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MICs of eight j-lactams (piperacillin, piperacillin-tazobactam, ticarcillin, ticarcillin-clavulanate, ampicil-
lin, ampicillin-sulbactam, ceftazidime, and ceftriaxone) were determined by agar dilution against 64 penicillin-
susceptible, 70 intermediately penicillin-resistant, and 66 fully penicillin-resistant pneumococci. The MICs of
piperacillin with and without tazobactam for 90Y% of the susceptible, intermediately resistant, and resistant
strains tested (MIC90s) were .0.064, 2.0, and 4.0 ,ig/ml, respectively. By comparison, those of ampicillin with
and without sulbactam were 0.125, 2.0, and 4.0 ,ug/ml and those of ceftriaxone were s0.064, 1.0, and 2.0 ,ug/ml,
respectively. Strains were less susceptible to ticarcillin with and without clavulanate (MIC90s, 2.0, 64.0, and
128.0 jig/ml) and ceftazidime (MIC90s, 1.0, 8.0, and 32.0 I,g/ml).

Streptococcus pneumoniae continues to be a significant cause

of morbidity and mortality in humans and is the leading cause

of bacterial pneumonia, as well as an important cause of otitis
media and meningitis. The past 2 decades, and in particular the
past 5 years, have witnessed a dramatic increase in the
incidence of pneumococcal strains which are resistant to
penicillin G and other antimicrobial agents (1, 2, 5-7, 9). In the
United States, recent surveys show a countrywide prevalence
of 4 to 5% (1). McDougal and coworkers have recently
documented the dissemination in the United States of a

multiresistant type 23F clone which is related to multiresistant
isolates from Spain and South Africa (12), emphasizing the
tendency of these strains to spread from country to country and
even from continent to continent. The problem has recently
been exacerbated by the appearance of pneumococci with
high-level resistance to cefotaxime and ceftriaxone (3, 4, 14).
Although nonmeningitic infections caused by pneumococci
with intermediate penicillin resistance (I strains) may be
treated, under certain circumstances, with large doses of
penicillin and other ,-lactams, treatment may not always be
successful (2, 5, 7, 9-11, 16). By contrast, clinical failure of
penicillin in the treatment of meningitis caused by I strains
approaches 80% and very few cases of meningitis caused by
strains fully resistant to penicillin (R strains) have responded
to penicillin therapy (2, 5, 7, 9-11, 16).
There is an urgent need for antimicrobial agents which can

be used for parenteral therapy of systemic infections caused by
penicillin-resistant pneumococci. Ward and Moellering, in
1981, described low MICs of piperacillin for penicillin-suscep-
tible strains (S strains), I strains, and R strains of pneumococci
(17). Subsequently, Tweardy and coworkers, in 1983 (16),
described similarly improved activity of piperacillin compared
with ticarcillin and ceftazidime against the same groups of
organisms. The aim of the current study was to confirm and
extend these findings by examining the activity of eight ,B-lac-
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tams (piperacillin, piperacillin-tazobactam, ticarcillin, ticarcil-
lin-clavulanate, ampicillin, ampicillin-sulbactam, ceftazidime,
and ceftriaxone) against 64 S, 70 I, and 66 R strains of S.
pneumoniae.

Blood, cerebrospinal fluid, ear, nasopharynx, and sputum
isolates of pneumococcal strains collected over the past 10
years were examined. S strains (MIC, <0.1 ,ug/ml) were

isolated from various U.S. hospitals. R isolates (MIC, .2.0
,ug/ml) and most of the I strains tested (MIC, 0.1 to 1.0 jug/ml)
were isolated in the United States, South Africa, France,
Spain, or Hungary. Organisms were frozen at -70°C in
double-strength skim milk (Difco Laboratories, Detroit,
Mich.) prior to use and plated onto Trypticase soy agar plates
(BBL Microbiology Systems, Cockeysville, Md.) containing 5%
sheep blood after thawing. Purity was confirmed throughout
the study by Gram stain and colony morphology. Antimicrobial
agents were supplied as laboratory powders of known potency,
as follows: piperacillin and tazobactam, Lederle Laboratories,
Pearl River, N.Y.; ampicillin, Sigma Chemical Co., St. Louis,
Mo.; sulbactam, Pfizer, Inc., New York, N.Y.; ticarcillin and
clavulanate, SmithKline Beecham Laboratories, King of Prus-
sia, Pa.; ceftazidime, Lilly Laboratories, Indianapolis, Ind.;
ceftriaxone, Roche Laboratories, Nutley, N.J.
MICs were determined by the agar dilution method recom-

