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Abstract

This study was conducted to evaluate the relationship between antimicrobial resistance and antimicrobial use in a university h
in Taiwan. Disk susceptibility data ofEscherichia coli, Klebsiella pneumoniae, Enterobacter cloacae, Serratia marcescens, Proteus spp.,
Pseudomonas aeruginosa, Acinetobacter spp.,Stenotrophomonas maltophilia and other non-fermentative Gram-negative bacilli causing
nosocomial infections were evaluated. Data on annual patient-days and annual consumption (defined daily dose (DDD) per 1000
days) of extended-spectrum cephalosporins (cefotaxime, ceftriaxone, ceftazidime, flumoxef, cefepime and cefpirome),�-lactam–�-lactamase
inhibitor combinations (ticarcillin/clavulanic acid and piperacillin/tazobactam), carbapenems (imipenem and meropenem), aminoglyc
(amikacin, gentamicin and tobramycin), fluoroquinolones (ciprofloxacin (oral and injectable) and oral levofloxacin and moxifloxacin)
1991 to 2003 were analysed. Increasing trends of incidences of several of these bacteria causing all nosocomial infections or nos
bloodstream infections were noted from 1991 to 2003. The annual patient-days of the hospital significantly increased, from 360 210 i
to 672 676 in 2002 (linear regression analysis,P < 0.05), but slightly decreased in 2003 (629 168) owing to the severe acute respirat
syndrome epidemic in Taiwan. The rise in cefotaxime-resistant or ciprofloxacin-resistantE. coli and meropenem-resistantP. aeruginosa was
significantly correlated with increased consumption of extended-spectrum cephalosporins,�-lactam–�-lactamase inhibitor combinations,
carbapenems, fluoroquinolones and aminoglycosides (for ciprofloxacin-resistantE. coli and meropenem-resistantP. aeruginosa only) in the
hospital (Pearson’s correlation coefficient,r > 0.72 (or <−0.72) andP-value < 0.05). Increased ciprofloxacin-resistantK. pneumoniae and
meropenem-resistantAcinetobacter spp. was significantly associated with the increased usage of extended-spectrum cephalosporins b
with the other four classes of antibiotics. This 13-year study in a hospital demonstrated significant changes in antimicrobial use, whic
have affected antimicrobial resistance in certain Gram-negative bacteria at the hospital.
© 2005 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.
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1. Introduction

Antimicrobial resistance is an increasing threat in hos
pitalised patients, and both mortality and morbidity from
infection are greater when caused by antimicrobial-resistan
bacteria[1–4]. Among these resistant bacteria, extended
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spectrum cephalosporin-resistant Enterobacteriaceae,
carbapenem-resistantPseudomonas aeruginosa andAcine-
tobacter baumannii, and ciprofloxacin-resistant Entero-
bacteriaceae and non-fermentative Gram-negative bacilli
(NFGNB) are of great concern because antimicrobial therapy
for infections due to these resistant pathogens remains a
clinical dilemma in hospitalised patients[5–11]. Increases in
the prevalence of these resistant pathogens in hospitals are
frequently related to the high selective pressure of antimicro-
bials commonly used in hospitalised patients, particularly
extended-spectrum cephalosporins,�-lactam–�-lactamase
inhibitor combinations, carbapenems, fluoroquinolones
and aminoglycosides[12–20]. Importantly, susceptibility
profiles of nosocomial pathogens are affected not only by
a single agent but also by use of multiple agents[21]. The
higher resistance of organisms to some antimicrobial agents
is frequently associated with heavy use of fewer antimicro-
bials [12–22]. Understanding the hospital antibiogram and
hospital profile of antimicrobial use is mandatory in solving
the problem of antimicrobial resistance in hospitals.

