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ABSTRACT

Introduction: Balancing the benefits and risks
of antimicrobials in health care requires an
understanding of their effects on antimicrobial
resistance at the population scale. Therefore, we
aimed to investigate the association between
the population antibiotics use and resistance
rates and further identify their critical
thresholds.

Methods: Data for monthly consumption of six
antibiotics (daily defined doses [DDDs]/1000
inpatient-days) and the number of cases caused
by five common drug-resistant bacteria
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(occupied bed days ~ [OBDs]/10,000 inpatient-
days) from inpatients during 2009-2020 were
retrieved from the electronic prescription sys-
tem at Nanjing Drum Tower Hospital, a tertiary
hospital in Jiangsu Province, China. Then, a
nonlinear time series analysis method, named
generalized additive models (GAM), was applied
to analyze the pairwise relationships and
thresholds of these antibiotic consumption and
resistance.

Results: The incidence densities of car-
bapenem-resistant  Acinetobacter ~ baumannii
(CRAB), carbapenem-resistant Klebsiella pneu-
moniae (CRKP), and aminoglycoside-resistant
Pseudomonas aeruginosa were all strongly syn-
chronized with recent hospital use of
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carbapenems and glycopeptides. Besides, the
prevalence of carbapenem-resistant Escherichia
coli was also highly connected the consumption
of carbapenems and fluoroquinolones. To les-
sen resistance, we determined a threshold for
carbapenem and glycopeptide usage, where the
maximum consumption should not exceed
31.042 and 25.152 DDDs per 1000 OBDs,
respectively; however, the thresholds of fluoro-
quinolones, third-generation cephalosporin,
aminoglycosides, and B-lactams have not been
identified.

Conclusions: The inappropriate usage of car-
bapenems and glycopeptides was proved to
drive the incidence of common drug-resistant
bacteria in hospitals. Nonlinear time series
analysis provided an efficient and simple way to
determine the thresholds of these antibiotics,
which could provide population-specific quan-
titative targets for antibiotic stewardship.

Keywords: Nonlinear time series analysis;
Thresholds; Antimicrobial resistance; Drug-
resistant bacteria

Why carry out this study?

Antimicrobial resistance leads to increased
drug costs, adverse drug events, and high
patient morbidity and mortality

Nonlinear time series can describe the
relationships of drug-resistance bacteria to
antibiotics and identify certain thresholds
for specific antibiotics

What was learned from the study?

Improper use of carbapenems and
glycopeptides can lead to the occurrence
of drug-resistant bacteria commonly
found in hospitals

Nonlinear time series analysis provided a
way to determine the thresholds of
antibiotics, which could provide
population specific quantitative targets for
antibiotic stewardship

INTRODUCTION

Antimicrobial resistance affects all areas of
public health worldwide and generates
increased pharmaceutical fees, adverse drug
events, as well as high morbidity and mortality
of patients [1, 2]. Some drug-resistant bacteria,
such as carbapenem-resistant Acinetobacter bau-
mannii (CRAB), carbapeneme-resistant Escher-
ichia coli (E. coli), aminoglycoside-resistant
Pseudomonas aeruginosa (P. aeruginosa), cat-
bapenem-resistant Klebsiella pneumoniae
(CRKP), and methicillin-resistant Staphylococcus
aureus (MRSA), have exhibited high prevalence
and accounted for the majority of antibiotic-
resistant infections worldwide [3-6]. From sev-
eral multi-center studies and reports estimated
by the China Antimicrobial Resistance Surveil-
lance System (CARSS), the prevalence of CRAB,
carbapenem-resistant E. coli, CRKP, and MRSA
in inpatients with bacterial infections were
8-55.4%, 1-6%, 5-15%, and 10-30.9% [5, 7-9],
respectively. Moreover, controlling the growth
of drug-resistant bacteria is urgent worldwide.
About 25,000 people die each year from
antibiotic-resistant bacteria in Europe [10]. In
the USA, the proportion of Enterobacteriaceae
bacteria resistant to carbapenems increased
from 0% in 2001 to 1.4% in 2010, with the
largest increase in Klebsiella spp. [11]. In Pak-
istan, 50-60% of community-acquired gram-
negative pathogens have developed resistance
to common oral antibiotics, and in South
Africa, 52% of 1147 S. aureus isolates from
patients with bacteremia in intensive care units
were MRSA [12]. Recently, excessive or inap-
propriate consumption of antibiotics was con-
sidered to accelerate the prevalence and
resistance spectrum of drug-resistant bacteria,
for instance, the improper application of car-
bapenem antibiotics has promoted the rapid
spread of CRKP, E. coli can be induced by a
variety of antibiotics to develop resistance
genes, and the hospital densities of MRSA were
highly related to the fluoroquinolones and
third-generation = cephalosporins [13-15].
Therefore, given the current irregularity of
antibiotic prescribing and its impact on bacte-
rial resistance worldwide [16], identifying a
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balance between effective therapies and control
of resistance is urgently needed for antibiotic
management.

