
ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Nov. 2006, p. 3646–3650 Vol. 50, No. 11
0066-4804/06/$08.00�0 doi:10.1128/AAC.00234-06
Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Macrolide and Azithromycin Use Are Linked to Increased Macrolide
Resistance in Streptococcus pneumoniae�

Miika Bergman,1* Solja Huikko,1,2 Pentti Huovinen,1 Pirkko Paakkari,3 Helena Seppälä,1,4

and the Finnish Study Group for Antimicrobial Resistance (FiRe Network)†
Antimicrobial Research Laboratory, Department of Bacterial and Inflammatory Diseases, National Public Health Institute, Turku,

Finland1; School of Public Health, University of Tampere, Tampere, Finland2; National Agency of Medicines, Helsinki,
Finland3; and Department of Ophthalmology, Turku City Hospital, Turku, Finland4

Received 23 February 2006/Returned for modification 2 June 2006/Accepted 15 August 2006

The connection between regional rates of antimicrobial resistance in Streptococcus pneumoniae and regional
antimicrobial use in Finland was investigated. During the 6-year study period of 1997 to 2002, a total of 31,609
S. pneumoniae isolates were tested for penicillin resistance and a total of 23,769 isolates were tested for
macrolide resistance in 18 central hospital districts in Finland. The regional macrolide resistance rates were
compared with the local use of (i) all macrolides pooled and (ii) azithromycin. The penicillin resistance levels
were compared with the consumption data for (i) penicillins, (ii) cephalosporins, (iii) all beta-lactams pooled,
and (iv) all macrolides pooled. A statistically significant association between macrolide resistance and total use
of macrolides and the use of azithromycin was found. Moreover, total use of beta-lactams and total use of
cephalosporins were significantly connected to low-level penicillin resistance. A statistically significant asso-
ciation between penicillin-nonsusceptible isolates and penicillin or total macrolide consumption was not found.
In conclusion, total macrolide use and azithromycin use are associated with increased macrolide resistance,
and beta-lactam use and cephalosporin use are connected to increased low-level penicillin resistance in S.
pneumoniae. Unnecessary prescribing of macrolides and cephalosporins should be avoided.

Antimicrobial resistance in Streptococcus pneumoniae poses
a major challenge for the management of pneumococcal infec-
tions including pneumonia, otitis media, sinusitis, meningitis,

and sepsis. Penicillins and macrolides are often used in the
treatment of respiratory tract infections. Therefore, it is not
surprising that resistance to these drugs in S. pneumoniae has
increased in many areas (8).

A number of studies show that increased outpatient antimi-
crobial consumption is connected to increased antimicrobial
resistance in S. pneumoniae (11, 19, 21). On the other hand, a
decrease in the use of antimicrobials may, or may not, result in
a decline in resistance levels in streptococci (1, 2, 24). How-
ever, many factors in this relationship need to be surveyed. It
is not clear, for instance, how much and how quickly the con-
sumption of a specific antimicrobial needs to increase to pro-
duce a given resistance level in a given community or area,
where other factors such as housing, transport, and hygiene
circumstances may also contribute to the spread of resistant
clones.

In this study, we investigated, in a nationwide study setting,
whether antimicrobial resistance in S. pneumoniae is connected
to previous antimicrobial use in Finland. We utilized data
regarding a considerable number of pneumococcal isolates
collected during 6 years by a comprehensive clinical microbi-
ology laboratory network covering the entire country and data
for annual regional drug consumption. With these data, we
were able to conduct a regional survey on antimicrobial con-
sumption and antibacterial resistance (2, 13).

MATERIALS AND METHODS

Macrolide and penicillin resistance in S. pneumoniae. The resistance data for
S. pneumoniae were collected annually for the years 1997 to 2002. The data were
obtained from the clinical microbiology laboratories belonging to the Finnish
Study Group for Antimicrobial Resistance (FiRe network), a nationwide net-
work consisting of 26 clinical microbiology laboratories. These laboratories rep-
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and Ulla Kärkkäinen (Kuopio University Hospital, Kuopio); Hannu Sark-
kinen and Pauliina Kärpänoja (Central Hospital of Päijät-Häme, Lahti);
Maritta Kauppinen and Seppo Paltemaa (Central Hospital of South-
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resent 18 of the 21 central hospital districts in Finland (Fig. 1). The 18 districts
cover �95% of the Finnish population.

