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ABSTRACT

Introduction: Carbapenem-resistant gram-neg-
ative bacteria (CR-GNB) can cause life-threat-
ening infections among abdominal solid organ
transplantation (ASOT) recipients. This study
aimed to investigate the epidemiology and drug
susceptibility of CR-GNB pathogens and iden-
tity the risk factors associated with 90-day crude
mortality of CR-GNB infections among ASOT
recipients.
Methods: We retrospectively reviewed the
clinical characteristics, drug resistance rate, and
risk factors associated with mortality in CR-GNB
infections among ASOT recipients between
August 1, 2013, and August 1, 2020. The Cox

regression model was performed to identify the
independent risk factors for mortality.
Results: During the 8-year period, CR-GNB
infections occurred in 153 of 1452 (10.5%)
recipients, and 23 of 153 (15.0%) patients died.
The most common pathogen was Acinetobacter
baumannii (n = 47). The drug resistance rate of
CR-GNB pathogens was relatively low to tige-
cycline (33.3%) and high to other categories ([
60%). There was a significant increasing trend
in drug resistance to tigecycline as time went on
(from 24 to 40%, P = 0.04). The independent
risk factors for mortality were mechanical ven-
tilation (hazard ratio 7.40, 95% confidence
interval 2.69–20.38, P\0.001), septic shock
(hazard ratio 7.41, 95% confidence interval
2.86–19.23, P\0.001), and platelet count\
50,000/mm3 (hazard ratio 4.00, 95% confi-
dence interval 1.49–10.76, P = 0.006).
Conclusion: CR-GNB is widespread with high
prevalence and mortality rates among ASOT
recipients. Mechanical ventilation, septic shock,
and low platelet count represent three inde-
pendent risk factors related to the mortality of
ASOT recipients with CR-GNB infection. We
suggest that tigecycline may be used under rig-
orous management because of the significant
increasing risk of drug resistance.
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Key Summary Points

Why carry out this study?

Carbapenem resistant gram-negative
bacteria (CR-GNB) can cause life-
threatening infections among abdominal
solid organ transplantation (ASOT)
recipients.

This study aimed to shed light on the
improvement of clinical outcomes and
antimicrobial regimens for CR-GNB
infections among this special patient
population.

What was learned from the study?

CR-GNB is widespread with high
prevalence and mortality rates among
ASOT recipients in China.

Mechanical ventilation, septic shock, and
low platelet count represent three
independent risk factors related to the
mortality of ASOT recipients with CR-
GNB infections.

There was a significant increase in the
drug resistance of CR-GNB to tigecycline
as time went on, and we suggest that
tigecycline may be used for ASOT
recipients under rigorous management.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.13655804.

INTRODUCTION

Carbapenem-resistant gram-negative bacteria
(CR-GNB), including carbapenem-resistant
Klebsiella pneumoniae (CRKP), -Acinetobacter

baumannii (CRAB), and -Pseudomonas aeruginosa
(CRPA), and so on, have emerged as a glaring
global public health crisis with very few effec-
tive treatment regimens and are associated with
a high mortality [1, 2]. Abdominal solid organ
transplantation (ASOT) has already been iden-
tified as a risk factor for CR-GNB infections. To
date, several previous studies have investigated
the worldwide spread of carbapenem-resistant
Enterobacteriaceae (CRE) infections among ASOT
recipients, showing mortality rates up to 71%
[3]. It is a great challenge to make antimicrobial
decisions in these patients because CR-GNBs are
mostly extensively drug resistant (XDR) and
only susceptible to a few antibiotics. CRKP
bloodstream infections led to a mortality rate as
high as 82% after liver transplantation [4], and
the mortality associated with CRAB infections
among kidney recipients was also up to 56% [5].

Comparative drug studies focused on CR-
GNB infections in ASOT recipients are limited,
and most failed to differentiate between trans-
plant and nontransplant patients. Although
some studies have been carried out on CRE or
CRAB infections, few have investigated the
epidemiology, drug resistance, and clinical
outcomes of ASOT recipients with CR-GNB
infections in China [6, 7].

This study therefore set out to characterize
the epidemiology, microbiology, and risk fac-
tors related to 90-day mortality among ASOT
recipients with CR-GNB infections. Thus, our
findings may shed light on the improvement of
clinical outcomes and the antimicrobial regi-
men for CR-GNB infections among this special
patient population.