Since the antibiotic stewardship can reduce
antimicrobial resistance [7, 17], over-restriction
may be counterproductive. In 1994, Stuart Levy
first proposed the non-linear relationship
between antibiotics and resistance and pro-
posed the definition of thresholds, which rep-
resent the maximum consumption of one
antibiotic [18]. When the consumption of a
specific antibiotic surpasses its threshold, the
selection pressure will exceed the fitness costs,
leading to a dramatic increase of infection [18].
To determine these relationships and thresh-
olds, linear time series analyses were first con-
sidered and applied empirically, including
unary linear regression and piecewise linear
regression [7, 19, 20]. However, emerging evi-
dence has suggested that nonlinear relation-
ships, such as curvilinear regression, spline
regression, and generalized additive models
(GAMs), are more authentic and efficient to
describe the relationships; these can also deter-
mine the thresholds of specific antibiotics
[8, 15, 21].

Herein, using five statistical methods, we
first investigated the correlations between
antibiotic consumption and drug-resistant
infections among inpatients in a tertiary hos-
pital in Nanjing, China, from 2009 to 2020.
Then, by choosing the best-fit statistical
method and its calculated regressions, we
determined the critical thresholds for B-lactam-
B-lactamase inhibitor combinations, fluoro-

quinolones, carbapenems, third-generation
cephalosporins, aminoglycosides, and
glycopeptides.
METHODS

Study Design and Ethics Statement

A retrospective observational study of patients
with infections caused by five kinds of crucial
drug-resistant bacteria were conducted in Nan-
jing Drum Tower Hospital in Jiangsu Province,
China. These drug-resistant bacteria were car-
bapenem-resistant  Acinetobacter ~ baumannii

(CRAB), carbapenem-resistant Escherichia coli
(E. coli), aminoglycoside-resistant Pseudomonas
aeruginosa (P. aeruginosa), carbapenem-resistant
Klebsiella pneumoniae (CRKP), and methicillin-
resistant Staphylococcus aureus (MRSA), where
the carbapenem-resistant E. coli and CRKP are
parts of carbapenem-resistant Enterobacterales
(CRE), which are defined as members of the
Enterobacterales order resistant to at least one
carbapenem antibiotic or producing a car-
bapenemase enzyme [22]. The hospital under
study is a tertiary medical center with > 3000
beds, admitting approximately 100,000 admis-
sions per year. All inpatients admitted from
January 1, 2009, to March 31, 2020, who were
treated with antibiotics were included (Fig. 1).

Bacterial Identification and Antimicrobial
Susceptibility Testing

Data on antibiotic-resistant bacteria from non-
repetitive isolates were retrieved from electronic
medical records and duplicated isolates from
the excluded inpatients. Bacterial identifica-
tions were made by the hospital clinical labo-
ratory; the authors did not perform bacterial
identification. The automated Vitek-2 system
(bioMérieux, I'Etoile, France), supplemented by
Kirby-Bauer Disk Diffusion Agar, was used to
identify strains to the species level and test
antimicrobial drug susceptibility. Results were
interpreted according to guidelines from the
Clinical and Laboratory Standards Institute.
Piperacillin/tazobactam, ciprofloxacin, imipe-
nem, ceftazidime, amikacin, and vancomycin
were used for the susceptibility test representing
B-lactam-B-lactamase inhibitor combinations
(BLBLIS), fluoroquinolones, carbapenems,
third-generation cephalosporins, aminoglyco-
sides, and glycopeptides, respectively. Interme-
diate isolates were also defined as resistant
isolates in the study.

