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ABSTRACT

Introduction: Carbapenem-resistant organisms
(CRO) have emerged as a major global public
health threat, but their role in critical acute
pancreatitis (CAP) is still not defined. Our study
aims to investigate risk factors associated with
mortality and drug resistance among CAP
patients with CRO infection.
Methods: The clinical characteristics of CAP
patients with CRO infection and drug resistance
of causative pathogens from January 1, 2016, to
October 1, 2021, were reviewed retrospectively.
Independent risk factors for mortality were
determined via univariate and multivariate
analyses.
Result: Eighty-two CAP patients suffered from
CRO infection, with mortality of 60.0%. The

independent risk factors for mortality were
procalcitonin[ 5 ng/L (hazard ratio = 2.300,
95% confidence interval = 1.180–4.484,
P = 0.014) and lactic acid[ 2 mmol/L (hazard
ratio = 2.101, 95% confidence inter-
val = 1.151–3.836, P = 0.016). The pancreas was
the main site of infection, followed by lung,
bloodstream and urinary tract. Klebsiella pneu-
moniae and Acinetobacter baumannii were the
main pathogenic bacteria of CRO strains with
extensive antibiotic resistance ([60%) to 6 of 8
common antibiotics, except sulfamethoxazole
(56.3%) and tigecycline (33.2%).
Conclusion: CRO infection has become a seri-
ous threat for CAP patients, with high rates of
mortality. Procalcitonin and lactic acid repre-
sent two independent risk factors for mortality
in CAP patients with CRO infection. Klebsiella
pneumoniae and Acinetobacter baumannii are the
primary categories of CRO pathogens. Greater
efforts are needed for early prevention and
prompt treatment of CRO infections in CAP
patients.
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Key Summary Points

Why carry out this study?

Carbapenem-resistant organisms are
considered a major global public health
threat.

Critical acute pancreatitis is the most
severe form of acute pancreatitis, and
patients with critical acute pancreatitis
(CAP) are at the greatest risk of acquiring
infections caused by carbapenem-resistant
organisms.

This study aimed to determine the
mortality risk factors and drug resistance
of causative pathogens in this multi-threat
scenario.

What was learned from the study?

In patients with critical acute pancreatitis,
infection with carbapenem-resistant
organisms has become a serious threat,
with high mortality.

Procalcitonin and lactic acid represent two
independent mortality risk factors in this
critical population.

Carbapenem-resistant Klebsiella
pneumoniae and carbapenem-resistant
Acinetobacter baumannii are the major
species requiring more attention in
prevention.

INTRODUCTION

Carbapenem was once considered the most
effective antibiotic for multidrug-resistant bac-
terial infections, but increasing resistance rates
indicate that carbapenem-resistant organisms
(CRO) have emerged as a frequent and chal-
lenging problem around the world [1, 2]. CRO
comprise lethal pathogens such as carbapenem-
resistant Klebsiella pneumoniae (CRKP), Acineto-
bacter baumannii (CRAB) and Pseudomonas

aeruginosa, resulting in increasing morbidity
given the lack of safe and effective antibiotics
[2–6].

Severe acute pancreatitis (SAP) is a category
of acute pancreatitis (AP) complicated by per-
sistent organ failure, with mortality of up to
30% [7]. In addition to the first peak mortality
rate of SAP, which is caused by systemic
inflammatory response syndrome and subse-
quent organ failure, the second peak results
from infection and related organ failure [8].

Compensatory anti-inflammatory response
syndrome in SAP patients induces immune
suppression or deficiency which predispose
them to secondary bacterial infections due to
insufficient immune reaction [9]. Hence, SAP is
associated with high mortality, requiring inva-
sive treatment and prolonged intensive care
unit stays so that it does not develop into crit-
ical acute pancreatitis (CAP), which is consid-
ered the most fatal category, with mortality of
up to 34% [10–13]. Overuse of antibiotics for AP
patients in China is ranked highest in the
world; thus Chinese AP patients are more sus-
ceptible to antimicrobial-resistant infections
[14].

According to Windsor et al., organ failure
caused by noninfectious cytokine storm may be
difficult to distinguish from infections among
AP patients, especially CAP patients with poor
clinical outcomes due to persistent organ failure
complicated by infection [12]. Therefore, it is
necessary to dynamically monitor bacterial
infections, especially CRO infections, and
investigate the risk factors associated with
mortality in this population [15]. To date, sev-
eral studies have demonstrated that complica-
tions due to the widespread incidence of
multidrug-resistant bacterial infections have
increased the mortality rate in AP patients
[16–20]. However, no study has focused on CAP
patients with CRO infection.