This report aims to evaluate antimicrobial usage and
antimicrobial resistance trends for prominent nosocomial
Gram-negative pathogens from 1991 to 2003 at a univer-
sity hospital in Taiwan. For each antimicrobial-resistant
pathogen, annual resistance rates and the usage of a single
agent and several classes of agents were analysed.
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coli, Klebsiella pneumoniae, Enterobacter cloacae, Serraba
marcescens, Proteus spp., P. aeruginosa, Acinetobacter
spp., Stenotrophomonas maltophilia, and NFGNB other
than P. aeruginosa, Acinetobacter spp. andS. maltophilia
(Pseudomonas fluorescens, Pseudomonas putida, Acine-
tobacter junii, Acinetobacter haemolyticus, Acinetobacter
lwoffii, Burkholderia cepacia, Chryseobacterium indolo-
genes, Chryseobacterium meningosepticum andAlcaligenes
spp.) (hereafter ‘other NFGNB’). These isolates were
non-duplicate samples, as several isolates of each species
from each patient recovered with 7 days were considered one
isolate. Isolates were identified by conventional biochemical
tests as well as by two commercial identification kits, VITEK
Identification cards (bioMerieux, Hazelwood, MO) and
Phoenix System (Becton Dickson, Sparks, MD), if necessary.

2.3. Antibiotic consumption

Data on annual consumption of extended-spectrum
cephalosporins (cefotaxime, ceftriaxone, ceftazidime,
flumoxef, cefepime and cefpirome),�-lactam–�-lactamase
inhibitor combinations (ticarcillin/clavulanic acid and
piperacillin/tazobactam), carbapenems (imipenem and
meropenem), aminoglycosides (amikacin, gentamicin and
tobramycin) and fluoroquinolones (ciprofloxacin (oral and
injectable) and oral levofloxacin and moxifloxacin) from
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. Materials and methods

.1. Setting

National Taiwan University Hospital (NTUH) is a tertia
eferral centre and a university-affiliated hospital with 2
eds. There were 175 beds in the intensive care unit an
eds in the haemo-oncology ward of this hospital during
tudy period. The Nosocomial Infection Control Commi
f the hospital was established in 1980[7]. Prior to 2004
o specific and well-established antibiotic control pol
ere implemented at the hospital. All attending physic
t the hospital can prescribe nearly all antimicrobial ag
except for liposomal amphotericin B, voriconazole, ca
ungin, linezolid and ganciclovir) without the permission
he infection disease specialists.

.2. Incidence of nosocomial infections caused by
ram-negative bacteria

Definitions for nosocomial infections followed t
ational Nosocomial Infections Surveillance guideli

23]. Annual incidences of several major Gram-nega
acteria causing all nosocomial infections (bloodstre
espiratory tract, urinary tract, gastrointestinal, surg
ite, and skin and soft tissue infections) and nosoco
loodstream infections were expressed as episode
0 000 discharged. These organisms includedEscherichia
991 to 2003 were obtained from the Pharmacy Depart
f the hospital. Antibiotic consumption was expressed a
umber of defined daily doses (DDDs)/1000 patient-d

24].

.4. Trends in resistance

To determine the secular trend of resistance in m
ram-negative pathogens causing nosocomial infectio
TUH, data on the disk diffusion susceptibilities of th
rganisms recovered from 1991 to 2003 were retrieved

he annual summary document[25]. To calculate the resi
ance rates, isolates of each species with identical resis
rofiles recovered from each patient within 7 days were c

ated once (non-duplicate isolates). Screening for exten
pectrum�-lactamase (ESBL) phenotypes amongE. coli
ndK. pneumoniae isolates began in 2003[26]. Escherichia
oli and K. pneumoniae isolates with an inhibition zon
iameter for cefotaxime (30�g disk) or aztreonam (30�g
isk) of < 27 mm were subjected to the ESBL confirm

ion method using the following four antimicrobial dis
efotaxime (30�g), cefotaxime/clavulanic acid (30/10�g
isk), ceftazidime (30�g disk) and ceftazidime/clavulan
cid (30/10�g disk). The results were interpreted based

he National Committee for Clinical Laboratory Standa
NCCLS) criteria[26].

Regular quality assurance was performed among iso
rocessed using the following American Type Culture C

ection (ATCC) strains:E. coli ATCC 25922,K. pneumoniae
TCC 70063 (for confirmation testing of ESBL-produc
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strains) andP. aeruginosa ATCC 27853. Isolates were
classified as susceptible or resistant (including intermediate
category) according to the NCCLS criteria[25,26].