Antibiotic Consumption

We extracted antibiotic consumptions in the
form of defined daily doses (DDDs) per 1000
occupied bed days (OBDs) from the database of
the Department of Pharmacy, according to the
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Fig. 1 A Antibiotics consumption (defined daily doses
[DDDs]/1000 inpatient-days) and percentage of resistant
isolates at Nanjing Drum Tower Hospital (January
2009-March 2020). B Cases caused by multidrug resistant

2012 World Health Organization (WHO) ana-
tomic therapeutic chemical classification sys-
tem [23]. All above-mentioned antibiotics were
extracted, including pB-lactam (penicillin G,
amoxicillin/clavulanate potassium, benzathine
benzylpenicillin, and piperacillin/tazobactam),
aminoglycosides (amikacin and gentamicin),
fluoroquinolones (ciprofloxacin, moxifloxacin,
levofloxacin, and norfloxacin), carbapenems
(biapenem, imipenem, and meropenem), gly-
copeptides (vancomycin and teicoplanin), and
third-generation cephalosporins (ceftriaxone,
ceftizoxime, cefminox, cefodizime, cefopera-
zone/sulbactam, cefdinir, and ceftazidime).
Antibiotics that achieve systemic therapeutic
concentrations (including oral and injection)
were included. Antibiotics used as topical
reagents were excluded.

Statistical Analysis

To adopt a more appropriate statistical method
to evaluate the associations between

Aminoglycosides-resistant P aeruginosa ——CRKP

(occupied bed days  [OBDs]/10,000 inpatient
days) at Nanjing Drum Tower Hospital (January
2009-March 2020)

bacteria

antimicrobial consumption and rates of resis-
tance, three linear and two non-linear regres-
sion analyses were performed, including unary
linear regression, piecewise linear regression,
curvilinear regression, spline regression, and
generalized additive models (GAM), respec-
tively. The residual standard error (RSE) and
adjusted R-squared (R-sq) were compared to
illustrate the degree of model fitting. The RSE is
the average error of the model using indepen-
dent variables to predict the dependent vari-
able, and a smaller value represented a better
model fitting, while the R-sq represents how
well the model interprets the data set, and a
larger value represents a better fit. In all five
statistical methods, GAM showed the minimum
RSE value (Table 1). The models with adjusted
R? > 0.3 were considered statistically significant
(20, 24] (Table 2).

After comparison, the GAM relationship
exhibited the prominent data fit (Table 1) and
thus was applied to evaluate the trends of
monthly consumptions of six antibiotic
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Table 1 Residual standard error of the time series analysis

Models (z = 30) Unary linear Piecewise linear curvilinear Spline GAM
regression regression regression regression
Carbapenems
Aminoglycoside-resistant P. 0.948 0.899 0.946 0.805  0.588
aeruginosa
CRAB 1.962 1.682 2.195 1.607  0.647
CRKP 1.295 1.003 1.521 0.983  0.738
Imipenem-resistant E. coli 0.563 0.465 0.527 0461 0395
MRSA 1.477 1451 1.472 1.398  0.099
Aminoglycosides
Aminoglycoside-resistant P. 1.101 1.083 1.13 1.079 0917
aeruginosa
CRAB 2.703 2.699 2.692 2712 2.683
CRKP 1.881 1.823 1.870 1.793  1.742
Imipenem-resistant E. coli 2.703 2.699 2.692 2712 2.683
MRSA 1.395 1.391 1.447 1.389  1.378
Fluoroquinolones
Aminoglycoside-resistant P. 1.160 1.136 1.157 1.118  0.184
aeruginosa
CRAB 2.614 2.287 2.655 2.329  0.346
CRKP 1.829 1.74 1.843 0.745  0.167
Imipenem-resistant E. coli 0.460 0.457 0.471 0457  0.451
MRSA 1.470 1.380 1.457 1.390  0.123
Glycopeptides
Aminoglycoside-resistant P. 0.999 0.976 0.975 0.938  0.381
aeruginosa
CRAB 1.897 2.048 1.608 1.629  0.644
CRKP 1.381 1.106 1.515 1.106  0.652
Imipenem-resistant E. coli 0.565 0.527 0.552 0.522 0.216
MRSA 1.489 1.482 1.488 1.444  0.044
The third-generation
cephalosporin
Aminoglycoside-resistant P. 1.238 1.228 1.237 1.234  0.042
aeruginosa
CRAB 2.698 2.674 2.693 2.68 0.007
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Table 1 continued

Models (z = 30) Unary linear Piecewise linear curvilinear Spline GAM
regression regression regression regression
CRKP 1.869 1.858 1.870 1.884  0.006
Imipenem-resistant E. coli 0.568 0.562 0.567 0.546  0.142
MRSA 1.467 1.472 1.466 1.470  0.022
B-lactams
Aminoglycoside-resistant P. 1.218 1.216 1.222 1.214 1205
aeruginosa
CRAB 2.639 2513 2.663 2512 2474
CRKP 1.852 1.842 1.859 1.837 1822
Imipenem-resistant E. coli 0.533 0.532 0.533 0.5279 0.512
MRSA 1.483 1.485 1.481 1484 1472