During the 6-year study period, a total of 23,769 S. pneumoniae isolates were
tested for macrolide resistance, and 31,609 isolates were tested for penicillin
resistance (Tables 1 and 2). For penicillin, the number of annually tested isolates
per central hospital district varied from 40 to 2,074, with a median of 171, and for
macrolides, the number of annually tested isolates per central hospital district
varied from 40 to 2,054, with a median of 186. The variation in the numbers of
tested isolates was due mainly to differences between the numbers of inhabitants
in different central hospital districts.

Macrolide susceptibility testing was performed in the participating laborato-
ries with the disk diffusion method, using 15-�g erythromycin disks. The method
parallels the guidelines of the CLSI (formerly NCCLS) (17). An isolate was
determined to be either macrolide resistant (R) if the diameter of the inhibition
zone was �15 mm or susceptible if the diameter was �15 mm. Penicillin sus-

ceptibility was screened by using oxacillin disks (17). If the isolate showed
reduced susceptibility (inhibition zone diameter of �20 mm), the MIC of pen-
icillin was tested by using the Etest method according to FiRe Network standards
(10). By the use of the Etest, penicillin susceptibility was defined either as
susceptible (MIC of �0.06 �g/ml), intermediately resistant (I) (MIC of 0.12 to
1.5 �g/ml), or R (MIC of �2 �g/ml). All laboratories in the FiRe network
participate in international or national quality control programs.

During the study period, the rates of macrolide resistance in S. pneumoniae in
Finland varied from 1.1% (Vaasa, 2000) to 34.1% (Satakunta, 2002) (Table 1).
The proportion of penicillin-nonsusceptible S. pneumoniae isolates varied from
0.5% (Kanta-Häme, 1997) to 12.9% (South Karelia, 2002) (Table 2). The overall
macrolide and penicillin resistance rates in Finland in the past years can be seen
in Fig. 2.

Antimicrobial consumption. Data on regional consumption of antimicrobials
were obtained from the National Agency for Medicines. The sales statistics were
based on sales from wholesalers to pharmacies on an annual basis. Antimicrobial
consumption is expressed in defined daily doses (DDD) per 1,000 inhabitants per
day. The antimicrobial consumption figures in the study areas (DDD/1,000 in-
habitants/year) varied from 1.28 to 2.79 for all macrolides, from 0.39 to 0.99 for
azithromycin, from 3.77 to 6.51 for penicillins, and from 1.40 to 2.85 for cepha-
losporins.

Statistical analysis. The association between antimicrobial resistance and con-
sumption was studied by comparing regional resistance rates for 1 year with the
previous year’s antimicrobial consumption in the same region. The macrolide
resistance levels of S. pneumoniae were compared with consumption data for (i)
all macrolides pooled and (ii) azithromycin. The penicillin resistance levels were
compared with the outpatient consumption data for (i) penicillins (including
amoxicillin-clavulanate), (ii) cephalosporins, (iii) total beta-lactam use (i.e., pen-
icillins and cephalosporins added together), and (iv) all macrolides pooled.
Cephalosporins include peroral compounds, more than 80% of which are nar-
row-spectrum cephalosporins (12). Every central hospital district had an equal
emphasis in the model, regardless of the number of isolates tested. By using this
procedure, we wanted avoid the bias that would follow from the fact that the
laboratories in the densely inhabited central hospital districts test more isolates
than do the laboratories in sparsely inhabited areas and would therefore receive
more emphasis.

A linear mixed model for repeated measures was used in modeling the asso-
ciation between resistance and the consumption of antimicrobials. The fraction
of resistant strains was taken as the dependent variable; antimicrobial consump-
tion and time were the explanatory variables. A random-effects model with time
and consumption as fixed effects and intercept as a random effect was fitted. R
strains were not included in the analysis separately, since they had a large
number of zeros and thus did not meet the normal distribution assumption.
Mixed models were fitted by Proc Mixed in the SAS System for Windows, version
8.02 (SAS Institute). The level of statistical significance was set at 0.05.

RESULTS

A statistically significant association was found between re-
gional macrolide resistance in S. pneumoniae and the con-
sumption of macrolides (P � 0.003) (Table 3). In particular,
there was also a significant association with the consumption of
azithromycin (P � 0.028) (Table 3).

A statistically significant association was not found between
penicillin-nonsusceptible isolates and the consumption of pen-
icillins with either I or I and R strains added together (Table
4). The result was the same when penicillin resistance levels
were compared with macrolide consumption (Table 4).

However, total beta-lactam use was connected to penicillin
resistance compared with I strains only (P � 0.013) (Table 4),
and cephalosporin use was connected to penicillin resistance
compared with I strains only (P � 0.006) (Table 4). A connec-
tion was not found with R and I strains added together.