2.5. Statistical analysis

Pearson’s correlation coefficient was used to determine
the relationship between antibiotic consumption and trends
in resistance. Linear regression analysis was used to anal-
yse the trend of hospital patient-days and the trends of rates
among Gram-negative pathogens causing all nosocomial
infections and nosocomial bloodstream infections with time.
Trends of annual resistance rates to each antimicrobial agent
for microorganisms were performed using Durbin–Watson
statistics. Anr-value >0.72 (or <−0.72) and aP-value <0.05

were considered statistically significant. The autoregressive
integrated moving average (ARIMA) model was used to
demonstrate the time series of antimicrobial resistance and
antimicrobial use (cefotaxime resistance inE. coli and cef-
tazidime resistance inP. aeruginosa) [27,28].

3. Results

3.1. Incidence of nosocomial infections

Annual rates of major Gram-negative bacilli causing all
nosocomial infections and nosocomial bloodstream infec-
tions are shown inFig. 1A and 1B, respectively. ForA.
baumannii, a 3.6-fold increase in nosocomial bloodstream

F
b

ig. 1. Incidence (episodes per 10 000 discharged) of (A) all nosocomial infe
acilli isolated from patients treated at a university hospital in Taiwan from 1
ctions and (B) nosocomial bloodstream infections caused by major Gram-negative
991–2003. NFGNB, non-fermentative Gram-negative bacilli.
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Table 1
Trends of incidence rates among Gram-negative pathogens causing all nosocomial infections and nosocomial bloodstream infections at National Taiwan
University Hospital, 1991–2003

Microorganism All nosocomial infections Nosocomial bloodstream infection

r P r P

Escherichia coli 0.850 <0.001* 0.846 <0.001*

Klebsiella pneumoniae 0.696 0.008 0.829 <0.001*

Enterobacter spp. 0.013 0.968 0.669 0.012*

Serratia spp. 0.555 0.049 0.810 <0.001*

Proteus spp. 0.628 0.096 0.912 0.002*

Pseudomonas aeruginosa 0.367 0.005 0.904 0.006*

Acinetobacter spp. 0.730 0.218 0.729 <0.001*

Stenotrophomonas maltophilia 0.778 0.113 0.730 0.161
Other NFGNB 0.758 0.003* 0.258 0.395

NFGNB, non-fermentative Gram-negative bacilli.
* Statistically significant association (r > 0.72,P < 0.05).

Fig. 2. (A) Annual patient-days and (B) annual consumption (defined daily dose (DDD) per 1000 patient-days) of five classes of antimicrobial agents and
resistance trends for five drug/organism combinations at a university hospital in Taiwan from 1991–2003.



P.-R. Hsueh et al. / International Journal of Antimicrobial Agents 26 (2005) 463–472 467

infections was noted (7.5 episodes/10 000 discharges in
1991 versus 27.1 episodes/10 000 discharges in 2003),
along with a 2.1-fold increase in all nosocomial infec-
tions (24.5 episodes/10 000 discharges in 1991 versus 50.8
episodes/10 000 discharges in 2003). There was a 2.2-fold
increase in other NFGNB causing nosocomial bloodstream
infections (4.9 episodes/10 000 discharges in 1991 versus
10.7 episodes/10 000 discharges in 2003). Among the eight
Gram-negative bacterial species and other NFGNB isolates,
trends of increased incidences were significant (r > 0.72 and
P < 0.05) amongE. coli and other NFGNB causing all noso-
comial infections, and amongE. coli, K. pneumoniae, Serra-
tia spp.,Proteus spp.,P. aeruginosa andAcinetobacter spp.
causing nosocomial bloodstream infections (Table 1).

3.2. Annual antibiotic consumption

The annual patient-days of the hospital significantly
increased, from 360 210 in 1991 to 672 676 in 2002 (linear
regression analysis,P < 0.05), but slightly decreased in 2003
(629 168) owing to the severe acute respiratory syndrome
epidemic in Taiwan (Fig. 2A). Table 2shows the annual con-
sumption of several commonly used antimicrobial agents,
and Fig. 2B illustrates the annual consumption of five
classes of agents from 1991 to 2003. In general, the usage
of each individual antimicrobial agent varied with years.
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significant stepwise increase in consumption (r > 0.72
nd P < 0.05) was found for piperacillin/tazobacta
efepime, meropenem and ciprofloxacin (Table 2). Antibi-
tics with significantly decreased annual use in the
years (2000–2003) were amikacin and sulphamet

zole/trimethoprim (r <−0.72 andP < 0.05). For the five
lasses of agents, a 4.2-fold, 5.1-fold and 801.3-fold incr
n usage was noted for extended-spectrum cephalosp
arbapenems and fluoroquinolones, respectively, in
ompared with 1991. An 8.8-fold increase in usage
-lactam–�-lactamase inhibitor combinations was noted
003 (19.55 DDD per 1000 patient-days) compared
994 (2.22 DDD per 1000 patient-days).