The smaller the residual standard error, the better the model fitting

prescriptions and five antimicrobial resistances
during this study. P values < 0.05 with the
R-squared values > 0.3 were considered statisti-
cally significant [8, 20, 25]. Furthermore, a
cross-correlation function test published previ-
ously was used to identify the temporal corre-
lation between the quarterly isolation
proportion of antibiotic susceptibility [7, 26],
and the lag value stands for the delay (in
months) between changes in antimicrobial
consumption and associated change in rates of
resistance. While the GAM relationship exhib-
ited the prominent data fit, it could not provide
coefficients or explain the intrinsic relationship
between variables, so we implemented a search
algorithm based on piecewise regression to filter
out the potential thresholds of each regression
model. All statistical analyses were performed
by R version 4.0.3 (R Foundation for Statistical
Computing, Vienna, Austria).

Compliance with Ethics Guidelines

Our study protocol was submitted to the ethics
committee at Nanjing Drum Tower Hospital,
and it was exempt from ethical approval from
the Institutional Review Board of Nanjing Drum

Tower Hospital. Because the study was a retro-
spective study that analyzed the use of antibi-
otics and drug-resistant bacteria in the entire
hospital, it did not involve personal informa-
tion or samples of patients.

RESULTS

Evaluation of Different Time Series
Analysis Methods

After statistical analysis, RSE values (represent-
ing the average fitting errors) of the GAM
method were the smallest among five regression
models, which were 0.099-0.738, 0.917-2.683,
0.123-0.451, 0.044-0.652, 0.006-0.142, and
0.512-2.474 in the resistant models of car-
bapenems, aminoglycosides, fluoroquinolones,
glycopeptides, third-generation cephalosporin,
and B-lactams, respectively (Table 1). Therefore,
the GAM method performed best and could
perform various nonparametric fittings between
dependent variables and multiple independent
variables, thus finding the curve that best fit
reality in this study. In our study, the inde-
pendent variable was the consumption of the
six antibiotics, and the dependent variable was
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the number of cases caused by the five drug-
resistance bacteria.

Antimicrobial Consumption

Between 2009 and 2020, the consumption of
third-generation cephalosporin was the highest
in hospital with a 1-year average of 101.37
DDDs per 1000 OBDs, followed by fluoro-
quinolones (DDDs per 1000 OBDs) and pB-lac-
tams (DDDs per 1000 OBDs). However, in
contrast to the declining use of fluoro-
quinolones, the consumptions of carbapenems
and glycopeptides were gradually increasing,
reaching an average of 100 and 86 DDDs per
1000 OBDs in 2020, respectively. Besides, usage
of aminoglycosides was the lowest and stable in
recent years with a 1-year average of usage of 3.2
DDDs per 1000 OBDs (Fig. 1A).

Carbapenem-resistant Acinetobacter
baumannii

During the study, the incidence density of
CRAB escalated from a 1-year average of
3.94-9.43 cases per 10,000 occupied bed days
(OBDs) from 2009 to 2020 (Fig. 1B). Among the
six bactericides included in this study, the
incidence density of CRAB was only signifi-
cantly synchronized with current use of gly-
copeptides (lag = 0, adjusted R? = 0.644), and
carbapenems (lag = 0, adjusted R* =0.647) in
the hospital (Table 2); no other independent
associations were identified. By further analysis,
an initial decrease in the density of CRAB could
be observed where the usages of glycopeptides
and carbapenems were below the thresholds of
31.647 DDDs per 1000 OBDs and 41.613 DDDs
per 1000 OBDs, respectively (Fig. 2A, B).
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Fig. 2 Multi-drug-resistant bacteria and antibiotic use.
A Charts illustrating the relationship between carbapenem
use and CRAB incidence density. B Charts illustrating the
and CRAB
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Glycopeptides use(DDDs per 1,000 OBDs)

incidence density. C Charts illustrating the relationship
between carbapenem use and E. co/i incidence density.
D Charts illustrating the relationship between fluoro-
quinolones use and E. coli incidence density
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Carbapenem-resistant Klebsicella
pneumoniae

In CRKP, the incidence density between 2009
and 2017 was basically stable at 1.24 cases per
1000 OBDs, but then began to gradually
increase, reaching a maximum of 14.23 cases
per 1000 OBDs in January 2021 (Fig. 1B). In the
best-fit model by nonlinear time series analysis,
its incidence density was strongly synchronized
with recent hospital use of glycopeptides (lag =
0, adjusted R?*=0.652) and carbapenems
(lag = 0, adjusted R*=0.738) (Table 2), no
independent associations with other antibiotics
uses were identified. To prevent its density from
increasing, a threshold was determined in gly-
copeptides and carbapenems use, where their
maximum consumption should not exceed
31.042 DDDs per 1000 OBDs, respectively
(Fig. 2C, D).

