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A total of 6,991 unique patient isolates of Streptococcus pneumoniae were collected from October 1997 to June
2002 from 25 medical centers in 9 of the 10 Canadian provinces. Among these isolates, 20.2% were penicillin
nonsusceptible, with 14.6% being penicillin intermediate (MIC, 0.12 to 1 �g/ml) and 5.6% being penicillin
resistant (MIC, >2 �g/ml). The proportion of high-level penicillin-resistant S. pneumoniae isolates increased
from 2.4 to 13.8% over the last 3 years of the study, and the proportion of multidrug-resistant S. pneumoniae
isolates increased from 2.7 to 8.8% over the 5-year period. Resistant rates (intermediate and resistant) among
non-�-lactam agents were as follows: macrolides, 9.6 to 9.9%; clindamycin, 3.8%; doxycycline, 5.5%; chloram-
phenicol, 3.9%; and trimethoprim-sulfamethoxazole, 19.0%. Rates of resistance to non-�-lactam agents were
higher among penicillin-resistant strains than among penicillin-susceptible strains. No resistance to vanco-
mycin or linezolid was observed; however, 0.1% intermediate resistance to quinupristin-dalfopristin was
observed. The rate of macrolide resistance (intermediate and resistant) increased from 7.9 to 11.1% over the
5 years. For the fluoroquinolones, the order of activity based on the MICs at which 50% of isolates are inhibited
(MIC50s) and the MIC90s was gemifloxacin > clinafloxacin > trovafloxacin > moxifloxacin > grepafloxacin >
gatifloxacin > levofloxacin > ciprofloxacin. The investigational compounds ABT-773 (MIC90, 0.008 �g/ml),
ABT-492 (MIC90, 0.015 �g/ml), GAR-936 (tigecycline; MIC90, 0.06 �g/ml), and BMS284756 (garenoxacin;
MIC90, 0.06 �g/ml) displayed excellent activities. Despite decreases in the rates of antibiotic consumption in
Canada over the 5-year period, the rates of both high-level penicillin-resistant and multidrug-resistant S.
pneumoniae isolates are increasing in Canada.

Streptococcus pneumoniae is a leading cause of morbidity
and mortality worldwide (1, 14, 27, 32). It is the most common
cause of community-acquired pneumonia, bacterial meningitis,
and acute otitis media (2, 5, 10, 13, 25, 27, 32). Initially, all S.
pneumoniae isolates were exquisitely susceptible to penicillin
(MICs, �0.06 �g/ml) and �-lactams served as the treatment of
choice for S. pneumoniae infections (2, 24, 27, 35). Beginning
in the 1960s, however, resistance to penicillin and other agents
began to be reported (2, 19, 24, 27). Reports of an increase in
the prevalence of infections attributed to drug-resistant pneu-
mococci appeared from a wide geographic area during the
1980s and, in particular, have appeared during the past 5 years,
suggesting that drug resistance is spreading rapidly (1, 6, 11, 17,
21, 24, 30, 33, 34, 36, 37). Today, drug-resistant S. pneumoniae
is recognized worldwide (16). In North America, recent sur-
veys have shown an increase in the prevalence of resistance to
penicillins from less than 5% before 1989 to more than 50% in
1999 (6, 11, 17, 23, 33, 34, 36, 37). In the United States in 1999
and 2000, of all S. pneumoniae isolates tested, 12.7% were
intermediately resistant to penicillin (MICs, 0.12 to 1 �g/ml),
while 21.5% were highly penicillin resistant (MICs, �2 �g/ml)

(11). During 1997 in Canada, 14.8 and 6.4% of respiratory tract
isolates of S. pneumoniae (n � 1,180) were penicillin interme-
diate and penicillin resistant, respectively (37). Most important
and alarming is the finding that pneumococcal strains which
are not susceptible (intermediate or resistant) to penicillin are
more likely than penicillin-susceptible strains to be concomi-
tantly resistant to other classes of antibiotics, including mac-
rolides (6, 11, 17, 20, 33, 34, 36, 37).

The present report describes the results of the ongoing
annual Canadian Respiratory Organism Susceptibility Study
(CROSS) (37). This study included isolates from 25 medical
centers from all regions of Canada participating from 1997 to
2002 inclusive. Use of isolates over a 5-year study period allows
the evaluation of resistance rates over time.