.3. Relationship between antibiotic consumption and
ates of resistance

In 2003, the overall rate of resistance to cefotaxime
2.7% in E. coli and 25.1% inK. pneumoniae. However
ased on the NCCLS guidelines for ESBL confirmation t

ng [26], the rate of ESBL-producing isolates ofE. coli
nd K. pneumoniae in 2003 was 14.2% and 14%, resp

ively. Table 3shows the trends of resistance rates am
ram-negative pathogens. A significant increase in r

ance rate with time (r > 0.72 andP < 0.05) was found fo
efotaxime- and ciprofloxacin-resistantE. coli, cefepime
nd ciprofloxacin-resistantK. pneumoniae, cefepime
nd meropenem-resistantP. aeruginosa, ceftazidime-
iperacillin/tazobactam-, gentamicin- and amikacin-resis
. baumannii, and cefepime- and piperacillin/tazobacta
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Table 3
Trends of resistance rates among Gram-negative pathogens causing nosocomial infections at National Taiwan University Hospital, 1991–2003

Organism/antimicrobial agent Antimicrobial resistance (%) by year Correlation

1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003r P

Escherichia coli
No. of isolates 112 161 180 204 230 196 284 282 313 356 409 415 434
Cefotaxime 3.1 2.6 5.3 5.7 8.5 6.7 8 6.1 17.4 19.4 22.5 18.9 22.7 0.918 <0.001*

Cefepime – – – – – – – – 8.4 10.2 11.1 6.9 8.5 −0.297 0.314
Piperacillin/tazobactam – – – – – – – – – – 8.9 12.7 12.7 0.866 0.167
Ciprofloxacin – – – – – – – – 26.8 29.0 34.1 32.9 37.3 0.946 0.008*

Gentamicin 23.8 30.4 36.0 32.0 45.4 42.5 36 36.5 37.7 36.4 37.6 34.0 34.6 0.327 0.138

Klebsiella pneumoniae
No. of isolates 113 121 144 170 184 167 198 232 228 267 285 350 382
Cefotaxime 5.6 8.4 18.8 21.0 22.6 14.0 26.0 28.4 19.8 17.9 20.6 28.3 25.1 0.68 0.005
Cefepime – – – – – – – – 8.9 13.6 18.1 22.5 18 0.83 0.041*

Piperacillin/tazobactam – – – – – – – – – – 19.5 15.1 15.9 −0.768 0.221
Ciprofloxacin – – – – – – – – 8.9 16.2 20.2 28.8 23.1 0.868 0.028*

Gentamicin 15.4 17.5 24.8 23.5 25.0 18.7 27.3 32.8 25.4 17.3 21.7 31.1 19.7 0.31 0.151

Enterobacter cloacae
No. of isolates 117 155 124 126 161 197 235 222 203 236 289 244 276
Cefotaxime 44.7 48.0 50.4 48.3 51.9 63.0 60.5 62.7 62.7 48.9 60.1 58.7 51.3 0.498 0.042
Cefepime – – – – – – – – 7.8 7.6 10.6 16.2 9.2 0.512 0.189
Piperacillin/tazobactam – – – – – – – – – – 30.7 34.8 29.3 −0.245 0.421
Ciprofloxacin – – – – – – – – 6.4 15.8 14.5 19.5 15.4 0.712 0.089
Gentamicin 38.0 37.4 32.2 22.2 22.2 34.5 34.2 39.6 35.6 29.7 34.1 29.9 26.9−0.160 0.300
Amikacin 22.6 21.9 19.2 7.9 5.6 12.8 18.8 18.6 23.9 13.2 23.6 17.6 10.2−0.07 0.410