The linear change of resistance over the time period was
significant. Macrolide-resistant and penicillin-intermediate
strains increased statistically significantly (Tables 3 and 4). This
means that when controlling for the drug consumption, time as
such explained the level of resistance.

FIG. 1. Central hospital districts included in the study. Abbrevia-
tions: CF, Central Finland; ES, Eastern Savo; KH, Kanta-Häme; K,
Kymenlaakso; L, Lapland; LP, Länsi-Pohja; NK, North Karelia; NO,
Northern Ostrobothnia; NS, Northern Savo; PH, Päijät-Häme; S,
Satakunta; SK, South Karelia; SO, South Ostrobothnia; SS, Southern
Savo; SW, Southwest Finland; T, Tampere region; U, Uusimaa; V,
Vaasa.
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DISCUSSION

This study showed that there is, on a regional level, a positive
connection between macrolide resistance in S. pneumoniae and
total macrolide consumption (Table 3) and between macrolide
resistance and azithromycin consumption (Table 3). This is in
agreement with our previous studies with S. pneumoniae and
Streptococcus pyogenes (5, 19), in which we found a connection
between macrolide resistance and macrolide consumption.
However, in contrast with S. pneumoniae, in our previous study
concerning S. pyogenes, we found an association between mac-
rolide resistance and total macrolide use but not with azithro-
mycin use alone (5).

This study also indicated a significant association between
low-level regional penicillin resistance in S. pneumoniae and

cephalosporin consumption. Total beta-lactam use was con-
nected to penicillin resistance as well. It is notable that al-
though consumption of penicillins in Finland (6.02 DDD/1,000
inhabitants/year in 2001) is considerably higher than cephalo-
sporin use (2.32 DDD/1,000 inhabitants/year in 2001) (16),
according to this study, the resistance levels were linked only
with the use of peroral cephalosporins, while the use of peni-
cillins alone did not have an association with the resistance
rates. Our finding may explain why strains that are intermedi-
ately resistant to penicillin emerged in the 1970s, when ceph-
alosporins where brought into use (9). Therefore, it is impor-
tant to decrease unnecessary consumption of cephalosporins.

Several previous findings on community-acquired S. pneu-
moniae parallel the results of this study. A connection between

TABLE 1. Streptococcus pneumoniae isolates tested for erythromycin susceptibility and percentage of resistant isolates
in different central hospital districts in Finland

Central hospital district

Isolates by yr

1997 1998 1999 2000 2001 2002

No. % R No. % R No. % R No. % R No. % R No. % R

Uusimaa 1,770 6.2 1,346 7.9 1,482 9.9 2,054 11.3 1,400 15.3 1,189 17.7
Southwest Finland 354 4.8 519 6.6 426 11.3 479 13.4 377 14.9 293 16.7
Satakunta 211 5.7 223 7.2 140 8.6 111 12.6 117 23.1 126 34.1
Kanta-Häme 117 2.6 72 5.6 95 12.6 79 11.4 91 11.0
Tampere region 423 5.0 356 4.5 350 8.6 380 9.2 320 10.0 290 12.4
Päijät-Häme 79 3.8 82 2.4 159 2.5 183 4.4 108 6.5
Kymenlaakso 186 5.4 139 7.2 159 7.5
South Karelia 151 3.3 88 14.8 98 18.4
Southern Savo 256 2.0 140 4.3 207 5.3 118 10.2 116 4.3 92 15.2
Eastern Savo 70 1.4 55 3.6 40 15.0
North Karelia 216 8.3 199 7.5 181 12.7 167 16.2 103 23.3
Northern Savo 375 5.9 346 9.8 340 10.3 281 13.5
Central Finland 176 11.4
Vaasa 90 1.1 132 3.0 141 5.7
Northern Ostrobothnia 508 15.9 789 15.0 1,032 16.0 755 13.0
Lapland 222 3.6

TABLE 2. Streptococcus pneumoniae isolates tested for penicillin susceptibility: intermediately resistant and resistant isolates
in different central hospital districts in Finland

