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Abstract Introduction: The significantly higher mortality rate in the critical illness patients
with Pseudomonas aeruginosa (PA) infection is linked to inappropriate selecting of empirical
treatment. Traditional local antibiogram provides clinicians the resistant rate of a single anti-
microbial agent to the pathogen in the specific setting. The information is valuable to the cli-
nicians in selecting suitable empirical antibiotic therapy. However, traditional local
antibiogram can only provide information for single agent empirical antibiotic not combination
regimens. The combination antibiogram should be developed to facilitate the selection of
appropriate antibiotics to broader the coverage rate of resistant PA.
Methods: The susceptibility to the b-lactam antibiotics (piperacillin/tazobactam (PTZ), cefta-
zidime, cefepime, imipenem, or meropenem) or to those administered in combination with an
aminoglycoside (gentamicin or amikacin) or fluoroquinolone (ciprofloxacin or levofloxacin) was
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Local resistant
patterns
calculated. The chi-square test was used to compare the differences of combination coverage
rates between non-ICU and ICU isolates.
Results: 880 PA isolates were isolated during study period. The susceptibility of single agents
ranged from 83.1% to 89.7%. The combination regimens containing amikacin provide the highest
cover rate (98.9%e99.1%) and those containing levofloxacin provide less coverage rate
(92.3%e93.9%). The susceptibility to five b-lactam single agents in ICU isolates significantly
lower than non-ICU isolates. The non-ICU isolates exhibited significantly higher susceptibility
to the PTZegentamicin (pZ 0.002) and ceftazidimeegentamicin (p Z 0.025) than ICU isolates.
Conclusion: Our results support the use of aminoglycosides instead of fluoroquinolones as addi-
tive agents in empirical combination treatments for patients with critical infections caused by
PA.
Copyright ª 2022, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Introduction

Pseudomonas aeruginosa (PA) is one of the most common
life-threatening bacteria that cause nosocomial infections,
which are a major cause of morbidity and mortality, espe-
cially in the immunocompromised hosts.1 The high mortality
rate of PA bacteremia is significantly associated with car-
diovascular disease and certain phenotypes of carbapenem-
resistant P. aeruginosa (CRPA) or multidrug resistant PA
(MDR-PA).2 A meta-analysis reported that the decision-
making process for selecting an appropriate empirical ther-
apy regimen is key to reduce sepsis-associated mortality.3

Piperacillin/tazobactam (PTZ), cefepime, ceftazidime,
imipenem, and meropenem are widely used to treat severe
PA infections in the intensive care units (ICUs). The excel-
lent bactericidal activity of these b-lactam antibiotics
makes them the most crucial empirical option to treat PA.
However, the resistance of PA to b-lactam antibiotics has
been increasing lately, and the development of new b-
lactam antibiotics has not kept pace with this trend.4 Pre-
vious studies have demonstrated that using combination
therapy with different classes of drugs successfully reduces
mortality among patients with severe MDR-PA infections.5,6

While there is no international consensus on the definition
of multi-drug resistance, most published studies considered
that multi-drug resistant as to resistant to at least one drug
from three different antibiotic classes, mainly amino-
glycosides, antipseudomonal penicillins, cephalosporins,
carbapenem and fluoroquinolones. Although the routine
use of dual antibiotics remains controversial, one published
systematic review and meta-analysis study concluded that
combination therapy may reduce mortality for patient who
infected with carbapenemase-producing, MDR, or exten-
sively drug-resistant (XDR) Gram-negative bacteria.7,8

The selection of antimicrobial agents for use in PA
empirical therapy should always consider local resistance
patterns. Traditional local antibiograms usually help pre-
scribers to select the optimal empirical single-antibiotic
treatment9; however, they do not reflect the real antimi-
crobial resistance conditions when two antimicrobial agents
are combined. Combination antibiograms should be devel-
oped to help physicians in selecting appropriate combina-
tions of antimicrobial agents to expand the coverage of
345
resistant PA. The cancer patients infected with multidrug
resistant Gram-negative bacilli (MDR-GNB) received
adequate empirical antibiotic therapy presented with bet-
ter outcomes and lower overall mortality.10,11 Kang et al.
study showed that there was a trend toward higher mor-
tality in patient with PA bacteremia when effective anti-
microbial therapy was delayed.12 One study had mention
that empirical therapy was only adequate in 67% episode of
PA infection. However, adding amikacin to a b-lactam
antibiotic increased adequacy to 96%.13 Another studied
published in 2021 also indicated that the addition of ami-
noglycoside or fluroquinolone to cefepime and meropenem
could expand empirical coverage rate to above 95%.14 The
aimed of our study is to develop the local combined anti-
biogram to help clinicians choosing optimal empirical
combination regimen for PA infections.