Serratia marcescens
No. of isolates 24 15 29 24 17 29 41 70 70 63 72 64 61
Cefotaxime 28.6 8.3 12.0 20.8 17.6 34.4 51.2 57.1 61.1 45.2 34.7 38.1 41.0 0.635 0.010
Cefepime – – – – – – – – 5.6 6.0 9.2 9.5 6.6 0.474 0.210
Piperacillin/tazobactam – – – – – – – – – – 23.1 26 23.9 0.267 0.414
Ciprofloxacin – – – – – – – – 32.4 33.3 20.0 30.6 30.0 −0.222 0.360
Gentamicin 11.8 20.0 11.5 12.5 11.8 34.5 48.8 51.4 40.0 40.3 25.3 26.6 31.1 0.542 0.280
Amikacin 23.8 13.3 11.1 12.5 0.0 10.3 35.9 23.2 20 17.7 11.1 10.9 13.1−0.019 0.476

Proteus spp.
No. of isolates 30 29 24 36 37 40 57 51 68 68 84 64 86
Cefotaxime 0.0 0.0 9.1 0.0 8.1 2.5 1.8 3.9 3.3 1.5 1.2 4.7 5.9 0.168 0.292
Cefepime – – – – – – – – 0.0 1.6 0.0 0.0 2.3 0.433 0.233
Piperacillin/tazobactam – – – – – – – – – – 2.7 0.0 0.0 −0.866 0.167
Ciprofloxacin – – – – – – – – 6.2 5.9 7.1 4.7 14.0 0.617 0.134
Gentamicin 21.4 24.1 13 25 10.8 17.5 18.2 37.3 19.1 26.9 25 23.4 24.4 0.334 0.132
Amikacin 0.0 0.0 4.3 0.0 0.0 2.5 1.8 5.9 1.5 1.5 1.2 1.6 3.5 0.322 0.141

Pseudomonas aeruginosa
No. of isolates 179 204 230 243 231 255 309 324 372 358 376 357 369
Ceftazidime 13.6 22.4 18.8 9.2 10.3 11.7 8.4 10.1 12.2 9.3 10.3 11.5 9.5−0.578 0.019
Cefepime – – – – – – – – 6.0 8.9 9.3 12.1 11.6 0.934 0.010*

Piperacillin/tazobactam – – – – – – – – 23.4 11.0 10.0 15.0 17.0 −0.259 0.337
Meropenem – – – – – – – – 6.4 9.2 9.4 13.0 16.7 0.969 0.003*

Ciprofloxacin – – – – – – – – 8.2 9.5 6.4 11.6 16.1 0.759 0.068
Gentamicin 19.8 26.4 20.9 14.2 18.9 13.4 22.7 20.2 15.9 17.6 12.3 15.1 13.7−0. 598 0.016
Amikacin 13.3 17.6 13.4 7.9 9.6 6.7 12.3 8.0 7.1 6.5 4.8 7.3 4.9−0.803 <0.001*

Acinetobacter baumannii
No. of isolates 75 76 103 74 103 106 132 158 170 302 294 272 356
Ceftazidime 24.3 13.9 21.3 17.4 21.2 17.5 34.5 37.8 52.4 47.3 49.8 44.3 47.9 0.871 <0.001*

Cefepime – – – – – – – – 48.5 46.2 43.0 45.8 46.5 −0.353 0.280
Piperacillin/tazobactam – – – – – – – – 40.8 41.1 43.0 45.2 48.6 0.962 0.004*

Meropenem – – – – – – – – 22.2 21.5 23.6 24.5 24.2 0.853 0.033
Ciprofloxacin – – – – – – – – 46.2 42.2 44.9 48.7 48.9 0.673 0.106
Gentamicin 20.8 18.4 26.8 17.6 25.5 17.9 33.6 40.5 49.4 47.0 53.2 53.1 54.2 0.921 <0.001*

Amikacin 19.4 15.8 19.6 14.1 12.9 6.7 22.3 30.1 47.0 44.4 40.7 43.9 44.9 0.825 <0.001*
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Table 3 (Continued )

Organism/antimicrobial agent Antimicrobial resistance (%) by year Correlation

1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003r P

Stenotrophomonas maltophilia
No. of isolates – – – – – – – – 65 82 94 89 121
Ceftazidime – – – – – – – – 60 37.5 50 47.2 56.6 0.052 0.467
Cefepime – – – – – – – – 80.6 79 89.4 92.1 89.9 0.841 0.037*