Therefore, to increase the survival rate
among CAP patients with CRO infection, alter-
native treatment options in this population are
essential. Our primary objective herein was to
identify the risk factors of mortality in order to
improve the outcomes and advance the thera-
peutic regimens of these critically ill patients.
The secondary objective was to investigate the
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distribution and rates of drug resistance of CRO
pathogens which may shed light on appropriate
antibiotic treatment strategies.

METHODS

Study Design and Setting

CAP patients who developed CRO infections
were enrolled between January 1, 2016, and
October 1, 2021, from two tertiary-care teaching
hospitals—Xiangya Hospital, a 3500-bed facil-
ity, and the Third Xiangya Hospital, an
1800-bed facility, both affiliated to Central
South University in Changsha, Hunan, China.
Patients between 18 and 80 years old were
enrolled, excluding patients with conservative
treatment of infected pancreatic necrosis (IPN)
or only a positive result of extra-pancreatic
infections. Clinical characteristics included age,
gender, etiology, site of infection, species of
bacteria, referral, length of hospital and inten-
sive care unit stays, antibiotic therapy and
details of therapeutic treatments for IPN. Labo-
ratory data were recorded within the first 24 h
after the first interventions for IPN. If patients
had two or more of the same laboratory test
during the first 24 h, the earliest was prioritized
for inclusion in the analyses. The follow-up
period was 90 days or until death after the date
of first interventions. Univariate and multivari-
ate Cox regression analyses were performed to
identify the mortality risk factors as shown in
the Supplementary Material.

Ethics

Because of the retrospective nature of this
cohort study, the institutional review boards of
both Xiangya Hospital (no. 202202038) and the
Third Xiangya Hospital (no. 22028) waived the
need for direct patient enrollment and
informed consent. Information was gathered
from electrical medical systems in an anony-
mous manner, where all authors could ensure
the confidentiality of patient data.

Patients and Management Protocol

At the initial admission, all patients were
assessed and managed via a multidisciplinary
team, including pancreatic surgeons and emer-
gency, gastroenterology and intensive care unit
physicians, according to the latest international
guidelines [21]. All the CAP patients with CRO
infection were diagnosed with positive culture
results after first interventional or surgical
treatment instead of fine-needle aspiration,
which was never used in either medical center.
Decisions about the IPN treatments depended
on the individual patient’s condition. The
antibiotic therapy we recorded was the initial
regimen after first intervention (3 days), which
could be adjusted according to the patient’s
condition. Tigecycline (TGC) was prescribed at
50 mg every 12 h (100 mg for the first dose).

Definitions

CRO, including carbapenem-resistant Enter-
obacteriaceae, CRAB and carbapenem-resistant
P. aeruginosa, were defined as strains resistant to
at least one of the carbapenem agents, and CRO
infections were diagnosed based on the clinical
manifestations with positive culture according
to the Centers for Disease Control and Preven-
tion criteria [22]. Mortality was defined as death
within 90 days from enrollment. The etiological
criteria were as follows: (1) gallstones, based on
radiological evidence of abdominal ultrasonog-
raphy and increased serum alanine amino-
transferase levels; (2) alcoholism, drinking
[50 g/day for at least 1 year; (3) hypertriglyc-
eridemia, serum triglycerides more than
1000 mg/dL without the above two causes [7].
Classification of AP was made using determi-
nant-based classification criteria: (1) mild AP,
no pancreatic necrosis and no organ failure; (2)
moderate AP, sterile pancreatic necrosis and/or
transient organ failure; (3) SAP, IPN or persis-
tent organ failure; (4) CAP, IPN and persistent
organ failure [10]. Organ failure was evaluated
on the Marshall score as[2 for three organ
systems (respiratory, cardiovascular, or renal).
Referral patients were defined as those trans-
ferred from other hospitals (mostly from
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primary hospitals). IPN was defined as the
presence of gas bubbles within (peri)pancreatic
necrosis on computed tomography and a posi-
tive culture of (peri)pancreatic necrotic fluid
obtained during the first intervention. Car-
bapenem resistance was defined as resistance to
any carbapenem minimum inhibitory concen-
tration C 2 mg/L). Carbapenem (high-dose,
extended-infusion) was defined as an appropri-
ate therapy at the early phase.