MATERIALS AND METHODS

Between October 1997 and June 2002 a total of 6,991 unique patient S. pneu-
moniae isolates were collected from 25 medical centers in major population
centers in 9 of the 10 provinces in Canada. Each study site was asked to collect
and submit each year 100 S. pneumoniae isolates (from respiratory tract speci-
mens only, one per patient) deemed significant by that study site. Isolate inclu-
sion in this study was not dependent on patient age. All organisms were identified
as S. pneumoniae at each site by the criteria used at the local site, and at the
reference site, where indicated, the organisms were further identified by standard
methodologies such as Gram staining characteristics, optochin disk testing, bile
solubility, and colony characteristics on growth medium. At the study sites, the
isolates were subcultured on 5% sheep blood agar plates and incubated for 24 h
at 35°C in 5 to 10% CO2 (37). Amies semisolid transport medium containing
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charcoal (Difco Laboratories, Detroit, Mich.) was then inoculated with the
isolate and sent to the coordinating laboratory (Health Sciences Centre, Win-
nipeg, Manitoba, Canada), where the isolates were subcultured on 5% sheep
blood agar and stocked in skim milk at �70°C.

Thirty-five antimicrobial agents (penicillin, amoxicillin-clavulanate, cefurox-
ime, cefprozil, cefixime, cefaclor, cefotaxime, ceftriaxone, imipenem, meropenem,
erythromycin, azithromycin, clarithromycin, clindamycin, tetracycline, doxy-
cycline, chloramphenicol, trimethoprim-sulfamethoxazole [TMP-SMX], van-
comycin, quinupristin-dalfopristin, ciprofloxacin, levofloxacin, gatifloxacin,
moxifloxacin, trovafloxacin, gemifloxacin, grepafloxacin, clinafloxacin, linezo-
lid, telithromycin, ABT-773, ABT-492, ertapenem, BMS284756 [garenoxacin],
GAR-936 [tigecycline]) were obtained as laboratory-grade powders from their
respective manufacturers. Stock solutions were prepared and dilutions were
made by the National Committee for Clinical Laboratory Standards (NCCLS)
M7-A5 method (28). Following two subcultures from frozen stocks, the MICs of
the antimicrobial agents for the isolates were determined by the NCCLS M7-A5
approved broth microdilution method (28, 29). Briefly, for the S. pneumoniae
isolates, 96-well custom-designed microtiter plates containing doubling antibiotic
dilutions in 100 �l of cation-adjusted Mueller-Hinton broth plus lysed horse
blood (2 to 5%; vol/vol) per well were inoculated to achieve a final concentration
of approximately 5 � 105 CFU/ml, and the plates were incubated in ambient air
for 24 h prior to reading of the results. Colony counts were determined period-
ically to confirm the inocula. Quality control was performed every 2 weeks by
using the following quality control organisms from the American Type Culture
Collection (ATCC): S. pneumoniae ATCC 49619, Staphylococcus aureus ATCC
29213, Enterococcus faecalis ATCC 29212, Escherichia coli ATCC 25922, and
Pseudomonas aeruginosa ATCC 27853.

RESULTS

The demographics of the patients whose isolates were in-
cluded in CROSS are described in Table 1. The numbers of
S. pneumoniae isolates recovered from respiratory sources var-
ied from 1,180 to 1,593 per year over the 5-year study period.
In each year of the study, �90% of S. pneumoniae isolates were
isolated from sputum specimens, bronchoalveolar lavage spec-
imens, or endotracheal secretions. Approximately 54 and 46%
of the isolates submitted were obtained from inpatients and
outpatients, respectively, and approximately 40 and 60% of the
isolates submitted were from females and males, respectively.
The breakdowns of the S. pneumoniae isolates submitted by
age group were approximately 20% from individuals �16 years
of age, 40% from individuals 17 to 64 years of age, and 40%
from individuals �65 years of age. Table 1 indicates that the
demographics of the patients from whom isolates were recov-
ered did not change over the 5-year study period.

The in vitro activities of 35 antibiotics against 6,991 S. pneu-
moniae isolates are presented in Table 2. Only the new break-
points of amoxicillin-clavulanate, as well as those of cephalo-
sporins such as cefuroxime, cefprozil, cefaclor, cefotaxime, and
ceftriaxone, for S. pneumoniae were used (29). Among the
collection of 6,991 S. pneumoniae isolates, 20.2% were peni-
cillin nonsusceptible, with 14.6% being penicillin intermediate
(MICs, 0.12 to 1 �g/ml) and 5.6% being penicillin resistant
(MICs, �2 �g/ml) (Table 2). Rates of resistance to amoxicillin-
clavulanate were low among the penicillin-intermediate and
-resistant isolates (0.8 and 0.1%, respectively). The activities of
expanded-spectrum cephalosporins on the basis of the MICs at
which 90% of isolates are inhibited (MIC90s) were as follows:
cefuroxime � cefprozil � cefixime � cefaclor. On the basis of
the breakpoints, the lowest percentages of intermediate resis-
tance and resistance occurred with cefprozil and cefuroxime
(Table 2). Among all S. pneumoniae isolates tested, rates of
intermediate and high-level resistance to broad-spectrum ceph-
alosporins were 0.2 and 0.1%, respectively, for cefotaxime and

0.1 and 0%, respectively, for ceftriaxone. For carbapenems, imi-
penem demonstrated greater activity than meropenem, on the
basis of the MIC90s.