Piperacillin/tazobactam – – – – – – – – 70.6 78.7 83.1 84.1 89.8 0.968 0.003*

Ticarcillin/clavulanic acid – – – – – – – – 47.4 29.3 39.3 32.6 42.9−0.122 0.423
Ciprofloxacin – – – – – – – – 15.2 26.8 55.4 36.4 21.7 0.228 0.356
Sulphamethoxazole/trimethoprim – – – – – – – – – 15.9 10.8 26.7 26.9 0.785 0.107

Other NFGNB
No. of isolates 91 80 111 122 132 132 100 78 63 104 97 178 113
Ceftazidime 35.4 46.2 18.8 43.4 35.5 40 49.5 46.8 35 37.6 45.2 34.9 35.7 0.106 0.366
Cefepime – – – – – – – – 25.7 34.6 34.1 35.6 30.1 0.377 0.266
Piperacillin/tazobactam – – – – – – – – 11.8 22.3 30.8 27.2 18.2 0.375 0.267
Meropenem – – – – – – – – 29.6 40.8 53.7 42.7 57.8 0.683 0.159
Ciprofloxacin – – – – – – – – 44.7 34.9 38.1 43.8 31.9−0.476 0.209
Gentamicin 73.8 75.9 82.9 80.2 68.7 71 22.7 74.4 68.3 69.2 73.2 80.2 69.9−0.101 0.371
Amikacin 61 73.1 75.5 73.1 56.9 63.9 12.3 8 57.1 59.6 68 70.6 65.5−0.109 0.361

NFGNB, non-fermentative Gram-negative bacilli (other thanP. aeruginosa, A. baumannii andS. maltophilia).
* Statistically significant association (r > 0.72 or <− 0.72,P < 0.05).

resistantS. maltophilia. A significantly increased suscepti-
bility with time (r <−0.72 andP < 0.05) was found to cef-
tazidime and amikacin forP. aeruginosa (Table 3).

Relationships between rates of resistant Gram-negative
pathogens causing nosocomial infections and the annual
consumption of the corresponding antibiotic in the hospi-
tal from 1991 to 2003 are shown inTable 4. Significant
positive associations (increased resistance associated with
increased consumption) (r > 0.72 andP < 0.05) were found in
cefotaxime- and ciprofloxacin-resistantE. coli, cefotaxime-
and gentamicin-resistantS. marcescens, ciprofloxacin-
resistant P. aeruginosa, and piperacillin/tazobactam-,
amikacin- and meropenem-resistantA. baumannii. Signif-
icant negative associations (r <−0.72 andP < 0.05) were
found in cefepime- and gentamicin-resistantA. baumannii.

The rise in cefotaxime-resistantE. coli was signif-
icantly correlated with the increased consumption of
extended-spectrum cephalosporins (r = 0.8409,P < 0.0001),
�-lactam–�-lactamase inhibitor combinations (r = 0.9148,
P < 0.0001), carbapenems (r = 0.8929, P < 0.0001) and
fluoroquinolones (r = 0.8877, P < 0.0001). The rise in
cefotaxime-resistantK. pneumoniae was significantly asso-
ciated with the use of extended-spectrum cephalosporins
(r = 0.7223,P = 0.0281) and fluoroquinolones (r = 0.7810,
P < 0.0373) only. The increase in rates of ciprofloxacin-
resistantE. coli and meropenem-resistantP. aeruginosa
w n of
e
a
l
a ms
( -
t
r of
a an

increased incidence of ciprofloxacin-resistantE. coli
(r =−0.9221, P = 0.0258) and meropenem-resistantP.
aeruginosa (r =−0.9082, P = 0.0264). An increase in
meropenem-resistantAcinetobacter spp. was significantly
associated with increased usage of extended-spectrum
cephalosporins (r = 0.9316, P = 0.0212) and carbapenems
(r = 0.9026,P = 0.0412) but not with the other four classes of
antibiotics. The relationships between rates of ciprofloxacin
resistance inK. pneumoniae andP. aeruginosa and the five
classes of antimicrobials were not significant.