Microbiology

All specimens were collected by clinicians when
patients were given the first intervention for
IPN or suspected extra-pancreatic infections,
and were immediately transported to the clini-
cal microbiology laboratory following standard
procedures. Identification and drug resistance
tests of CRO were carried out using a VITEK-2
system and broth microdilution method,
respectively. Intermediate susceptibility in vitro
was considered as resistance.

Statistical Analysis

Categorical variables, expressed in absolute
numbers with percentages, and continuous
variables, described using mean and standard
deviations, were compared with univariate Cox
regression analysis. Only the variables with
P values\ 0.05 in univariate Cox regression
analysis were further analyzed in multivariate
Cox regression analysis, which was performed
to determine the independent risk factors rela-
ted to overall mortality. The results of the
multivariate analysis are described as hazard
ratio (HR) with 95% confidence interval (CI).
Proportional hazards assumption was satisfied
throughout. Kaplan–Meier curves were used to
plot the distribution for the independent risk
factors (log-rank test). A P value\ 0.05 from
two-tailed tests was considered statistically sig-
nificant, and statistical analysis was performed
using SPSS 24.0 software.

RESULTS

Clinical Characteristics and Risk Factors
of 90-Day Mortality

During the 5-year period, 82 CAP patients
experienced CRO infections, including pancre-
atic and extra-pancreatic infections, with mor-
tality of 60.0% (49 of 82). Fifty-eight patients
(70.7%) were male, and hypertriglyceridemia
(n = 32, 39.0%) and gallstones (n = 29, 35.4%)
were the main etiologies in our cohort, followed
by alcoholism (n = 6, 7.3%) and others (n = 15,
18.3%). Sixty-eight patients (82.9%) were refer-
red from other hospitals after 2 days from onset
of AP. Only seven patients (8.5%) had recurrent
infections, and fungal strains were found in 29
patients (35.4%). For conservative treatment
before intervention, combined antibiotics were
the leading choice (n = 33, 40.2%), followed by
wide-spectrum antibiotics (n = 30, 36.6%) and
carbapenem (n = 19, 23.2%). A total of 36, 31,
13 and 2 patients were infected with one, two,
three and four species, respectively. Forty-two
and 40 patients received the first intervention
for IPN within and after 28 days of onset of AP,
respectively. Forty-four (53.7%) patients
required mechanical ventilation support for
respiratory failure. Percutaneous catheter drai-
nage to minimal-access retroperitoneal necro-
sectomy was the most common choice (n = 36,
43.9%) for IPN. Carbapenem combined with
TGC and carbapenem alone (high-dose, exten-
ded-infusion) were the most widely used sub-
sequent antibiotic therapy in 31 and 25
patients, respectively. The clinical manifesta-
tion and laboratory variables for the 82 CAP
patients with CRO infection are shown in
Table 1.

Age (P = 0.029), mechanical ventilation
(P\0.001), number of infection sites
(P = 0.006), lactic acid (P = 0.002), procalci-
tonin (P\0.001) and hemorrhage (P = 0.004)
were significantly associated with mortality in
the univariate analysis (Table 2). Only procal-
citonin[ 5 ng/L (HR = 2.300, 95% CI 1.180–
4.484, P = 0.014) and lactic acid[ 2 mmol/L
(HR = 2.101, 95% CI 1.151–3.836, P = 0.016)
remained statistically significant in the
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Table 1 Clinical characteristics and laboratory data of 82 CAP patients with CRO infection

Characteristics Total Survival (n = 33) Mortality (n = 49)

Age, years (mean ± SD) 49.0 ± 13.2 44.5 ± 12.1 52.1 ± 13.1

Sex, n (%)

Male 58 (70.7) 25 (75.8) 33 (67.3)

Female 24 (29.3) 8 (24.2) 16 (32.7)

Etiology, n (%)

Hypertriglyceridemia 32 (39.0) 7 (21.2) 25 (51.0)

Gallstones 29 (35.4) 14 (42.4) 15 (30.6)

Alcoholism 6 (7.3) 5 (15.2) 1 (2.0)

Others 15 (18.3) 7 (21.2) 8 (16.3)