When isolates were grouped according to penicillin suscep-
tibility, the highest rates of resistance to all �-lactam and �-lac-
tam-like agents including penicillins, cephalosporins, and car-
bapenems occurred among the penicillin-resistant strains. As
can be seen in Table 3, the rates of penicillin resistance, both
intermediate and high-level resistance, varied from 16.1 to
24.0% throughout the 5-year study. It appears that in the first
3 years, from 1997 to 1999 inclusive, there was a decrease in the
rate of penicillin resistance; however, from 1999 to 2002 inclu-
sive, there was not only an increase in the rate of penicillin
resistance but also an increase in the rate of high-level peni-
cillin resistance from 2.4 to 13.8% (P � 0.001) (Table 3).

The rates of amoxicillin-clavulanate resistance (breakpoints
for intermediate resistance and resistance, 4 and �8 �g/ml,
respectively) were maintained at a low level, varying from 0 to
1% over the study period. The rates of resistance to cefu-
roxime, a representative expanded-spectrum cephalosporin,
ranged from 8.3 to 10.5% (Table 3) and did not change over
the 5-year study period. Table 4 shows that the impact of
service, gender, and age group on the prevalence of penicillin-
intermediate and penicillin-resistant S. pneumoniae isolates
was minimal. As well, the impact of service, gender, and age
group on resistance to cephalosporins such as cefuroxime was
limited. Table 5 describes the MIC distributions of penicillin
over the 5-year study period. As can be observed, there ap-
pears to have been a rightward shift (a shift to higher MICs) in
the distribution of the penicillin MICs over the last 3 years of
the study (1999 to 2002); however, no isolates for which pen-
icillin MICs were �8 �g/ml were found. The distributions of
the MICs of amoxicillin-clavulanate are described in Table 5.
No rightward shift in amoxicillin-clavulante MICs occurred.
For cefuroxime, the MIC distribution data showed that the

TABLE 1. Isolation of S. pneumoniae isolates from 1997 to 2002
by specimen source, service, gender, and age

Characteristic 1997–
1998

1998–
1999

1999–
2000

2000–
2001

2001–
2002

No. of isolates 1,180 1,333 1,593 1,435 1,450

Specimen type
(% of isolates)

Sputum or BALa

specimen
90.1 90.5 90.0 92.3 91.0

Otherb 9.9 9.5 10.0 7.7 9.0

Service (% of isolates)
Inpatient 54.2 52.2 54.7 54.7 53.6
Outpatient 45.8 47.8 45.3 45.3 46.4

Gender (% of isolates)
Female 39.8 39.2 40.4 38.8 39.2
Male 60.2 60.8 59.6 61.2 60.8

Age group (% of isolates)
�16 yr 22.0 22.0 24.5 18.6 21.5
17–64 yr 39.7 39.1 39.4 40.7 40.1
�65 yr 38.3 38.9 36.1 40.7 38.4

a Sputum specimen, bronchoal veolar lavage (BAL) specimens, or endotra-
cheal secretions.

b Middle ear fluid, sinus fluid, or conjunctival swabs.
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MICs were �0.25 �g/ml for the majority of isolates, with a few
strains with high-level resistance (MICs, 16 and �32 �g/ml)
being reported. No rightward shift in the cefuroxime MIC
distribution was observed.

Three macrolides were examined over the 5 years of the
study, including erythromycin, clarithromycin, and azithromy-
cin. Even though the NCCLS breakpoints differ (29) for each
macrolide, when the percentages of intermediate and fully
resistant isolates are added, the rates of resistance to all mac-
rolides were similar (approximately 10%) (Table 2). The rates
of resistance to macrolides were the lowest among the penicil-
lin-susceptible strains (approximately 4 to 5%), but this in-
creased to 20 to 25% among the penicillin-intermediate strains
and to approximately 40 to 50% among the penicillin-resistant
strains (Table 2). As described in Table 3, in Canada the rates
of resistance (intermediate and resistant) to clarithromycin, a
representative macrolide, increased from 7.9 to 11.1% over the
5-year study period. The rates of resistance to macrolides were
not influenced by service, gender, or age group (Table 4).
When the distributions of the MICs of the macrolides are
analyzed, it is clear that the MICs were �0.03 �g/ml for the
majority of strains. However, greater than 60% of macrolide-
resistant strains (clarithromycin MICs, �1 �g/ml) appeared to
demonstrate a macrolide resistance phenotype (M phenotype;
macrolide MICs of 1 to 16 �g/ml and susceptibility to clinda-
mycin), whereas approximately 40% of strains demonstrated a
macrolide, lincosamide, and streptogramin B resistance phe-
notype (MLSB phenotype; macrolide MICs of �32 �g/ml and
resistance to clindamycin). It should be stated that, on the basis
of the MIC distributions, the incidences of the M and MLSB

phenotypes did not change over the 5-year study period (Table
5).