>

Thresholds: (19.946, 3.391)

10 20 30

Aminoglycosides-Resistant Pseudomonas
aeruginosa

In P. aeruginosa, the incidence density was
highest (approximately 2.82 DDDs per 1000
OBDs) in 2012 and slightly decreased from a
1-year average of 1.80-0.93 cases per 10,000
OBDs from 2013 to 2020. Its incidence density
was synchronized with recent hospital use of
carbapenems (lag = 1, adjusted R* = 0.632) and
glycopeptides (lag = 1, adjusted R? = 0.348)
(Table 2), and no independent association with
other antibiotic use was identified. However,
the incidence density of P. aeruginosa decreased
gradually when the effects of carbapenem uses
were above a threshold of 19.946 DDDs per
1000 OBDs; no threshold value was identified
for the usage of glycopeptides in this study
(Fig. 3A, B).

90 100
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Fig. 3 Multi-drug-resistant bacteria and antibiotic use.
A Charts illustrating the relationship between carbapenem
use and P. aeruginosa incidence density. B Charts illus-
trating the relationship between glycopeptides use and P.

Aminoglycosides-resistant P aeruginosa per 1,000 OBDs

Imipenem-resistant E coli per 1,000 OBDs
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aeruginosa incidence density. C Charts illustrating the
relationship between carbapenem use and CRKP incidence
density. D Charts illustrating the relationship between
glycopeptide use and CRKP incidence density
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Carbapenem-resistant Escherichia coli

As for carbapenem-resistant E. coli, its preva-
lence initially decreased from a 1-year average
of 1.84-0.38 cases per 10,000 OBDs from 2009
to 2012 and then remained a stable up to the
present. The time series analysis revealed that
its density can be predicted by the current use of
carbapenems (lag = 2, adjusted R* =0.387) in
the hospital; it was also highly related to the
recent use of fluoroquinolones with the lag
value of 0 and adjusted R* of 0.490 (Table 2),
indicating resistance mainly occurred after
2 months of medication. No independent asso-
ciations were identified between the incidence
of carbapenem-resistant E. coli and other
antibiotics in this study. According to further
analysis, the trend of E. coli incidence density
decreased when the effect of carbapenem uses
was below a threshold of 19.449 DDDs per 1000
OBDs and tended to increase slowly when
gradually increasing the usage beyond the
threshold (Fig. 3C). However, it was hard to find
a threshold for the increasing prevalence of
carbapeneme-resistant E. coli. caused by fluoro-
quinolones (Fig. 3D).

DISCUSSION

This study analyzed the popular density of five
common drug-resistant bacteria and six kinds of
antimicrobial consumption in recent years and
investigated their potential non-linear associa-
tions. From 2009 to 2020, the third-generation
cephalosporins and fluoroquinolones were the
most widely used anti-infective drugs in clinical
practice, similar to results in some previous
studies. However, the consumptions in this
study were higher than those in Europe [8].
Recently, due to the gradual increase in resis-
tance to fluoroquinolones in China, the use of
fluoroquinolones was seen to gradually decrease
in this study, and the carbapenem, as an effec-
tive broad-spectrum antibiotic recommended
by Clinical and Laboratory Standards Institute
(CLSI), has been increasingly applied in clinical
practice [27]. In addition, the use of glycopep-
tides has gradually increased in recent years.
However, this study suggested that the

escalating or sustained high consumption of
antibiotics was highly connected with the
prevalence of common drug-resistant bacteria,
including the CRAB, CRKP, aminoglycoside-re-
sistant P. aeruginosa, and imipenem-resistant
E. coli in hospitals.