Mechanical ventilation, n (%) 44 (53.7) 8 (24.2) 36 (73.5)

Fungal infections, n (%) 29 (35.4) 13 (39.4) 16 (32.7)

Number of CRO categories, n (%)

1 36 (43.9) 15 (45.5) 21 (42.9)

2 31 (37.8) 11 (33.3) 20 (40.8)

3 13 (15.9) 7 (21.2) 6 (12.2)

4 2 (2.4) 0 2 (4.1)

Number of infection sites, n (%)

1 30 (36.6) 19 (57.6) 11 (22.4)

2 22 (26.8) 9 (27.3) 13 (26.5)

3 28 (34.1) 5 (15.2) 23 (46.9)

4 2 (2.4) 0 2 (4.1)

Recurrent AP, n (%) 7 (8.5) 4 (12.1) 3 (6.1)

Referred patients, n (%) 68 (82.9) 26 (78.8) 42(85.7)

Conservative treatment before intervention of IPN, n (%)

Wide-spectrum antibiotics 30 (36.6) 12 (36.4) 18 (36.7)

Carbapenem 19 (23.2) 7 (21.2) 12 (24.5)

Combined antibiotics 33 (40.2) 14 (42.4) 19 (38.8)

First timing of intervention for IPN from onset of AP, n (%)

\ 28 days 42 (51.2) 16 (48.5) 26 (53.1)

C 28 days 40 (48.8) 17 (51.5) 23 (46.9)

Laboratory and clinical variables at the intervention of IPN

Albumin, g/L 28.4 ± 5.9 28.8 ± 4.6 28.2 ± 6.7

Lactic acid, mmol/L 2.5 ± 3.3 1.5 ± 0.7 3.2 ± 4.2
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Table 1 continued

Characteristics Total Survival (n = 33) Mortality (n = 49)

Neutrophil count, 103/mm3 11.0 ± 6.5 10.8 ± 5.4 11.2 ± 7.2

Lymphocyte count, 103/mm3 1.0 ± 0.8 1.2 ± 1.0 0.9 ± 0.6

Hematocrit, % 25.7 ± 5.1 26.5 ± 4.7 25.1 ± 5.4

Procalcitonin, ng/L 11.1 ± 18.5 2.6 ± 4.2 16.9 ± 22.0

Highest temperature, �C 38.8 ± 0.9 38.8 ± 0.9 38.8 ± 0.8

Antibiotic therapy after intervention, n (%)

Carbapenem (high-dose, extended-infusion) 25 (30.5) 10 (30.3) 15 (30.6)

Penicillins/b-lactamase inhibitors 6 (7.3) 4 (12.1) 2 (4.1)

Tigecycline 5 (6.1) 1 (3.0) 4 (8.2)

Carbapenem and tigecycline 31 (37.8) 10 (30.3) 21 (42.9)

Polymyxins and fosfomycin 3 (3.7) 0 3 (6.1)

Carbapenem and sulfonamides 7 (8.5) 3 (9.1) 4 (8.2)

Tigecycline and penicillins/b-lactamase inhibitors 3 (3.7) 3 (9.1) 0

Carbapenem and penicillins/b-lactamase inhibitors 2 (2.4) 2 (6.1) 0

Intervention for IPN, n

Only PCD 16 (19.5) 3 (9.1) 13 (26.5)

Only ETD 9 (11.0) 2 (6.1) 7 (14.3)

PCD to minimal access retroperitoneal necrosectomy 36 (43.9) 20 (60.6) 16 (32.7)

PCD to video-assisted retroperitoneal debridement 4 (4.9) 2 (6.1) 2 (4.1)

ETD to endoscopic transluminal necrosectomy 3 (3.7) 0 3 (6.1)

Step-up to OPN 11 (13.4) 6 (18.2) 5 (10.2)

OPN 3 (3.7) 0 3 (6.1)

Hospitalization, days (mean ± SD) 41.9 ± 27.8 50.0 ± 25.6 36.5 ± 28.1

Intensive care unit stays, days (mean ± SD) 21.0 ± 17.8 13.5 ± 15.3 26.1 ± 17.7

Major complications, n (%)

Hemorrhage 31 (37.8) 5 (15.2) 26 (53.1)

Intestinal leakage 19 (23.2) 6 (18.2) 13 (26.5)