3.4. Time series analysis with ARIMA model

Table 5shows ARIMA and transfer function models for
estimating the percentage of cefotaxime resistance among
E. coli isolates. An increase of 1 DDD/1000 patient-days for
cefotaxime resulted in an increase of 0.98% in the cefotaxime
resistance rate. A forecast of cefotaxime resistance inE. coli
and ceftazidime resistance inP. aeruginosa up to 2011 is
shown inFig. 3. In 2011, the predicted cefotaxime resistance
percentage forE. coli is 36.3% (95% confidence interval (CI),
26.6–42.5%) and the predicted ceftazidime resistance per-
centage forP. aeruginosa is 8.79% (95% CI, 3.9–10.6%).

4. Discussion

icro-
b soco-
m hing
h ng a
1 , the
i ram-
n table
t eases
i acin
as significantly correlated with increased consumptio
xtended-spectrum cephalosporins (r = 0.89446,P = 0.0404
nd r = 0.9283, P = 0.0218, respectively),�-lactam–�-

actamase inhibitor combinations (r = 0.9323, P = 0.0209
nd r = 0.8991, P = 0.0379, respectively), carbapene
r = 0.8933,P = 0.0412 andr = 0.9283,P = 0.0218, respec
ively) and fluoroquinolones (r = 0.9612, P = 0.0091 and
= 0.9523, P = 0.0124, respectively). Decreased use
minoglycosides was significantly associated with
This study regarding the association between antim
ial resistance in Gram-negative bacteria that cause no
ial infections and antibiotic use at a Taiwanese teac
ospital with an increase of annual patient-days duri
3-year period discloses three important points. First

ncidence of nosocomial bacteraemia due to the major G
egative bacteria generally increased over time. No

rends in antimicrobial usage demonstrated sharp incr
n the use of piperacillin/tazobactam, cefepime, ciproflox
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Table 5
Autoregressive integrated moving average (ARIMA) and transfer func-
tion models for estimating percentage of cefotaxime resistance among
Escherichia coli isolated at National Taiwan University Hospital, 1991–2003

Antibiotic use Parameter (SE)a T-ratio P

ARIMA model for percentage of cefotaxime resistance
MA 0.9814 (0.0346) 28.36448 <0.001

Transfer function for cefotaxime resistance
Cefotaxime use 0.9815 (0.03447) 28.4748 <0.001
MA 0.9814 (0.03675) 26.7021 <0.001

SE, standard error; MA, moving average term, representing disturbance and
abrupt changes of resistance.

a Size and direction of the effect.

and carbapenems, but decreases in the use of amikacin and
sulphamethoxazole/trimethoprim.

Second, widespread use of four major classes of antimi-
crobial agents in the hospital were significantly associated
with the increase in cefotaxime and ciprofloxacin resis-
tance inE. coli and carbapenem resistance inP. aeruginosa.
Increased use of extended-spectrum cephalosporins was also
significantly related to the increased incidence of cefotaxime
resistance inK. pneumoniae and carbapenem resistance in

F
(
a
a
f

ig. 3. Yearly percentage of (A) cefotaxime-resistantEscherichia coli and
B) ceftazidime-resistantPseudomonas aeruginosa observed between 1991
nd 2003 and predicted values up to 2011 with 95% confidence intervals
ccording to autoregressive integrated moving average (ARIMA) and trans-

er function models.
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Acinetobacter spp. The increased use of fluoroquinolones
is also significantly associated with the increased incidence
of cefotaxime resistance inK. pneumoniae and carbapenem
resistance inP. aeruginosa. Third, the decreasing use of
gentamicin and amikacin in recent years is associated with
increasing susceptibility ofS. marcescens to gentamicin and
of P. aeruginosa to amikacin; however, resistance to gentam-
icin and amikacin inA. baumannii remained high.