Central hospital district

Isolates by yr

1997 1998 1999 2000 2001 2002

No. % I % R No. % I % R No. % I % R No. % I % R No. % I % R No. % I % R

Uusimaa 1,561 1.0 3.9 664 5.3 0.8 1,277 6.3 0.9 2,074 8.1 1.0 1,404 6.5 1.1 1,201 9.1 1.2
Southwest Finland 349 4.0 0.3 336 2.4 0.0 383 5.7 0.5 460 8.7 0.2 362 10.5 0.0 376 10.9 0.0
Satakunta 171 1.2 2.9 140 1.4 0.0 111 8.1 0.0 118 12.7 0.0 126 11.9 0.0
Kanta-Häme 211 0.5 0.0 96 4.2 0.0 101 8.9 0.0 79 5.1 0.0
Tampere region 423 5.9 0.2 346 4.9 0.0 348 8.9 0.0 379 6.6 0.0 318 6.9 0.0 289 7.3 0.0
Päijät-Häme 153 2.0 1.3 168 3.0 0.0 119 2.5 0.0 159 5.7 0.0 184 2.7 0.0 108 0.9 0.0
Kymenlaakso 139 3.6 0.7 123 8.9 0.0 126 4.0 2.4 90 15.6 0.0
South Karelia 151 5.3 0.7 155 1.9 3.2 138 2.2 0.0 131 6.9 0.0 142 8.5 0.7 101 12.9 0.0
Southern Savo 256 0.8 0.4 140 1.4 1.4 207 1.4 2.9 118 3.4 4.2 116 1.7 2.6 92 8.7 0.0
Eastern Savo 55 5.5 0.0 40 5.0 0.0
North Karelia 203 1.5 0.0 202 2.5 0.5 192 5.2 0.0 181 5.0 0.0 166 7.8 0.6 103 4.9 0.0
Northern Savo 525 5.7 1.0 460 4.6 0.4 469 3.6 0.0 415 9.9 0.0 344 6.1 0.3 286 8.7 0.0
Central Finland 327 4.6 0.3 264 5.3 0.0 199 3.0 0.0 213 4.2 0.0 176 5.1 0.0
South Ostrobothnia 322 1.2 0.6 307 1.3 0.3 242 6.6 0.0 169 4.1 0.0 155 7.1 0.6 147 2.7 0.7
Vaasa 146 5.5 0.0 170 1.8 0.6 198 3.5 0.5 109 1.8 0.0 145 3.4 0.0 155 3.9 0.6
Northern Ostrobothnia 604 7.0 0.0 537 6.0 0.2 508 5.9 0.0 792 6.9 0.0 1,057 6.1 0.0 758 9.0 0.0
Länsi-Pohja 119 0.0 3.4 125 0.8 4.8 103 10.7 102 10.8 0.0 95 9.5 0.0
Lapland 236 5.1 3.4 174 0.0 6.9 132 0.0 4.5 116 3.4 0.9 100 4.0 0.0 83 7.2 0.0
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macrolide resistance and macrolide use, especially azithromy-
cin use, has previously been noticed, for example, in Spain,
Germany, and Israel (4, 11, 21).

A previous study by Rantala et al. (20) reported resistance
mechanisms in macrolide-resistant pneumococcal isolates in
Finland in 2002. mef(E) was present in 44% of the isolates, and
erm(B) was present in 41% of the isolates. The MIC50s were 8
�g/ml and �128 �g/ml, respectively, among these isolates.
Most likely, these two mechanisms are also favored by the
isolates of this study, because both of them were common and
present in equal quantities according to the study of Rantala
et al.

It has been suggested that long-acting macrolides such as
azithromycin would select resistance more effectively than
other macrolides (3, 4, 6, 14). The connection between long-
acting macrolides and the selection of macrolide resistance
could be explained by the model of a selective window: when
an antibacterial agent has a low maximum concentration and a
long half-life (18), it is more likely to promote resistance than
antibacterials with a shorter selective window (6, 14, 23). Re-
garding azithromycin, the subinhibitory concentrations may
remain in the infected tissues for several weeks (14).

In previous studies, increased prevalence of penicillin non-
susceptibility in S. pneumoniae has been shown to be associated
with the consumption of beta-lactams (11, 15, 25). In a geo-
graphical analysis performed in Spain (11), consumption of
both beta-lactams and macrolides was connected to penicillin
resistance, with macrolides having the greater impact of the
two. Cephalosporins promoted penicillin resistance somewhat
more than aminopenicillins. In our study, however, macrolide
use did not have a connection with penicillin nonsusceptibility.
In contrast to the present study, in a previous study conducted
by our study group, a connection was not found between pen-
icillin resistance in S. pneumoniae and the use of any antimi-
crobial agent (19). This might be due to the differences in the
study settings: the number of tested strains was much larger
and the time span was much longer in the present study.