Pancreatic fistula 12 (14.6) 5 (15.2) 7 (14.3)

SD standard deviation, PCD percutaneous catheter drainage, ETD endoscopic transluminal drainage, OPN open
necrosectomy
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Table 2 Risk factors associated with mortality in CRO infected CAP patients

Variable Group Univariate analysis Multivariate analysis

HR (95% CI) P HR (95% CI) P

Age, years [ 50

vs. B 50

1.879 (1.068–3.309) 0.029* 1.749

(0.972–3.144)

0.062

Sex 0.843 (0.464–1.532) 0.574

Etiology 0.772 (0.598–1.002) 0.052

Mechanical ventilation 3.730 (1.958–7.106) \ 0.001* 2.154

(0.999–4.641)

0.050

Fungal infections 0.845 (0.465–1.536) 0.581

Polymicrobial infections 0.931 (0.656–1.321) 0.689

Multisite infections 2.551 (1.300–5.004) 0.006* 1.207

(0.579–2.516)

0.616

Recurrent AP 0.592 (0.184–1.905) 0.379

Conservative treatment before intervention

of IPN

0.954 (0.811–1.122) 0.568

First timing of intervention for IPN from

onset of AP, days

C 28

vs.\ 28

0.782 (0.446–1.370) 0.390

Albumin, g/L [ 30

vs. B 30

1.262 (0.669–2.381) 0.473

Lactic acid, mmol/L [ 2

vs. B 2

2.418 (1.369–4.271) 0.002* 2.101

(1.151–3.836)

0.016*

Neutrophil count, 103/mm3 [ 15

vs. B 15

1.374 (0.727–2.597) 0.328

Lymphocyte count, 103/mm3 [ 0.3

vs. B 0.3

2.764 (0.982–7.780) 0.054

Hematocrit, % [ 40

vs. B 40

1.648 (0.226–12.023) 0.622

Procalcitonin, ng/L [ 5

vs. B 5

4.004 (2.235–7.173) \ 0.001* 2.300

(1.180–4.484)

0.014*

Highest temperature, 39 �C [ 39

vs. B 39

0.827 (0.472–1.448) 0.505

Antibiotic therapy after intervention 0.939 (0.813–1.086) 0.398

Intervention for IPN 0.858 (0.727–1.012) 0.070

Hemorrhage 2.305 (1.307–4.065) 0.004* 1.160

(0.629–2.138)

0.635

Intestinal leakage 1.446 (0.766–2.729) 0.256
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multivariate analysis (Table 2). The survival
time with independent risk factors is shown via
Kaplan–Meier curve in Fig. 1. For the outcome
of patients with procalcitonin[ 5 mmol/L ver-
sus B 5 mmol/L, the survival rate in the former
group was significantly lower (10.0% vs. 57.7%,
P\ 0.001). Compared with the lactic
acid B 2 mmol/L group, the survival rate was
significantly lower in the lactic acid[2 mmol/
L group (22.2% vs. 54.3%, P = 0.002).

Distribution and Drug Resistance
of Strains

Table 3 shows in detail the distribution of all
the respective bacterial species. The main
pathogenic bacterium was CRKP (n = 77,
38.9%), followed by CRAB (n = 74, 37.4%), CR-
P. aeruginosa (n = 12, 6.1%), CR-Klebsiella ozae-
nae (n = 12, 6.1%) and others. The pancreas was
the main site of infection, followed by the lung,
bloodstream and urinary tract. CRKP was the
primary bacteria for both pancreatic (n = 34)
and bloodstream (n = 23) infection, and CRAB
was the primary cause of pneumonia (n = 37).
In Table 4, the drug resistance rates for CRO
pathogens to six antibiotics were[ 60%
excluding sulfamethoxazole (56.3%) and TGC
(33.2%). As the most common pathogen, CRKP
was susceptible to TGC (16.9%) and sul-
famethoxazole (36.4%). Furthermore, CRAB,
the second most common pathogen, was only
susceptible to TGC (31.1%).