Methods

Settings and population

A retrospective study was conducted at Taipei Medical
University Hospital in Taipei, Taiwan from July 1st, 2018 to
June 30th, 2019. The number of beds at the hospital was
743 in 2017. The hospital houses medical, surgery, emer-
gency, pediatric, and neonatal specialty ICUs.

Bacteria isolates and susceptibility

All the culture isolates were analyzed according to the
hospital’s standard protocol. Susceptibility data were ob-
tained from the Department of Medical Laboratory Sci-
ence’s microbiology team. A broth microdilution method
(BD Phoenix; Becton Dickinson; Sparks, MD, USA) was used
for susceptibility testing from July 1st, 2018 to June 30th,
2019, and the isolates were classified as susceptible,
resistant, or intermediate according to minimum inhibitory
concentration (MIC) value and breakpoint from the 2017
Clinical and Laboratory Standards Institute (CLSI) guidelines
for PA.15 PTZ (Susceptible: MIC �16/4, intermediate:
MIC Z 32/4e64/4, resistant: MIC �128/4), ceftazidime
(Susceptible: MIC �8, intermediate: MIC Z 16, resistant:
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MIC �32), cefepieme (Susceptible: MIC �8, intermediate:
MIC Z 16, resistant: MIC �32), meropenem (Susceptible:
MIC �2, intermediate: MIC Z 4, resistant: MIC �8), imi-
penem (Susceptible: MIC �2, intermediate: MIC Z 4,
resistant: MIC �8), gentamicin (Susceptible: MIC �4, in-
termediate: MIC Z 8, resistant: MIC �16), amikacin (Sus-
ceptible: MIC �16, intermediate: MIC Z 32, resistant: MIC
�64), ciprofloxacin (Susceptible: MIC �1, intermediate:
MIC Z 2, resistant: MIC �4), levofloxacin (Susceptible: MIC
�2, intermediate: MIC Z 4, resistant: MIC �8). The inter-
mediate isolates were considered resistant. The PA isolates
isolated from ICU and from the general ward were cate-
gorized into the ICU and non-ICU groups, respectively.

Combination antibiogram susceptibility

The susceptibility to the antipseudomonal single antibiotics
(PTZ, cefatazidime, cefepime, imipenem, or meropenem)
or to those administered in combination with an amino-
glycoside (gentamicin or amikacin) or fluoroquinolone
(ciprofloxacin or levofloxacin) was calculated. An isolate’s
susceptibility to a combination regimen was defined as its
susceptibility to at least one of the dual agents.

Statistics

The differences in susceptibility between the ICU and non-
ICU isolates to single agents and to combination regimens
were analyzed using the chi-square test. A p value of <0.05
was considered statistically significant. The Logistic
Regression Analysis is indicated by p-values and odds ratios
(ORs) with 95% confidence intervals (CIs). Statistical sig-
nificant (two tail) is identified as p-value < 0.05. All ana-
lyses were conducted using IBM SPSS version 19.

Results

PA antimicrobial susceptibility to single antibiotics
and combination regimens

A total of 880 PA isolates were included in our study from
July 1st, 2018 to June 30th, 2019. The distribution of the
880 PA isolates was as following: 541 (61.5%) isolates
collected from sputum, 191 (21.7%) from urine, 36 (4.09%)
from wound, 32 (3.63%) from blood, 3 (0.34%) from
Table 1 Coverage rates of single antibiotics and combined reg
University Hospital.

Monotherapy With
Gentamicin
(85.5%)

N Z 880 (%) (%)

Ceftazidime 83.8 94.2
Imipenem 84.4 93.6
Cefepime 89.7 96.3
Meropenem 89.3 96.4
Piperacillin/tazobactam 83.1 94.8
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bronchoalveolar lavage (BAL), 1 (0.11%) from cerebrospinal
fluid (CSF) and 76 (8.63%) from other sample which included
ascites, bile, pleural fluid, biopsy tissue or vagina. The
susceptibility of all the isolates to the single b-lactam an-
tibiotics ranged from 83.1% to 89.7% (Table 1). To expand
the empirical coverage rate, we combined the b-lactam
agents with aminoglycosides and fluoroquinolones (Table
1). The combination regimens containing amikacin pro-
vided the highest coverage rates (�98.9%) and those con-
taining levofloxacin provided the lowest coverage rates
(92.3%e94.1%) among all the combination regimens. The
combination regimens containing ciprofloxacin provided
slightly greater coverage than those containing levofloxacin
but less coverage than those containing amikacin. All the
combined regimens exhibited a greater coverage rate than
did any of the single b-lactam antibiotics.
Risk factors for b-lactam agents resistant to PA
isolates