The rates of resistance (intermediate and resistant) to other
antimicrobials were as follows: clindamycin, 3.8%; doxycycline,
5.5%; chloramphenicol, 3.9%; TMP-SMX, 19.0%; vancomy-
cin, 0%; quinupristin-dalfopristin, 0.1%; and linezolid, 0%.
The rates of resistance to �-lactam agents (penicillins and
cephalosporins), as well as carbapenems, macrolides, clinda-
mycin, tetracyclines such as doxycycline, chloramphenicol, and
TMP-SMX increased as the penicillin resistance changed from
penicillin intermediate to penicillin resistant (Table 2). No
resistance to vancomycin and linezolid was noted among the
penicillin-resistant strains. Among the fluoroquinolones, the
order of activity based on the MIC50s and MIC90s was gemi-
floxacin � clinafloxacin � trovafloxacin � moxifloxacin �
grepafloxacin � gatifloxacin � levofloxacin � ciprofloxacin.
The rates of resistance to the fluoroquinolones were the high-
est among the penicillin-resistant strains (Table 2). As de-
scribed in Table 3, the rate of resistance to fluoroquinolones,
with levofloxacin used as a representative fluoroquinolone,
varied from 0.5 to 1.1%. The rate of resistance to levofloxacin
was higher for isolates from inpatients, those from females,
and those from patients �65 years of age (Table 4). The
distribution of the levofloxacin MICs suggested that the MICs
were 0.5 and 1.0 �g/ml for the majority of isolates, and no
rightward shift in the MIC distribution occurred over the
5-year study period. The investigational fluoroquinolones
BMS284756 (garenoxacin) and ABT-492 both demonstrated
excellent activities against the S. pneumoniae isolates, with
MIC90s of 0.06 and 0.015 �g/ml, respectively (Table 2). Two

TABLE 3. Antibiotic resistance among S. pneumoniae isolates from 1997 to 2002

Yr No. of
isolates

% Antibiotic resistancea

Penicillin Amox/Clav Cefuroxime Clarithromycin Doxycycline TMP-SMX Levofloxacin Multiple drugs

1997–1998 1,180 21.2 (14.8, 6.4) 1.0 (0.8, 0.2) 10.5 (4.5, 6.0) 7.9 (2.2, 5.7) 3.2 (2.0, 1.2) 21.8 (8.1, 13.7) 0.5 (0.3, 0.2) 2.7
1998–1999 1,333 19.6 (17.3, 2.3) 1.0 (0.8, 0.2) 9.0 (4.7, 4.3) 9.8 (2.1, 7.8) 4.9 (3.2, 1.7) 22.0 (7.7, 14.3) 0.7 (0.2, 0.5) 4.7
1999–2000 1,593 16.1 (13.7, 2.4) 0.3 (0.2, 0.1) 8.3 (4.2, 4.1) 9.0 (1.7, 7.3) 5.1 (3.4, 1.7) 19.8 (6.7, 13.1) 1.1 (0.1, 1.0) 6.4
2000–2001 1,435 22.1 (13.2, 8.9) 0.3 (0.1, 0.1) 10.2 (4.3, 5.9) 9.1 (1.5, 7.6) 6.6 (3.1, 3.5) 25.8 (9.6, 16.2) 0.8 (0.1, 0.7) 8.1
2001–2002 1,450 24.0 (10.2, 13.8) 0 9.3 (4.4, 4.9) 11.1 (2.3, 8.8) 3.1 (1.9, 1.2) 24.0 (7.6, 16.4) 1.1 (0.2, 0.9) 8.8

a Intermediate plus high-level resistance; values in parentheses are intermediate and high-level resistance rates, respectively.