METHODS

Design

All the electrical medical records of 1452 ASOT
recipients from August 1, 2013, to August 1,
2020, were retrospectively reviewed. As Fig. S1
shows, a two-part analysis was performed (1) to
evaluate the risk factors associated with 90-day
mortality and (2) to identify the drug resistance
of CR-GNB pathogens.
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Setting

The retrospective cohort study was performed at
the Third Xiangya Hospital of Central South
University, an 1800-bed tertiary-care teaching
hospital with a long-term ASOT program (an-
nual average of 180 kidney and 35 liver trans-
plantations), Changsha, China.

Patients

Patients\ 16 or[ 80 years old were excluded.
There were only two sources of organs harvested
for transplantation: living-related donors and
donors after citizen’s death. The prophylactic
regimen used 1 h before transplantation was
beta-lactamase inhibitors/semisynthetic peni-
cillin, second- or third-generation cephalospor-
ins, or carbapenems. According to the result of
the culture before transplantation, a precise
antibiotic was given within 72 h after trans-
plantation. The treatment we recorded was the
initial regimen after obtaining the microbiology
profile. Tigecycline was used at 50 mg every
12 h (100 mg the first time) and mostly in the
abdominal cavity or deep wounds and skin
infections instead of bloodstream infections as
monotherapy. High-dose (2 g every 8 h),
extended-infusion meropenem (over 3 h) was
considered an appropriate therapy for initial
treatment. Due to limited drug resistance tests
of polymyxin and ceftazidime-avibactam, pre-
scriptions of both antibiotics as effective
options depended on the patient’s condition.
Data on the subsequent microbiology profile
and corresponding treatment were not col-
lected. For patients experiencing more than one
episode of CR-GNB infection, only the first
episode was included.

Definition and Microbiology

The onset of CR-GNB infections referred to the
collection date of the first positive culture with
clinical evidence of infections. Patients with
positive microbiology results, according to the
criteria of the Centers for Disease Control, were
defined as having infections [8]. Donor-derived
infections were defined as the same infections

that were transmitted from the donor to more
than one recipient [9].

Appropriate empirical antimicrobial therapy
indicated that antibiotics susceptible to CR-
GNB in vitro were prescribed to treat suspected
CR-GNB infections within 48 h after having
drawn the cultures of specimens. Treatment
during the initial stage of infections was cate-
gorized as monotherapy or combination ther-
apy. Combination therapy was defined as
treatment with two or more agents active
in vitro against the infecting strain. Septic shock
was diagnosed in recipients with CR-GNB
infections who required vasopressor therapy to
maintain mean arterial pressure of at least
65 mmHg with serum lactate level[ 2 mmol/l
after adequate fluid resuscitation [10]. Crude
mortality included all causes of death within
90 days after the onset of infections.

Identification and antimicrobial susceptibil-
ity testing of CR-GNB were carried out using the
Vitek-2 system (bioMérieux, Marcy L’etoile,
France). Antimicrobial susceptibility was deter-
mined by the Kerby-Bauer disk diffusion
method, and the minimum inhibitory concen-
tration was measured by agar dilution in the
National Committee for Clinical Laboratory
Standards guidelines. All the antimicrobial
agents were products of Oxoid Ltd., Hampshire,
UK. Intermediate susceptibility to the antibi-
otics was considered as resistance. The strain
was considered to be CR-GNB when the mini-
mal inhibitory concentration of meropenem or
imipenem was C 2 mg/l [11].

Data Collection and Variables

The clinical and demographic characteristics
included: age, sex, hallmarks of infections
(temperature and white blood cell count), site
of infection, re-operation, mechanical ventila-
tion, hospital-acquired infections, septic shock,
empirical antimicrobial therapy, type of trans-
plantation, and treatment regimen. Laboratory
records, collected within the first 24 h after the
culture was drawn, included: the serum albu-
min level, total bilirubin and creatinine levels,
and platelet and lymphocyte counts.
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Outcomes

The follow-up period for all the patients was
3 months (90 days) after the onset of infections.
The patients with\3 months of follow-up were
excluded from the cohort. The clinical out-
comes were divided into death and alive for risk
analysis.

Ethics

The Institutional Review Board of the Third
Xiangya Hospital of Central South University
endorsed this study protocol prior to data col-
lection (number: 2020-S629). The Institutional
Review Board approved the waiver of informed
consent from patients because this was a retro-
spective cohort study where information was
obtained from electrical medical records and
this study did not directly interfere with the
enrolled patients as the data were de-identified
and anonymously analyzed. Our study was
conducted according to the Declaration of
Helsinki and the Declaration of Istanbul, and no
donors influenced or paid for our study. As a
privacy statement, the authors guarantee the
confidentiality of the patient data.