To understand the risk factors to cause five b-lactam agents
(ceftazidime, imipenem, cefepime, meropenem and PTZ)
resistance, we use logistic regression analysis to test some
risk factors included patient sex (male or female), species
type (blood or other culture), isolated origin (ICU or Non-
ICU). The results showed that ICU or Non-ICU origin isolates
(ceftazidime: OR: 3.074, CI: 5.023e1.881, p < 0.001, imi-
penem: OR: 2.483, CI: 4.431e1.391, p Z 0.002, cefepime:
OR: 2.359, CI: 3.933e1.414, p Z 0.001, meropenem: OR:
2.009, CI: 3.644e1.108, p Z 0.022, PTZ: OR: 3.796, CI:
6.104e2.361, p< 0.001) was the independent risk factor for
all five b-lactam agents resistant to PA isolates (Table 2).
Effect of ICU origin on susceptibility

We further investigated the differences in susceptibility to
the single antibiotics and combination regimens between
the ICU and non-ICU isolates. The coverage rates of the five
b-lactam agents ranged from 85.6% to 90.7% and 61.5% to
82.4% in the non-ICU and ICU isolates, respectively (Table
3), indicating that the non-ICU isolates generally exhibi-
ted higher susceptibility to single antibiotics. We also
conducted chi-square test to evaluate the differences in
antibiotic susceptibility between the non-ICU and ICU iso-
lates. The ICU isolates exhibited significantly lower
imens from July 1st 2018 to June 30th 2019 at Taipei Medical

With
Amikacin
(97.7%)

With
Ciprofloxacin
(83.8%)

With
Levofloxacin
(80.3%)

(%) (%) (%)

99.0 94.7 93.8
99.3 93.5 92.3
99.1 94.7 94.1
99.1 94.9 93.9
98.9 94.7 92.6



Table 3 Combination coverage rates for ICU and non-ICU isolates from July 1st 2018 to June 30th 2019 at Taipei Medical University Hospital.

Group Non-ICU isolates (N Z 789) ICU isolates (N Z 91)

Monotherapy
(%)

With GEN
(86.1%)

With AMI
(97.6%)

With CIP
(83.1%)

With LEV
(80.0%)

Monotherapy
(%)

p-value With GEN
(83.5%)

p-value With AMI
(98.9%)

p-value With CIP
(89.0%)

p-value With LEV
(83.5%)

p-value

Ceftazidime 85.7 94.8 98.9 94.7 93.8 67.0 <0.001* 89.0 0.025* 100 0.306 94.5 0.945 93.4 0.886
Imipenem 85.8 94.2 99.4 93.4 92.1 72.5 0.002* 89.0 0.056 98.9 0.610 94.5 0.687 93.4 0.669
Cefepime 90.7 96.6 98.9 94.7 94.2 80.2 0.001* 93.4 0.132 100 0.335 94.5 0.945 93.4 0.770
Meropenem 90.1 96.6 90.0 94.9 93.9 82.4 0.024* 94.5 0.317 100 0.335 94.5 0.862 93.4 0.848
PTZ 85.6 95.6 98.9 94.8 93.0 61.5 <0.001* 87.9 0.002* 98.9 0.972 93.4 0.575 89.0 0.165

GEN: gentamicin, AMI: amikacin, CIP: ciprofloxacin, LEV: levofloxacin, PTZ: Piperacillin/tazobactam, ICU: Intensive care unit, *Means p < 0.05.

Table 2 Risk factors for b-lactam agents (ceftazidime, imipenem, cefepime, meropenem and PTZ) resistant to PA isolates with logistic regression analysis.