TABLE 4. Rates of recovery of S. pneumoniae isolates with intermediate and high levels of antibiotic resistance by service, gender, and agea

Characteristic Total no. (%)
of isolates

Penicillin Cefuroxime Clarithromycin Doxycycline Levofloxacin

% I % R % I % R % I % R % I % R % I % R

Service
Inpatient 3,770 (53.9) 15.1 6.4 4.9 5.9 2.0 7.6 3.2 2.7 0.1 0.8
Outpatient 3,221 (46.1) 14.1 4.6 4.5 5.8 2.1 7.5 3.1 2.2 0.2 0.4

Gender
Female 2,762 (39.5) 12.8 5.2 4.7 5.9 2.1 7.6 2.9 2.7 0.1 0.9
Male 4,229 (60.5) 15.8 5.8 4.7 5.8 2.0 7.5 3.3 2.3 0.2 0.4

Age group
�16 yr 1,522 (21.8) 16.7 5.9 4.6 5.9 1.8 7.8 4.0 2.2 0.0 0.0
17–64 yr 2,782 (39.8) 14.0 5.3 4.8 5.7 3.2 7.6 2.5 2.7 0.3 0.4
�65 yr 2,687 (38.4) 14.2 5.9 4.7 5.8 1.8 7.4 3.3 2.4 0.1 1.1

% I, percentage of isolates with intermediate resistance; % R, percentage of resistant isolates.
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investigational ketolides, telithromycin and ABT-773, were
studied. The MIC90s of telithromycin and ABT-773 were 0.015
and 0.008 �g/ml, respectively. The MIC90s of both ketolides
increased for penicillin-intermediate and penicillin-resistant
S. pneumoniae isolates relative to those for penicillin-sus-
ceptible strains. An investigational glycylcycline, GAR-936
(tigecycline), demonstrated excellent activities against pen-
icillin-susceptible as well as penicillin-resistant S. pneumoniae
isolates, with MIC90s of 0.06 �g/ml (Table 2).

Table 3 describes the incidence of a multidrug resistance
phenotype over the 5-year study period. The multidrug resis-
tance phenotype was defined as resistance to three or more
classes of antimicrobials, including �-lactams, macrolides, tet-

racyclines, TMP-SMX, and fluoroquinolones. The proportions
of isolates with the multidrug resistance phenotype increased
in every year of the study, from 2.7% in 1997-1998 to 8.8% in
2001-2002 (P � 0.001) (Table 3).

Table 6 compares the rates of resistance to penicillin, mac-
rolides (clarithromycin), and fluoroquinolones (levofloxacin)
by province or region of Canada. The major observation was
that considerable variation occurred both within and between
each province or region in a given year. However, general
trends were observed. Consistently, the highest rates of peni-
cillin nonsusceptibility were observed in western Canada (e.g.,
Saskatchewan), while the lowest rates of penicillin resistance
occurred in the Maritime provinces (Table 6). Macrolide re-

TABLE 5. Distribution of MICs of selected antibiotics for the S. pneumoniae isolates tested

Antibiotic and yr No. of
isolates

% of isolates for which MICs (�g/ml) were:

�0.03 0.06 �0.12 0.12 �0.25 0.25 0.5 1 2 4 8 16 �16 32 �32 64 �128

Penicillin
1997–1998 1,180 54.6 24.2 5.5 2.3 2.8 4.2 3.6 2.1 0.7
1998–1999 1,333 58.0 22.2 5.7 2.0 3.1 6.5 1.9 0.4
1999–2000 1,593 65.1 18.7 3.9 2.1 2.6 5.1 2.3 0.1
2000–2001 1,435 47.3 29.8 5.2 3.8 2.1 2.1 4.3 4.5 0.1
2001–2002 1,450 44.4 31.4 3.4 3.8 1.9 1.1 8.4 5.4

Amoxicillin-clavulanate
1997–1998 1,180 80.7 3.2 3.5 2.4 3.2 3.5 2.6 0.8 0.2
1998–1999 1,333 80.9 3.4 3.5 2.2 3.0 3.5 2.6 0.8 0.2
1999–2000 1,593 83.6 2.9 2.8 1.9 2.7 3.9 1.9 0.2 0.1
2000–2001 1,435 82.9 3.2 2.6 2.8 3.6 4.0 0.8 0.1 0.1
2001–2002 1,450 77.7 2.9 2.9 1.9 3.9 8.7 3.3

Cefuroxime
1997–1998 1,180 85.3 2.4 1.8 4.5 5.2 0.7 0.1
1998–1999 1,333 87.3 1.5 2.2 4.7 4.1 0.1 0.1
1999–2000 1,593 87.9 2.3 1.5 4.2 3.5 0.3 0.3
2000–2001 1,435 86.3 1.7 2.0 4.3 4.5 1.2 0.1 0.1
2001–2002 1,450 90.2 1.5 1.4 4.4 3.4 1.4 0.1