DISCUSSION

Carbapenems were previously considered the
last-line choice for multidrug-resistant Gram-
negative bacterial infections [3, 5, 23]. With the
overuse of antibiotics in recent years, CRO have
become an important pathogen of nosocomial
infections. The family Enterobacteriaceae and
non-fermentative bacteria constitute the vast
majority of Gram-negative bacilli, which easily
develop different antibiotic resistance mecha-
nisms, and evolve into CRO by inducing posi-
tion changes and enzyme production [24].
Uncontrollable infection secondary to CAP is
the leading cause of mortality in the late phase

Table 2 continued

Variable Group Univariate analysis Multivariate analysis

HR (95% CI) P HR (95% CI) P

Pancreatic fistula 0.901 (0.405–2.007) 0.799

HR hazard ratio, CI confidence interval
*P values are statistically significant

Fig. 1 a For the outcome in patients with procalci-
tonin[ 5 mmol/L versus\ 5, the survival rate in the
former was significantly lower (10.0% vs. 57.7%,
P\ 0.001). b Compared with the lactic acid\ 2 group,
the survival rate was significantly lower in the lactic
acid[ 2 (22.2% vs. 54.3%, P = 0.002)
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of the disease [16]. Here, this first retrospective
cohort study focusing on CAP patients with
CRO infection is important to advancing the
understanding of this critical population.

Mortality among CAP patients with CRO
infection (60.8%) in our cohort was higher than
that for CAP in previous reports, indicating that
CAP complicated by CRO infection poses a
greater risk [12, 18]. IPN nearly always leads to
step-up therapeutic intervention instead of only
antibiotics. Recently, Besselink et al. revealed
that immediate intervention did not show
superiority over delayed intervention for IPN in
a prospective randomized trial [25]. The timing
of necessary invasive intervention may vary
with differences in progression of the disease. It
is worth noting that procalcitonin[ 5 ng/L and
lactic acid[2 mmol/L at the first intervention
of CRO-infected CAP patients are independent
risk factors associated with mortality. According
to Singer et al., lactic acid levels in serum had a
significant predictive value for diagnosis of
septic shock [26]. For the first time, our study
suggests that the timing of first intervention

should focus on lactic acid during the pre-in-
tervention phase. In line with a previous study,
our findings confirmed that procalcitonin plays
a key role in the evaluation of infections, which
alerts us to timely clearance of the source of
infection [5, 27]. For CRO-infected CAP
patients, clinicians also need to consider the
efficacy of the infectious source control which,
although difficult to assess, may influence the
duration of antibiotic therapy [28]. Therefore,
these two independent risk factors may be
potential markers for the timing of interven-
tions, and need to be verified in future studies.

For the distribution of causative pathogens,
CRKP was the main CRO pathogen in our
cohort rather than CRAB, which could be
explained by intestinal bacterial translocation
and strong inherent drug resistance of CRKP. In
China, CRKP and CRAB are two common
nosocomial pathogens which are increasingly
resistant to most antibiotics [22]. Our findings
are consistent with previous studies in which
Klebsiella pneumoniae, the most common
pathogen among IPN patients, was found to be

Table 3 Composition of 198 pathogens causing CRO infections in 82 CAP patients

Pathogens Strains, n Infection sites, n Constituent ratio, %

Pancreas (peri) Lung Bloodstream Urinary tract

Klebsiella pneumoniae 77 34 19 23 1 38.9

Acinetobacter baumannii 74 31 38 5 0 37.4

Pseudomonas aeruginosa 12 3 8 1 0 6.1

Klebsiella ozaenae 12 6 3 3 0 6.1

Escherichia coli 7 6 0 1 0 3.5

Proteus mirabilis 4 2 0 1 1 2.0

Enterobacter aerogenes 4 3 1 0 0 2.0

Enterobacter cloacae 3 1 2 0 0 1.5

Klebsiella oxytoca 2 1 0 1 0 1.0

Serratia marcescens 1 1 0 0 0 0.5

Serratia liquefaciens 1 0 0 1 0 0.5

Enterobacter kobei 1 1 0 0 0 0.5

Total 198 89 71 36 2 100.0
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resistant to a large number of antibiotics
[16, 29]. Pancreatic necrosis is initially aseptic
but can progress to infected necrosis if infected
with intestinal bacteria among AP patients; the
lung was the most common site of extra-pan-
creatic infection in our cohort with CRAB,
which constituted the primary pathogenic bac-
terium, thus alerting clinicians to be wary of
CRAB ventilator-associated pneumonia and
subsequent IPN [30]. Since conventional disin-
fection methods are not effective against CRAB
or CRKP, immunocompromised patients,
including CAP patients, may be more suscepti-
ble to infection caused by CRO attached to
medical devices and clinicians’ hands in inten-
sive care units without thorough sterilization
[5, 31].