Covariate Ceftazidime
OR (95% CI)

p-value Imipenem
OR (95% CI)

p-value Cefepime
OR (95% CI)

p-value Meropenem
OR (95% CI)

p-value PTZ OR
(95% CI)

p-value

Patient sex
(male or female)

1.067
(1.561, 0.729)

0.738 1.118
(1.769, 0.706)

0.634 1.117
(1.643, 0.760)

0.573 0.969
(1.510, 0.621)

0.889 1.110
(1.621, 0.761)

0.588

Species type (blood
culture or other culture)

2.420
(2.420, 0.278)

0.721 0.306
(2.287, 0.041)

0.249 0.619
(2.085, 0.184)

0.438 0.965
(3.266, 0.285)

0.954 0.327
(1.405, 0.076)

0.133

ICU or Non-ICU
origin

3.074
(5.023, 1.881)

<0.001* 2.483
(4.431, 1.391)

0.002* 2.359
(3.933, 1.414)

0.001* 2.009
(3.644, 1.108)

0.022* 3.796
(6.104, 2.361)

<0.001*

PTZ: Piperacillin/tazobactam, ICU: Intensive care unit, OR: Odds ratio, CI: Confidence interval, *Means p < 0.05.
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susceptibility to the ceftazidimeegentamicin (p Z 0.025)
and PTZegentamicin (p Z 0.002) regimens.
Discussion

PA is the most common pathogen that causes nosocomial
infections, particularly in the critically ill or immunocom-
promised patients.1,16 In our study, ICU-origin isolated is
the independent risk factor for five b-lactam agents’
resistance. The ICU isolates were more resistant to the
single b-lactam antibiotics than were the non-ICU isolates,
and the single antibiotics’ coverage rates of the ICU isolates
ranged from 61.5% to 82.4%. This range was insufficient
according to the most recent guideline, which mandate the
hospitals should assure that 95% of patients with ventilator-
associated pneumonia receive active empirical therapy in
units where <10% of Gram-negative isolates are resistant to
an agent being considered for monotherapy.17 To this day,
there is still no definite recommendation on optimal
empirical coverage rate for all PA infection. For instance, in
another study with oncology population at a single institu-
tion, effective combination coverage rate was defined as
empirical coverage against �85% isolates.18 In the absence
of new b-lactam antibiotics, empirical combination regi-
mens may be used to expand the coverage rate in the
treatment of patients with critical bacterial infections.

The continuous use of combination therapy after isola-
tion of a bacterial strain and collection of susceptibility data
remains controversial because it may induce multidrug
resistance in bacteria and because additive antibiotics may
cause unnecessary side effects.6,19,20 However, the avail-
able evidence indicates that the greatest benefit of combi-
nation regimen is its ability to increase the likelihood of
selecting an effective antimicrobial agent for empirical
therapy because MDR-GNB are associated with increased 30-
days risk of mortality.21 Empirical combination regimens
have been used to treat some subgroups of patients,
including those with invasive infections, neutropenia, or
infections caused by PA.22 Studies have suggested that
adequate combination therapy reduces the mortality rate in
patients with PA pneumonia.3 A single-center study also
revealed that inappropriate empirical therapy increased
mortality among patients with PA blood stream infections
(BSIs).23 In Micek et al. study, inappropriate initial empirical
antimicrobial treatment was associated with higher mor-
tality among patients with PA BSIs and was more common in
patient in who only received empirical monotherapy.24

In this study, we focused on the importance of deter-
mining appropriate empirical combination regimens to
treat PA infections. Although local antibiograms were
available to help us in selecting a proper empirical single b-
lactam antibiotic in the hospital, the hospital did not yet
have access to an antibiogram capable of assessing the
appropriateness of local combination therapies. Combina-
tion therapies are developed with consideration given to
the susceptibility of bacteria to the single antimicrobial
agents used in the therapies, and antibiograms are useful
clinical tools for evaluating the antimicrobial coverage of
multiple antibiotics to inform physicians’ decisions
regarding optimal empirical combination therapies.25 The
combination antibiogram could provide more detail and
348
accurate susceptibility information for clinician when they
are trying to use empirical combination regiment to treat
severe PA infection patients. For example, in our study, PTZ
susceptibility to PA was 83.1% while expanded to 98.9%
when amikacin was combined. Providing this information to
clinicians could help them to determine optimal therapy
regimen. Studies have reported that single antimicrobial
agents exhibit low coverage of PA isolates; using such
medications in combination with aminoglycosides (amika-
cin, gentamicin, or tobramycin) or fluoroquinolones (cip-
rofloxacin or levofloxacin) could significantly expand the
coverage rates, and aminoglycosides can expand the
coverage to a greater extent than can fluoroquinolones.26,27

These results are consistent with those of our study; none
of the single b-lactam antibiotics provided coverage of
>85% of the ICU isolates. However, the addition of sup-
plementary medications, especially amikacin, expanded
the coverage rate of the treatments.