The relationship between antimicrobial resistance and
antimicrobial usage for a particular drug, or classes of
drug, and organism combination is partly in line with other
previous studies[12–22]. A significant positive correla-
tion between the increase in the use of extended-spectrum
cephalosporins (particularly ceftazidime) and the increased
prevalence of ceftazidime-resistantK. pneumoniae, Enter-
obacter spp. andP. aeruginosa has been described in many
previous reports[17,29–32]. Our study further demonstrated
this positive association with cefotaxime use and cefotaxime-
resistantS. marcescens. However, a significantly increased
use of cefepime in NTUH failed to result in an increased
rate of cefepime resistance inA. baumannii and even
exerted a protective effect against this resistance (r =−0.952
and P = 0.012). Use of piperacillin/tazobactam has been
demonstrated to reduce rates of ceftazidime-resistant or
ESBL-producingK. pneumoniae [12,29,32]. However, our
study showed a significantly positive association between
p tam-
r
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The root causes of the rapid emergence and dissemination
of drug-resistant bacteria in hospitals are multifactorial
[36], including the high selective pressure that results from
inappropriate and widespread use of antimicrobial agents
particularly in intensive care units, cross transmission from
patient to patient owing to inconsistent application of appro-
priate infection control measures, interhospital transfer of
resistance (clonal spreading of resistant bacteria or horizon-
tal transfer of resistance genes), a community contribution
to resistance, or a complex relationship between resistance
and the use of a variety of antimicrobials[33,36–38].
However, increasing resistance may further drive increased
consumption of several so-called ‘last-line’ antimicrobial
agents. In this study, the increase in the incidence of noso-
comial infections due to multidrug-resistantP. aeruginosa
and A. baumannii and cefotaxime-resistantE. coli and K.
pneumoniae resulted in an increase in the use of carbapen-
ems. The increased use of these agents was significantly
associated with an increase in the incidence of nosocomial
infections due to carbapenem-resistantA. baumannii andP.
aeruginosa, S. maltophilia and other NFGNB, particularly
among patients hospitalised in intensive care units (data not
shown). Previous studies have demonstrated that the spread
of pauci-clones of carbapenem-resistant or pandrug-resistant
A. baumannii and poly-clones of carbapenem-resistant
P. aeruginosa in intensive care units and other wards
a sed
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iperacillin/tazobactam use and piperacillin/tazobac
esistantA. baumannii.

Although the consumption of ceftazidime in 20
ecreased to approximately one-half of that in 1996,
lthough piperacillin/tazobactam use increased dram
ally, cefotaxime resistance inK. pneumoniae remained
igh (25.1% in 2003), and rates of piperacillin/tazobac
esistance in these Gram-negative bacteria remained
le. However, cefotaxime resistance inEnterobacter spp.
nd ceftazidime-resistantP. aeruginosa declined gradu
lly. Because the incidence of ESBL-producingE. coli
nd K. pneumoniae was not available prior to 200

t was not possible to define the relationship betw
ntimicrobial usage and the incidence of ESBL-produ

solates.
Previous reports demonstrated that fluoroquinolo

ere protective against isolation of third-genera
ephalosporin-resistant pathogens[31,33]. A recent stud
urther demonstrated that higher hospital-level use of
oquinolones was associated with an increased proporti
iprofloxacin resistance amongP. aeruginosa isolates caus

ng hospital-acquired infections[34] but not inE. coli iso-
ates. However, MacDougall et al. demonstrated that t
as no significant relationship between total hospital fl

oquinolone use and resistance inE. coli [35]. In this study
ncreased use of fluoroquinolones was not only assoc
ith the increased incidence of cefotaxime-resistantE. coli
ndK. pneumoniae but also correlated with varying degre
f increase in ciprofloxacin resistance among these G
egative bacteria, except forS. maltophilia isolates.
t the hospital contributes significantly to the increa
ates of carbapenem resistance among these is
6,10–12].

Recently, the ARIMA model has been widely used
nvestigate the relationship between antibiotic use and a
tic resistance and provides forecasts of resistance bas
ast antibiotic use and resistance data[27,28]. Owing to the
uge database in this study, this model was used to
se both cefotaxime resistance inE. coli and ceftazidim
esistance inP. aeruginosa. Our results clearly demonstrat
he trends of worsening cefotaxime resistance inE. coli and
avourable susceptibility inP. aeruginosa to ceftazidime in
he next 6 years.

In conclusion, this 13-year study in a hospital dem
trated that significant changes in antimicrobial use m
ave affected antimicrobial resistance in certain Gr
egative bacteria at the hospital. The changes could
een due to several other factors, most likely in conjunc
ith one another. Dissemination and feedback of these

o clinicians and decision-makers at the hospital is cru
o improve antibiotic prescribing and to implement effec
nfection control. More judicious use of antimicrobial age
ill be necessary to limit this trend.
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