mended by the National Committee for Clinical Laboratory
Standards (13) with Mueller-Hinton agar (BBL Microbiology
Systems) supplemented with 5% sheep blood. Tazobactam was
added to piperacillin at a fixed concentration of 4.0 ,ug/ml, and
clavulanate was added to ticarcillin at a fixed concentration of
2.0 ,ug/ml. Sulbactam was combined with ampicillin at a 1:2
ratio. For MIC determinations, suspensions with a turbidity
equivalent to a 0.5 McFarland standard were prepared by
suspending growth from blood agar plates in 2 ml of Mueller-
Hinton broth (BBL). Suspensions were further diluted 1:10 to
obtain a final inoculum of 104 CFU per spot. Plates were

inoculated with a Steers replicator and incubated overnight in
ambient air at 35°C. Standard quality control strains, including
S. pneumoniae ATCC 49619 (13), were included in each run.

Results of susceptibility testing are presented in Table 1. As
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TABLE 1. Susceptibility of pneumococci to antimicrobial agents

Drug tested and penicillin Cumulative % of strains inhibited at conc (p.g/ml) of:
resistance group -0.064a 0.125 0.25 0.5 1.0 2.0 4.0 8.0 16.0 32.0 64.0 >64.0 MIC50 (1.g/ml) MIC90 (ILg/ml)

100.0
35.7 58.6 78.6 100.0

90.6 95.3 98.4 100.0
10.0 41.4 65.7

80.3 95.5 100.0

75.7 95.7 100.0
10.6 93.9

Piperacillin-tazobactam
S
I
R

95.3 96.9 98.4 100.0
4.3 18.6 48.5 71.4 77.1 97.1 100.0

10.6 93.9

.0.064
0.5

97.0 100.0 4.0

3.1 4.6 31.2 78.1 96.9 100.0
1.4 5.7 32.8 57.1 74.3 87.1 100.0

3.0 77.3 100.0

Ticarcillin-clavulanate
S
I
R

Ampicillin
S
I
R

3.1 3.1 26.5 65.6 87.5 100.0
1.4 1.4 1.4 1.4 7.1 18.6

87.5 98.4 100.0
21.4 50.0 67.1 72.9

40.0 55.7

78.6 95.7 100.0
3.0 21.2 92.4

75.7 87.1 100.0
3.0 71.2 100.0

0.5
8.0

64.0

0.032
0.125

95.5 100.0 4.0

Ampicillin-sulbactam
S
I
R

89.1 98.4 100.0
22.9 51.4 67.1 72.9 78.6 98.6 100.0

3.0 31.8 93.9

0.032
0.125

95.5 100.0 4.0

7.8 28.1 65.6 68.7 93.8 96.9 100.0
1.4 2.8 25.7 51.4 60.0 72.9

3.0

93.8 98.4 100.0
41.4 57.1 72.9

92.9 98.6 100.0
63.6 87.9 100.0

85.7 97.1 97.1 100.0
4.5 87.9 98.5 100.0

a The lowest concentration of all of the compounds tested was 0.015 p.g/ml, except for piperacillin with and without tazobactam and for ceftriaxone, whose lowest
concentration was 0.064 .g/ml.

can be seen, susceptibility to all ,B-lactams increased in line
with the MIC of penicillin. The MICs of piperacillin with and
without tazobactam against 90% of the S, I, and R strains
tested (MIC90s) were .0.064, 2.0, and 4.0 p,g/ml, respectively.
By comparison, those for ampicillin with and without sulbac-
tam were 0.125, 2.0, and 4.0 ,ug/ml and those for ceftriaxone
were .0.064, 1.0, and 2.0 jig/ml. Strains were less susceptible
to ticarcillin with and without clavulanate (MIC90s, 2.0, 64.0,
and 128.0 ,ug/ml) and ceftazidime (MIC90s, 1.0, 8.0, and 32.0
jg/ml).
Tweardy and coworkers (16), in a study of 25 S, 18 I, and 27

R pneumococci (all of the I and R pneumococci were isolated
in South Africa), reported piperacillin MIC90s of 0.125, 1.0,
and 8.0 jig/ml, compared with ticarcillin MIC90s of 1.0, 64.0,
and 128.0 ,ug/ml, respectively. The same workers reported
ceftazidime MIC90s of 0.25, 32, and 64.0 ,ug/ml and ampicillin
MIC90s of 0.015, 0.5, and 8.0 ,ug/ml, respectively. Similarly,