The finding of our study, that the use of cephalosporins was
linked to penicillin nonsusceptibility in S. pneumoniae and that
the use of penicillins was not, can probably be explained by
factors similar to those found in a previous study by Samore et
al. (22), who recently indicated that the use of different anti-
microbials enhanced penicillin nonsusceptibility in S. pneu-

moniae by different mechanisms in the nasopharynx of pre-
school age children. While the use of oral penicillins primarily
diminished susceptible pneumococci in the nasopharynx, thus
giving a competitive advantage to resistant strains at the pop-
ulation level, the use of oral cephalosporins appeared to di-
rectly increase acquisition of resistant S. pneumoniae isolates
(22). Although both types of effects contribute to the dissem-
ination of resistant pneumococcal strains, the latter effect is
more powerful (22). Such an effect caused by outpatient use of
cephalosporins may have accounted for the increased penicil-
lin nonsusceptibility rates in the community-acquired S. pneu-
moniae strains in our study.

A limitation of the study is that the consumption figures
used in this study are based on the amount of antimicrobials
that is sold by wholesalers to pharmacies. Therefore, the
amount of antimicrobials indicated by the sales figures might
still be stored by the pharmacies and not sold to patients. In
addition, drugs that are bought in a certain central hospital
district are not necessarily used in that area. However, we still
consider the figures to be sufficiently reliable for a population-
level study.

To combine individual data with population-level data in the
investigation of the relation of antimicrobial resistance and
consumption in the future will be a challenge (7, 22). The
development of resistance on an individual level is dependent
on many factors, such as the antimicrobial resistance mecha-
nism and the immunity status of the host. Mutations and se-
lection of resistant strains occur at an individual level, but
dissemination of resistant clones is a community-level event.
Using individual data alone is probably not relevant, as the
population-level antibiotic pressure may have more effect on
an individual’s risk for resistant organisms than individual an-
timicrobial usage (22). Since it is not known how quickly the
use of an antimicrobial agent affects the resistance level in a
given bacterial species in a given community, there is also a
need for using shorter time periods, e.g., monthly data, in the
future.

In conclusion, macrolide use and, separately, azithromycin
use were associated with increased macrolide resistance in S.
pneumoniae on a regional level in Finland. Therefore, unnec-
essary use of macrolides, especially azithromycin, should be
avoided. In addition, beta-lactam use and cephalosporin use
were connected to increased rates of low-level penicillin resis-
tance, but high-level use of penicillins was not connected to
increased rates of low-level penicillin resistance. Since the use

TABLE 3. Connection between macrolide resistance versus
azithromycin and total macrolide consumptiona

Antimicrobial Effect Parameter
estimate SE DF P

Azithromycin Intercept 0.063 0.046 15 0.191
Time 0.030 0.005 13 �0.001
Drug 0.172 0.075 36 0.028

Macrolides Intercept �0.002 0.054 15 0.971
Time 0.030 0.004 13 �0.001
Drug 0.095 0.030 36 0.003

a Parameter estimates, standard errors (SE), degrees of freedom (DF), and P
values were obtained by fitting a linear mixed model for repeated measures.

FIG. 2. Macrolide and penicillin resistance in S. pneumoniae in
Finland. R, resistant strains; I, intermediately resistant strains.

VOL. 50, 2006 MACROLIDE RESISTANCE IN S. PNEUMONIAE VERSUS USE 3649



of peroral cephalosporins in particular increased penicillin
nonsusceptibility, unnecessary prescribing of cephalosporins
should be avoided.
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TABLE 4. Connection between penicillin resistance and antimicrobial consumptiona

Antimicrobial Effect

Intermediately resistant isolates Resistant and intermediately resistant
isolates added together

Parameter
estimate SE DF P Parameter

estimate SE DF P

Penicillin Intercept �0.023 0.026 17 0.389 0.013 0.024 18 0.586
Time 0.010 0.002 17 �0.001 0.007 0.002 17 0.001
Drug 0.008 0.005 60 0.108 0.004 0.004 65 0.381

Macrolides Intercept 0.013 0.017 17 0.447 0.043 0.016 18 0.013
Time 0.008 0.002 17 0.001 0.007 0.002 17 0.001
Drug 0.005 0.009 54 0.606 �0.005 0.009 58 0.593

Beta-lactams Intercept �0.043 0.024 17 0.100 0.004 0.023 18 0.874
Time 0.010 0.002 17 �0.001 0.007 0.002 17 �0.001
Drug 0.008 0.003 60 0.013 0.004 0.003 65 0.198

Cephalosporins Intercept �0.029 0.017 17 0.115 0.012 0.017 18 0.471
Time 0.008 0.002 17 0.001 0.007 0.002 17 0.001
Drug 0.024 0.008 60 0.006 0.011 0.008 58 0.187

a Parameter estimates, standard errors (SE), degrees of freedom (DF), and P values were obtained by fitting a linear mixed model for repeated measures.
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