Similar to previous research, our study
showed that CRO are highly resistant to most
common antibiotics, which may be attributed
to the clinical use of wholly prophylactic
antibiotic prescription [17, 31]. The vast
majority of CAP patients received antibiotics
before the IPN intervention because of sus-
pected infections with possible manifestations.
In line with previous studies, our cohort
demonstrated that antibiotic therapy before
intervention did not significantly impact the
outcomes, which may also increase the risk of
drug resistance and incidence of fungal infec-
tions [5, 32]. Given the size and limitations of
these retrospective data, the comparison
between monotherapy and combination pro-
phylactic antibiotic therapy remains to be
studied. Consistent with recent guidelines, it
may also indicate that the clinician should not
use prophylactic antibiotics, especially car-
bapenems, until obtaining the microbiological
culture results [28].

The detection of drug resistance is a neces-
sary reference for guiding clinical antibiotic
prescription; thus, we analyzed the rates of
resistance rate for all the CRO for eight common
antibiotics, which indicated that CRO were
more than 60% resistant to six antibiotics, the
exceptions being sulfamethoxazole and tigecy-
cline, which may be attributed to the overuse of
antibiotics in China [14]. Similar to a previous
study, TGC and sulfamethoxazole may be rec-
ommended as appropriate treatment in ourT
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study for CRO infections in CAP patients due to
susceptibility testing in vitro [5]. Microbiologi-
cal data for polymyxin and ceftazidime-avibac-
tam were not analyzed because only nine
patients were tested for drug resistance to both.
However, increasing resistance to last-line
antibiotics is emerging as a serious concern and
may also be associated with antimicrobial
therapy failure due to uncertainty of adequate
penetration in necrotic pancreatic tissue [28]. In
our cohort, clinical microbiology laboratories
use phenotypic tests based on actual growth
inhibition, which can provide a full actual sus-
ceptibility picture. Moreover, our recommen-
dations of antibiotic therapy, based on drug
resistance profiles of the strains, need to be
interpreted with caution, and doctors should
select an appropriate antimicrobial regimen
according to the specific clinical scenario which
includes tissue penetration, plasma concentra-
tion, renal function and host response [33]. In
this era of CRO, the next phase of fighting not
only may focus on the development of novel
antibiotics, such as imipenem–relebactam and
cefiderocol, but may also investigate ‘‘new’’
therapeutic regimens from ‘‘old’’ antibiotics and
prevent the occurrence of resistance.

Although many advances have taken place,
there are also some limitations in this study.
First was its retrospective nature, with
inevitable bias and missing variables, especially
mechanisms of resistance, prophylactic antibi-
otics before admission, and unevaluated pene-
tration of antibiotics in pancreatic necrosis,
which may play a key role in outcome. Second,
the location of the pancreatic necrosis and
subsequent choice of intervention which
focused on the surgical aspect were not high-
lights of this study because of the specific focus
on antibiotic therapy for infectious disease.
Third, persistent organ failure caused by the
severity of AP itself required particular atten-
tion. Patients with persistent organ failure could
experience longer intensive care unit stays and
more invasive procedures, which may result in
more serious antimicrobial resistance. Fourth,
data on Gram-positive bacterial co-infections
were lacking, thereby producing bias due to
unmeasured confounders. Fifth, procalcitonin
and lactic acid were dichotomized for

multivariable analysis, which may have intro-
duced selection bias and thus needs to be veri-
fied in further study. Finally, a noninvasive
novel diagnostic method for timing of thera-
peutic intervention is urgently needed in CAP
patients with CRO infection. In all, our findings
should be interpreted cautiously and validated
in the future.

CONCLUSION

The clinical characteristics and antibiotic resis-
tance among CAP patients with CRO infection
are described in this study for the first time.
CRKP and CRAB are the primary categories of
CRO among this population. Procalcitonin and
lactic acid are associated with mortality, and
may be good prognostic markers for the timing
of therapeutic intervention. TGC and sul-
famethoxazole are recommended to treat CRO
infection among CAP patients. To further
advance empirical and definitive therapy for
CAP patients with CRO infection, future studies
should evaluate patient- and infection-specific
factors so that we may treat these infections
more appropriately.
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