Clarithromycin
1997–1998 1,180 80.5 8.5 1.7 1.3 2.2 1.6 0.3 1.0 0 0.4 0.1 0.2 2.1
1998–1999 1,333 79.5 7.8 0.6 2.3 2.1 3.1 1.4 0.9 0.2 0.4 0.1 0.1 1.5
1999–2000 1,593 79.0 8.7 2.4 1.0 1.7 1.7 1.4 1.3 0.3 0.2 0.1 0.2 2.1
2000–2001 1,435 85.3 1.9 1.9 1.9 1.5 1.9 1.5 0.4 1.1 0 0.8 0 1.9
2001–2002 1,450 86.6 1.1 0.4 0.8 2.3 1.9 2.3 1.5 0.4 0.4 0 0.4 1.9

Doxycycline
1997–1998 1,180 91.8 2.4 1.2 1.4 2.0 0.4 0.5 0.3
1998–1999 1,333 89.0 2.2 1.0 2.2 3.2 0.9 0.7 0.1
1999–2000 1,593 89.8 1.8 0.8 2.4 3.4 0.9 0.7 0.1
2000–2001 1,435 88.0 1.0 1.6 2.7 3.1 1.3 1.8 0.4
2001–2002 1,450 92.0 2.3 1.1 1.5 1.9 0.4 0.4 0.4

TMP-SMX
1997–1998 1,180 60.8 11.5 5.7 4.3 3.8 9.8 3.1 0.8
1998–1999 1,333 53.3 19.1 5.7 3.7 4.0 10.0 3.8 0.5
1999–2000 1,593 52.4 22.2 5.8 4.5 2.2 8.7 4.1 0.3
2000–2001 1,435 38.4 20.8 14.8 5.7 3.9 5.8 4.6 5.8
2001–2002 1,450 21.5 24.1 30.3 4.2 3.4 1.1 8.4 6.9

Levofloxacin
1997–1998 1,180 1.6 2.4 26.8 64.0 4.7 0.3 0.1 0.1
1998–1999 1,333 1.5 5.3 22.0 67.1 3.5 0.2 0.3 0.2
1999–2000 1,593 1.3 2.2 12.9 77.2 5.3 0.1 0.4 0.2 0.4
2000–2001 1,435 1.5 6.5 33.4 53.8 5.1 0.1 0.1 0.6
2001–2002 1,450 1.0 0.5 28.2 63.8 4.2 0.2 0.6 0.2 0.1
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sistance tended to be lowest in British Columbia and Manitoba
and highest in Quebec. The rate of fluoroquinolone resistance
was observed to be low (	1%) in all parts of the country.

DISCUSSION

CROSS is an ongoing longitudinal surveillance program that
studies the incidence of antibiotic resistance in respiratory
pathogens across all regions of Canada (37). Thus, it repre-
sents a unique opportunity to compare rates of antibiotic re-
sistance among isolates from various geographically distrib-
uted medical centers, among isolates from patients with
different demographic profiles, and by antimicrobial class.
From 1997 to 2002, the same 25 medical centers participated in
the study during all 5 years of the study. Each year large
numbers (1,180 to 1,593) of respiratory tract S. pneumoniae
isolates were isolated and collected during the same time of
year (during the winter months). Over the 5-year study period,
the study demographics remained constant, in that the speci-
men type was primarily sputum specimens, bronchoalveolar
lavage specimens, and endotracheal secretions. The break-
down of the isolates by service was approximately 54% inpa-
tient and 46% outpatient. The breakdown of the isolates by
gender was approximately 40% female and 60% male, and the
breakdown of the isolates by age was approximately 20% from
those �16 years of age, 40% from those 17 to 64 years of age,
and 40% from those �65 years of age (Tables 1 and 4).

This study found that the rate of penicillin resistance (inter-
mediate and resistant) did not significantly change over the
5-year period and ranged from 21.2% in 1997-1998 to 24.0% in
2001-2002. However, in the last 3 years of the study a dramatic
increase in the proportion of isolates with high-level penicillin
resistance (MICs, �2 �g/ml), which increased from 2.4% in
1999-2000 to 13.8% in 2001-2002, occurred (P � 0.001) (Table
3). The same observation has been made previously (11, 36).
For the majority of these highly penicillin resistant isolates, the
penicillin MICs were 2 to 4 �g/ml; however, for some strains
the penicillin MICs were 8 �g/ml (Table 5). This is particularly

worrisome, as high-level penicillin-resistant strains may be
more likely to be associated not only with cross-resistance to
other antimicrobial classes but also with failure with �-lactams
(2, 24).

As would be expected, when the isolates were grouped by
penicillin susceptibility categories, the rates of resistance to all
�-lactams, including penicillins, cephalosporins, and carbapen-
ems, increased in parallel with increasing penicillin resistance.
This is not surprising, as penicillin resistance in S. pneumoniae
is the result of alterations in penicillin binding proteins, and all
�-lactam and �-lactam like agents bind at least to some extent
to the same penicillin binding proteins (3, 7, 9, 12, 15).