Ward and Moellering reported piperacillin MIC90s against S, I,

and R strains of 0.03, 1.0, and 16.0 ,ug/ml, respectively (17).
Our findings with a larger group of pneumococci, with I and R
strains isolated from several different countries, are similar to
these reports. High MICs of ceftazidime, in contrast to lower
MICs of ceftriaxone against I and R pneumococcal strains,
have been described before (10, 11). Because the mechanism
of ,-lactam resistance in pneumococci is mediated by changes
in penicillin-binding proteins (8), the activity of ,-lactam-3-
lactamase inhibitor combinations against I and R pneumococci
is due solely to the ,-lactam component. Sorgel and Kinzig
(15) have reported human pharmacokinetic data for piperacil-
lin with and without tazobactam. After a 5-min intravenous
infusion of piperacillin alone, the maximum concentration of
the drug in serum was 380.0 (4-g dose) or 178 (2-g dose) ,ug/ml.
When 4 g of piperacillin was given as a 30-min infusion, the
mean maximum level in plasma was 284 ,ug/ml, about 75% of

Penicillin G
S
I
R

Piperacillin
S
I
R

0.015
0.25
2.0

97.0 100.0

Ticarcillin
S
I
R

0.032
1.0
4.0

.0.064
2.0
4.0

s0.064
0.5
4.0

s0.064
2.0
4.0

1.0
8.0

64.0

2.0
64.0

128.0

2.0
64.0

128.0

0.125
2.0
4.0

Ceftazidime
S
I
R

Ceftriaxone
S
I
R

0.125
2.0
4.0

0.25
1.0
8.0

1.0
8.0

32.0

s0.064
1.0
2.0

s0.064
0.125
1.0
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the 5-min infusion value. The half-life of piperacillin was not
significantly altered with increasing doses in these studies.
With the currently recommended piperacillin-tazobactam
doses of 3.0 and 0.375 g, respectively, every 6 h (infusion time,
6 to 30 min), the maximum concentration of the drugs in serum
on day 1 was 247 ± 20 ,ug/ml and the area under the
concentration-time curve was 253.0 ± 15.0 ,ug/h/ml. In view of
these findings, serum piperacillin levels well above the MIC
can be achieved for even the most resistant pneumococci. With
the exception of the two highly penicillin-resistant pneumo-
cocci, both with penicillin MICs of 8.0 p,g/ml (MIC of pip-
eracillin with or without tazobactam, 16.0 ,ug/ml), the highest
MIC of piperacillin with or without tazobactam for R strains was
8.0 ,ug/ml. It should be noted that R pneumococci with MICs of
>4.0 ,ug/ml have been described only in Eastern Europe and are
not known to be present in the United States. Most R pneumo-
cocci isolated in the United States are of the I variety (1, 9).
There are currently no breakpoints for pneumococci recom-

mended by the National Committee for Clinical Laboratory
Standards for the ,-lactams tested in this study other than
ceftriaxone (13). In view of the rapid worldwide spread of I and
R strains, this deficiency requires urgent rectification. MICs for
piperacillin with and without tazobactam against R pneumo-
cocci are clearly lower than the levels achievable in serum and
tissue. This is particularly true for I strains, which account for
>90% of the penicillin-resistant pneumococci isolated in the
United States (1). Additionally, in view of the above-men-
tioned pharmacokinetic data, serum piperacillin levels suffi-
cient to inhibit I and R organisms may be achievable in
humans. Clinical studies are necessary to ascertain whether
piperacillin with and without tazobactam may represent an
alternative to cefotaxime or ceftriaxone for therapy of systemic
nonmeningeal infections caused by I and R pneumococci.

This study was funded by a grant from Lederle Laboratories
(Wayne, N.J.).
We thank H. J. Koornhof (South African Institute for Medical

Research), P. Geslin (Centre Hospitalier Intercommunal, Creteil,
France), J. Lifiares (Hospital de Bellvitge, Barcelona, Spain), and A.
Marton (Heim Pafl Children's Hospital, Budapest, Hungary) for kind
provision of cultures and C. W. Stratton for valuable discussion.

