 h, followed by growth resulting in

24-h viable cell counts similar to those of controls.
b Additional clavulanic acid (2 Lg/ml) added to duplicate ticarcillin-

clavulanate tubes (2 ,ug/ml) at 6 h.

such as ours where ticarcillin-resistant P. aeruginosa strains
are common and ticarcillin-clavulante disk diffusion testing
of P. aeruginosa is contemplated.
Our data strongly suggested that disk diffusion testing of

ticarcillin-resistant P. aeruginosa overestimates susceptibil-
ity of these isolates to ticarcillin-clavulanate as measured by
broth MIC and time-kill studies. Although more than half of
our ticarcillin-resistant isolates initially appeared susceptible
to ticarcillin-clavulanate by disk diffusion, we found a very
high false-susceptibility rate of 62% by MIC. Poor bacteri-
cidal activity of the combination drug against ticarcillin-
resistant P. aeruginosa isolates was confirmed by time-kill
studies in which only 14% of disk diffusion-susceptible
isolates demonstrated 99.9% or greater killing at 24 h by
ticarcillin (64 ,ug/ml) combined with clavulanic acid (2
,xg/ml). Even in the presence of higher concentrations of
clavulanic acid (5 and 10 ,ug/ml), effective killing occurred in
only 29% of isolates. Despite frequent 2 log10 or greater
killing at 6 h of ticarcillin combined with various concentra-
tions of clavulanic acid, regrowth and rapid emergence of
isolates with high-level resistance to ticarcillin-clavulanate
after 24-h exposure to this drug combination were common.
Although it is possible that higher clavulanic acid concentra-
tions (>10 ,ug/ml) might have conferred better bactericidal
activity in the presence of ticarcillin in time-kill studies, such
concentrations probably have less clinical relevance since
clavulanic acid levels of >5 ,ug/ml are obtained in blood only
during the first 1 h of ticarcillin-clavulanate infusion (3 and
0.2 g, respectively), and not at all in blister fluid (4).
Although the mechanism(s) responsible for the discrepan-

cies between disk diffusion and broth susceptibility testing
was not systematically evaluated, one explanation may be
the lower number of organisms tested in agar tests (9, 23,
25), with less opportunity for expression of resistant vari-
ants. Reports indicating superior activity of ticarcillin-
clavulanate against ticarcillin-resistant P. aeruginosa have
been based on disk diffusion (Fosse et al., 14th ICC) or agar
dilution susceptibility testing (14; Morisset et al., Proc.
Conjoint Meet. Infect. Dis. 1984). Lack of significant activity
of this drug combination against ticarcillin-resistant P. aeru-
ginosa has often been demonstrated by broth dilution (2, 11,
19).
The clinical relevance of poor correlation between disk

diffusion and broth dilution susceptibility testing remains to
be seen. Overestimation of susceptibility by disk diffusion
testing of P. aeruginosa, with associated clinical failures,
has been previously reported for cefoperazone (1) and
moxalactam (16, 21). The clinical importance of such dis-
crepancy also has been emphasized for cefamandole against
Enterobacter cloacae (17, 24). Rylander et al. have demon-
strated superior predictability of outcome for certain orga-
nisms in experimental infections by broth dilution MIC
compared with agar dilution susceptibility testing (23).
Serotype 0-11 predominated among our ticarcillin-

resistant P. aeruginosa isolates and was associated with
ticarcillin-clavulanate susceptibility by disk diffusion. This
serotype accounted for 24% of all P. aeruginosa isolates at
our institution and has been an important cause of hospital
outbreaks in other centers (10).

In conclusion, disk diffusion susceptibility testing of ticar-
cillin-clavulanate against ticarcillin-resistant P. aeruginosa
overestimates in vitro susceptibility to ticarcillin-clavula-
nate, with most isolates resistant by broth tests. We recom-
mend concomitant disk diffusion testing with both ticarcillin
and ticarcillin-clavulanate if disk diffusion susceptibility test-
ing of ticarcillin-clavulanate against P. aeruginosa is per-
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formed. Ticarcillin-clavulanate susceptibility by disk diffu-
sion in the presence of ticarcillin resistance should be
interpreted with caution and confirmed by broth susceptibil-
ity testing. Until the clinical efficacy of ticarcillin-clavulanate
in ticarcillin-resistant P. aeruginosa infections is estab-
lished, we concur (2, 12) that P. aeruginosa isolates resistant
to ticarcillin should, as a rule, be considered resistant to
ticarcillin-clavulanate.
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