A previous study by Song et al. reported that tobramycin
exhibited a significantly higher coverage rate of PA isolates
when combined with ceftazidime, cefepime, aztreonam,
piperacillin/tazobactam, meropenem, or imipenem than
when combined with fluoroquinolones (ciprofloxacin and
levofloxacin).27 Smith et al. reported that an empirical
combination of b-lactam antibiotics with aminoglycosides
may be higher coverage to PA bacteremia in patients with
cancer.18 The adequate empirical combination therapy
could reduce all-cause 28-day mortality in patients with
bacteremic PA pneumonia.28 Compared with adding fluo-
roquinolones, adding aminoglycodises to the b-lactam
agents provides broadest coverage rate. In addition, pre-
vious studies highlighted the importance of adequate
empirical therapy selection, as it was associated with lower
mortality in patients with PA infections. Our results were
similar to those of previously studies that reported that
aminoglycosides, especially amikacin, could obtain the
greatest coverage rate among the additive medications
tested. The reason why constitutive overexpression of the
active efflux system MexXY/OprM is a major cause of PA
antibiotic resistance, including cefepime and fluo-
roquinolone coresistance,29 might also explain why b-lac-
tam antibiotics combined with aminoglycosides are more
effective in treating PA infections than are fluoroquinolones
alone. Furthermore, in our previous study, the use of fluo-
roquinolones, levofloxacin but not ciprofloxacin, appeared
to be positive correlation with PA increased resistance.30 To
control the emergence of PA antibiotic resistance, the use
of fluoroquinolones especially levofloxacin as the additive
agents to b-lactam antibiotics must be avoided.

Studies have indicated that ICU stay is a risk factor of
infection with resistant pathogenic strains.31 To investigate
differences in susceptibility to single agents and combina-
tion regimens between the ICU and non-ICU isolates, we
conducted chi-square test. The non-ICU isolates exhibited
significantly higher susceptibility to the b-lactam single
antibiotics; however, although the b-lactam antibiotics
were less effective in treating the ICU isolates, these iso-
lates exhibited surprisingly high susceptibility to amikacin.
All the amikacin combination regimens attained empirical
coverage rates of �95%, which fulfills the stipulations
detailed in the recent guideline.17 Although all the combi-
nation regimens attained coverage rates of >85%; the ICU
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isolates were significantly less susceptible to the
PTZegentamicin regimen than to the other combination
regimens. These findings indicate that amikacin empirical
combination therapies might be more effective than the
combination regimes containing gentamicin, ciprofloxacin,
or levofloxacin.

Physicians should always consider the risk of nephro-
toxicity and closely monitor patients’ serum concentrations
when prescribing aminoglycosides. Furthermore, intrave-
nous administration of aminoglycosides results in poorer
penetration of the lung than does the intravenous admin-
istration of fluoroquinolones, which makes using amino-
glycosides to treat PA pneumonia difficult.32,33 For these
reasons, physicians may prefer to prescribe fluo-
roquinolones rather than aminoglycosides for the treatment
of PA pneumonia.

Our study has several limitations. First, this study only
evaluated the in vitro susceptibility of PA isolates; differ-
ences in clinical outcomes and mortality rates associated
with empirical monotherapies and combination therapies
were not evaluated in our study. Second, consensus on the
definition of optimal empirical coverage has yet to be
reached. Smith et al. argued that empirical coverage
should be defined as effective bactericidal activity against
�85% of isolates.18 In our study, only the amikacin-
containing combination regimens covered �95% of all the
ICU and non-ICU isolates. Third, the ICU isolates might have
mixed with ICU-admission or ICU-acquired isolates, which
might exhibit different susceptibility to the single b-lactam
antibiotics and combination regimens. Lastly, our study
lacked experiment to investigate the mechanism of the
difference combination regiments. Understanding the
mechanism between different combinations can also help
us to select optimal combination therapy.

Empirical combination therapy remains controversial
today. However, some studies have reported that it might
benefit some subgroups of patients, including those with
critical MDR-PA infections.

Conclusion

To conclude our present study, local combination antibio-
gram should be developed to facilitate clinicians in
selecting optimal combination regimen for critically infec-
ted patients caused by PA. Choosing aminoglycosides,
especially amikacin, as the additive agents can maximize
the empirical coverage rate.
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