REFERENCES
1. Appelbaum, P. C. 1992. Antimicrobial resistance in Streptococcus

pneumoniae: an overview. Clin. Infect. Dis. 15:77-83.
2. Appelbaum, P. C., and I. R. Friedland. 1992. Antimicrobial

resistance in Streptococcus pneumoniae, p. 22-27. In J. Sheagren
(ed.), American Journal of Medicine new perspectives on systemic
infection. Part II. 1-Lactam antibiotic-resistant, gram-positive
microbes.

3. Bradley, J. S., and J. D. Connor. 1991. Ceftriaxone failure in
meningitis caused by Streptococcus pneumoniae with reduced

susceptibility to ,3-lactam antibiotics. Pediatr. Infect. Dis. J. 10:
871-873.

4. Figueiredo, A. M. S., J. D. Connor, A. Severin, M. V. V. Pato, and
A. Tomasz. 1992. A pneumococcal clinical isolate with high-level
resistance to cefotaxime and ceftriaxone. Antimicrob. Agents
Chemother. 36:886-889.

5. Friedland, I. R., and G. R. Istre. 1992. Management of penicillin-
resistant pneumococcal infections. Pediatr. Infect. Dis. J. 11:433-
435.

6. Friedland, I. R., and K. P. Klugman. 1992. Penicillin-resistant
pneumococcal infections in South African children. Am. J. Dis.
Child. 146:920-923.

7. Friedland, I. R., and G. H. McCracken, Jr. 1994. Management of
infections caused by antibiotic-resistant Streptococcus pneumoniae.
N. Engl. J. Med. 331:377-382.

8. Hakenbeck, R., H. Ellerbrok, T. Briese, S. Handwerger, and A.
Tomasz. 1986. Penicillin-binding proteins of penicillin-susceptible
and -resistant pneumococci: immunological relatedness of altered
proteins and changes in peptides carrying the ,-lactam binding
site. Antimicrob. Agents Chemother. 30:553-558.

9. Jacobs, M. R. 1992. Treatment and diagnosis of infections caused
by drug-resistant Streptococcus pneumoniae. Clin. Infect. Dis.
15:119-127.

10. Lifiares, J., T. Alonso, J. L. Perez, J. Ayats, M. A. Dominguez, R.
Pallares, and R. Martin. 1992. Decreased susceptibility of peni-
cillin-resistant pneumococci to twenty-four P-lactam antibiotics. J.
Antimicrob. Chemother. 30:279-288.

11. Lifiares, J., R. Pallares, T. Alonso, J. L. Perez, J. Ayats, F. Gudiol,
P. F. Viladrich, and R Martin. 1992. Trends in antimicrobial
resistance of clinical isolates of Streptococcus pneumoniae in
Bellvitge hospital, Barcelona, Spain (1979-1990). Clin. Infect. Dis.
15:99-105.

12. McDougal, L. K., R. Facklam, M. Reeves, S. Hunter, J. M.
Swenson, B. C. Hill, and F. C. Tenover. 1992. Analysis of multiply
antimicrobial-resistant isolates of Streptococcus pneumoniae from
the United States. Antimicrob. Agents Chemother. 36:2176-2184.

13. National Committee for Clinical Laboratory Standards. 1993.
Methods for dilution antimicrobial susceptibility tests for bacteria
that grow aerobically-third edition; approved standard. NCCLS
publication no. M7-A3. National Committee for Clinical Labora-
tory Standards, Villanova, Pa.

14. Sloas, M. M., F. F. Barrett, P. J. Chesney, B. K. English, B. C. Hill,
F. C. Tenover, and R J. Leggiadro. 1992. Cephalosporin treatment
failure in penicillin- and cephalosporin-resistant Streptococcus
pneumoniae. Pediatr. Infect. Dis. J. 11:662-666.

15. Sorgel, F., and M. Kinzig. 1993. The chemistry, pharmacokinetics
and tissue distribution of piperacillin/tazobactam. J. Antimicrob.
Chemother. 31(Suppl. A):39-60.

16. Tweardy, D. J., M. R Jacobs, and W. T. Speck. 1983. Susceptibility
of penicillin-resistant pneumococci to eighteen antimicrobials;
implications for treatment of meningitis. J. Antimicrob. Che-
mother. 12:133-139.

17. Ward, J. I., and R C. Moellering, Jr. 1981. Susceptibility of
pneumococci to 14 beta-lactam agents: comparison of strains
resistant, intermediate-resistant, and susceptible to penicillin. An-
timicrob. Agents Chemother. 20:204-207.

VOL. 38, 1994