Rates of resistance (intermediate and resistant) to non-�-
lactam agents were approximately 3.8% for clindamycin, 5.5%
for doxycycline, 3.9% for chloramphenicol, and 19.0% for
TMP-SMX; and these rates did not change over the 5-year
study period (Tables 2 and 3). The rates of resistance to all
non-�-lactam antibiotics were consistently higher among the
penicillin-intermediate and penicillin-resistant S. pneumoniae
isolates than among their penicillin-susceptible counterparts.
Vancomycin and linezolid consistently showed excellent activ-
ities, and no resistance was observed. Macrolide resistance, as
depicted for clarithromycin, a representative macrolide, in-
creased significantly over the 5-year study period, from 7.9% in
1997-1998 to 11.1% in 2001-2002 (Table 3). The phenotypic
expression of macrolide resistance was consistent with both
efflux-based (M phenotype) and target-based (MSLB pheno-
type) resistance (11, 38, 39). We previously reported that the M
phenotype predominates over the MLSB phenotype, as deter-
mined by PCR (18). Other North American studies have also
concluded that the M phenotype predominates (11, 17, 33, 34,
36, 37). Unlike other investigators (13, 19), we have not ob-
served a rightward shift in the MIC distribution, with higher
MICs for isolates with the efflux-based phenotype observed
over time. The investigational ketolides telithromycin and
ABT-773 (38) demonstrated excellent activities against peni-
cillin-susceptible and penicillin-nonsusceptible S. pneumoniae
isolates, with MIC90s of 0.015 and 0.008 �g/ml, respectively

TABLE 6. Rates of resistance to selected antimicrobials by province or region, 1997 to 2002a

Province region
(range of no. of

isolates/yr)

Rate (%) of resistancea

1997–1998 1998–1999 1999–2000 2000–2001 2001–2002

Pens I R Macr FQr Pens I R Macr FQR Pens I R Macr FQr Pens I R Macr FQr Pens I R Macr

British Columbia
(144–158)

77.6 14.9 7.5 12.9 0 78.1 21.2 0.7 10.2 0.7 89.6 9.0 1.4 9.0 1.4 80.6 12.0 1.4 0 81.1 9.9 9.9 7.2

Alberta
(149–196)

75.0 18.7 6.3 9.4 0.5 81.2 16.8 2.0 10.7 0.5 81.9 15.4 2.7 11.4 2.0 73.3 17.0 9.7 8.0 0 75.5 12.1 13.5 9.7

Saskatchewan
(130–187)

65.4 22.3 12.3 10.8 0 60.2 29.5 10.3 12.3 0.7 75.9 20.3 3.7 9.1 1.1 65.3 23.6 11.1 13.9 1.4 65.2 21.1 13.9 12.4

Manitoba
(122–173)

72.6 17.7 9.7 1.6 1.6 79.3 20.0 0.7 3.6 0.7 79.8 19.7 0.6 5.2 1.2 80.3 9.8 9.8 9.9 0.8 79.5 9.9 13.4 8.9

Ontario
(98–439)

77.6 9.2 13.2 9.2 6.1 85.7 12.3 2.0 5.9 1.5 84.3 13.2 2.5 9.6 0.7 82.2 12.6 5.1 8.7 1.6 81.1 10.5 8.8 9.9

Quebec
(233–327)

75.5 19.7 4.8 9.0 0.4 82.0 16.4 1.6 15.2 0.3 80.0 14.5 5.5 13.1 1.5 74.3 14.2 11.5 13.2 0.4 73.3 10.1 14.2 14.2

Maritimes
(181–256)

95.3 3.9 0.8 4.9 3.5 90.0 9.4 0.6 7.7 0 90.7 8.4 0.9 7.1 0.9 80.2 14.0 5.8 8.3 0.8 78.8 10.0 7.8 12.1

Total for Canada 78.8 14.8 6.4 7.9 0.5 80.4 17.3 2.3 9.8 0.7 83.9 13.7 2.4 9.0 1.1 79.9 13.2 8.9 9.1 0.8 76.0 10.2 13.8 11.1

a Pens, penicillin-susceptible (MIC �0.06 �g/ml); I, penicillin intermediate (MIC 0.12 to 1 �g/ml); R, penicillin resistant (MIC, �2 �g/ml); Macr macrolide
(clarithromycin) intermediate and resistant (MICs, �0.5 �g/nl); FQr, fluoroquinolone (levofloxacin) intermediate and resistant (MICs, �4 �g/ml).

1872 ZHANEL ET AL. ANTIMICROB. AGENTS CHEMOTHER.



(Table 2). It should be noted, however, that the ketolide MICs
were elevated for some penicillin-nonsusceptible isolates. The
investigational glycylcycline GAR-936 (tigecycline) demon-
strated excellent activities against penicillin-susceptible as
well as penicillin-nonsusceptible S. pneumoniae isolates,
with MIC90s of 0.06 �g/ml (Table 2).