Carbapenems were proved to drive the inci-
dence of CRAB, CRKP, aminoglycoside-resistant
P. aeruginosa, and imipenem-resistant E. coli in
this study. First, there was obviously a large
increase in the prevalence of CRAB/CRKP and
significant positive associations between them
and carbapenems, in line with some previous
studies [28], but different lag effects (delay
necessary to observe the effect in months) were
found between this study (lag = 0) and other
studies (lag = 2, lag =4). To control rates of
CRAB infections, the thresholds of carbapenem
consumption determined in this study were
41.613 DDDs per 1000 OBDs, which was lower
than the results of 102.4 and 86.0 DDDs per
1000 OBDs in two comprehensive studies,
respectively [8, 29]. These differences may be
caused by varied healthcare systems, volumes of
antibiotic use, molecular epidemiology, and
antibiotic resistance patterns in different
regions, so tailored thresholds for antibiotic
stewardship based on local data may be more
valuable for preventing infection [29]. Apart
from carbapenems, the relationships between
CRAB/CRKP and other antibiotics, such as flu-
oroquinolones, along with thresholds have
been reported previously, perhaps because of
the different bacterial resistance mechanisms
and medication habits [8, 20, 29]. Second, our
findings suggested an inverse relationship
without thresholds between the use of car-
bapenem and the incidence density of E. coli or
P. aeruginosa, which might be caused by their
low incidence density, leading to an insignifi-
cant change in trends. However, the use of
ciprofloxacin and moxifloxacin was proved to
be statistically related with the incidence den-
sity of antibiotic-resistant E. coli [30], so con-
firming their relationships in a multi-center and
large-scale study is expected in the future.

For the first time to our knowledge, syn-
chronized correlations between the incidence of
CRAB, CRKP and aminoglycoside-resistant P.
aeruginosa and glycopeptides usages were found
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in this study. As the antimicrobial spectrum of
glycopeptides contains mostly gram-positive
bacteria, we speculate this inhibition provided
gram-negative bacteria, such as CRAB and
CRKP, with a superior survival advantage. For
CRAB and CRKP prevention, we demonstrated
the glycopeptide consumption should not
exceed 31.647 and 26.152 DDDs per 1000
OBDs, respectively, but no threshold was iden-
tified for P. aeruginosa prevention because of its
low incidence density. However, MRSA, as the
main target of glycopeptides, has not been
found to be significantly related to any antibi-
otic usages in this study; this result was incon-
sistent with other studies, which found that the
use of fluoroquinolones, co-amoxiclav, third-
generation cephalosporins, and macrolides may
drive the prevalence of MRSA in Antrim [135].
These discrepancies may be partly explained by
different medication use in hospital; for exam-
ple, the MRSA-infected cases decreased follow-
ing the restriction of fluoroquinolones in
Antrim, but remained stable in this study. In
addition, no thresholds for fluoroquinolones,
third-generation cephalosporin, aminoglyco-
sides, and B-lactams were identified; this might
arise from momentous selection pressure of
other antibiotics in this study. For instance, the
carbapenem usage in studies by Guo et al. were
less than in our study (10 vs. 32.68 DDDs per
1000 OBDs), indicating that the selection pres-
sure from other antibiotics was much higher in
our study [7, 31]. Therefore, the establishment
of the model of multiple antibiotics with multi-
drug-resistant (MDR) and extensively drug-re-
sistant (XDR) bacteria has become the focus of
further research.

Nevertheless, some limitations should be
mentioned and improved in the future. First,
our research is based on a single-center analysis,
and confounders such as length of stay, multi-
system disease, serious condition, and other
factors were not considered; thus, studies from
multiple medical centers and communities are
needed to improve the situation. Second, it is
still unclear whether the combined use of drugs
has an impact on the selection pressure and
whether any specific antibiotic could dominate
in the combined selection pressure. Lastly,
compared with previous studies, this study did

not intervene in the antibiotic usage according
to thresholds in the short term, which will be
done in the future to determine the effective-
ness of this measure in controlling the inci-
dence of drug-resistant infections [17, 21, 32].

CONCLUSION

Our data revealed the impact of antibiotic
consumption on bacterial resistance, high-
lighting that the risk of cases infected by drug-
resistant bacteria is still high when antibiotic
usage exceeds the threshold. We demonstrated
that carbapenem and glycopeptide consump-
tion should be kept below 31.042 and 26.152
DDDs per 1000 OBDs, respectively, thus
informing hospital antibiotic policies through
quantitative targets. More importantly, we
established a simple and efficient tool for non-
linear time series analysis to identify antibiotic
usage thresholds for appropriate treatment
strategies and effective control of antimicrobial
resistance during the clinical practice.
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