The activities of fluoroquinolones, as measured by the
MIC90s (which are given in parentheses), were gemifloxacin
(0.03 �g/ml) � clinafloxacin (0.06 �g/ml) � trovafloxacin (0.12
�g/ml) � grepafloxacin (0.25 �g/ml) � moxifloxacin (0.25 �g/
ml) � gatifloxacin (0.5 �g/ml) � levofloxacin (1 �g/ml) �
ciprofloxacin (2 �g/ml) (Table 2). This order of fluoroquin-
olone activity has been reported previously (40). The inves-
tigational fluoroquinolones ABT-492 and BMS284756 (ga-
renoxacin) also demonstrated excellent activities against S.
pneumoniae, with MIC90s of 0.015 and 0.06 �g/ml, respectively
(Table 2). As displayed in Table 3, the rates of resistance
(intermediate and resistant) to fluoroquinolones, as depicted
by levofloxacin, continues to range from 0.5 to 1.1% among
isolates in Canada. Thus, following the observation of Chen et
al. (8) of increasing ciprofloxacin resistance in Canada and
globally (4, 16, 22, 26, 31, 40), the use of new fluoroquinolones
such as gatifloxacin, levofloxacin, and moxifloxacin has not led
to date to a rapid escalation in the rates of resistance to the
new fluoroquinolone agents in Canada. We have not observed
a rightward shift in the distributions of the MICs of the new
fluoroquinolones such as levofloxacin (Table 5); however,
these MIC frequency distributions need to be continuously
monitored over time, especially among isolates from inpatients
and elderly individuals, to alert clinicians and researchers to
any increasing shift in fluoroquinolone MICs. For levofloxacin-
resistant isolates (MICs, �8 �g/ml), the corresponding cipro-
floxacin MICs were 16 to 64 �g/ml, the gatifloxacin MICs were
2 to 16 �g/ml, the moxifloxacin MICs were 1 to 16 �g/ml, the
gemifloxacin MICs were 0.12 to 4 �g/ml, the ABT-492 MICs
were 0.06 to 0.5 �g/ml, and the BMS284756 (garenoxacin)
MICs were 0.25 to 8 �g/ml (data not shown). It should be
mentioned that isolates with high-level fluoroquinolone resis-
tance, as depicted by levofloxacin MICs of �8 �g/ml, were fre-
quently resistant to penicillin as well as non-�-lactam agents.

We have demonstrated in this multiyear surveillance study
that although the proportions of penicillin-resistant (interme-
diate and resistant) S. pneumoniae isolates remained relatively
stable, the rate of high-level penicillin resistance increased, as
did the rate of multidrug resistance (Table 3). In fact, the
proportions of S. pneumoniae isolates with the multidrug re-
sistance phenotype increased from 2.7% in 1997-1998 to 8.8%
in 2001-2002 (P � 0.001). The increase in the proportions of
S. pneumoniae isolates with the multidrug-resistant phenotype
has previously been shown by Doern et al. (11) as well as
Whitney et al. (36). One potential explanation for the increase
in high-level penicillin resistance and multidrug resistance is
the continuous proliferation of a few “fit” clones that are high-
level penicillin resistant and/or multidrug resistant. This has
been reported in the United States and continues to evolve
(9, 11). Doern et al. (11) have suggested that 9 to 10 major
clones of penicillin-resistant S. pneumoniae isolates exist in
the United States and comprise 70 to 80% of penicillin-resis-
tant S. pneumoniae isolates. We believe that these same fit
clones exist in Canada and appear to be proliferating (data not

shown). We hypothesize that the rapid dissemination of high-
level penicillin-resistant and multidrug-resistant S. pneumoniae
isolates in Canada is continuing due to the rapid proliferation
of these fit clones.

The influence of patient demographics on S. pneumoniae has
been shown in Table 4. In brief, we observed that inpatient or
outpatient service had little impact on resistance, nor did gen-
der. However, we did observe a higher incidence of fluoro-
quinolone resistance among isolates from inpatients and sub-
jects ages �65 years. It remains essential to monitor the
evolution of fluoroquinolone resistance in this patient popula-
tion.

In conclusion, the rate of antimicrobial resistance among
S. pneumoniae isolates in Canada continues to grow. Over the
last 3 years we have observed the rapid evolution of highly
penicillin-resistant as well as multidrug-resistant S. pneumo-
niae isolates. As well, the rate of macrolide resistance contin-
ues to grow, but the rate of resistance to the new fluoroquino-
lones appears to be stable at approximately 0.5 to 1%.
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