Statistical Analysis

For continuous variables, data were expressed as
median (25–75% quartile) or mean (± SD).
Categorical variables were compared with the v2

test or Fisher exact tests. Univariate analysis was
applied to inspect the association between
variables and mortality caused by CR-GNB
infections. The follow-up time was analyzed
and defined as days alive from the onset until
day 90, and a Cox regression (forward likeli-
hood ratio method) analysis was performed to
model hazards using this time variable. Hazard
ratio (HR) and 95% confidence intervals (CI)
were calculated to assess the strength of all
relations. The Kaplan-Meier curve was used to
describe the survival distribution, and the log
rank test was used to compare survival time
among all the independent risk factors. Statis-
tical significance was defined as P\0.05 (two-
tailed), and all analyses were carried out using

SPSS 24.0 (IBM SPSS Statistics, IBM Corp.,
Armonk, NY, US).

RESULTS

Clinical Characteristics of Patients
with CR-GNB Infections

During the 8-year cohort study period, CR-GNB
infections occurred in 153 of 1452 (10.5%)
ASOT recipients including 1192 kidney and 260
liver recipients in the Third Xiangya hospital.
The kidney and liver transplantation prevalence
of CR-GNB infections was 8.7% and 18.8%,
respectively.

Table 1 shows the clinical characteristic,
demographic, and laboratory data of patients
with CR-GNB infections. The median age of 153
ASOT recipients was 43.3 years, with 141 grafts
from donation after citizen’s death and 12 grafts
from living-related donors. Regarding the type
of CR-GNB infections, urinary tract infection
was the most common (31.4%), followed by
bacteremia (19.6%) and pneumonia (19.6%). Of
these 153 patients, 82.4% (126 of 153) suffered
from nosocomial origin infections and 65.4%
(100 of 153) were infected by XDR pathogens.
One hundred eight patients (82.4%) did not
receive appropriate empirical antibiotic treat-
ments within 48 h after the onset of CR-GNB
infections. Twenty-one (13.7%) patients
required mechanical ventilation support as a
treatment for respiratory failure caused by the
infections, and 18 (11.8%) patients developed
septic shock at the onset of infections. Twenty
(13.1%) patients acquired infections from the
donor, and 57 (37.3%) patients experienced
multiple organism or site infections. The crude
90-day mortality rate was 23% (15 of 153).

Risk Factors for 90-Day Mortality of CR-
GNB Infections in ASOT Recipients

The comparison of death and alive groups is
shown in Table 2. Nosocomial infections
(P = 0.035), multiple infected organisms or sites
(P = 0.003), intensive care unit stays[ 7 days
(P\0.001), mechanical ventilation (P\0.001),
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Table 1 Clinical characteristic, demographic, and laboratory data of 153 carbapenem-resistant gram-negative bacterial
infections among abdominal solid organ transplantation recipients

Characteristics Value

Age, mean years ± SD 43.3 ± 12.3

Sex, no. of males (%) 105 (68.6)

Median body temperature (�C) at the onset (IQR) 37.4 (36.9–38.3)

Nosocomial origin, n (%) 126 (82.4)

Inappropriate empirical antimicrobial use, n (%) 108 (70.6)

Mechanical ventilation, n (%) 21 (13.7)

Septic shock, n (%) 18 (11.8)

Re-operation, n (%) 13 (8.5)

RBC transfusion during the perioperative period, units (IQR) 2 (0–15.63)

Duration of surgery, hours (IQR) 4 (3–6)

Duration of ICU stays, days (IQR) 4 (0–7)

Hospitalization, days (IQR) 28 (17–44)

Prophylaxis failure, no. of cases (%) 40 (26.1)

Multiple infected organisms or sites, n (%) 57 (37.3)

Organ resource, no. of cases (%)

DCD

Living-related

141 (92.2)

12 (7.8)

Type of infections, no. of cases (%)

Urinary tract infection 48 (31.4)

Bacteremia 30 (19.6)

Pneumonia 30 (19.6)

Deep wound and skin infection 28 (18.3)

Abdominal cavity infection 17 (11.1)

Patient immunosuppressant treatment, no. of cases (%)

Cyclosporine A 5 (3.3)

Tacrolimus 145 (94.8)

No use of calcineurin inhibitor

Donor-derived infections, no. of cases (%)

3 (2)

20 (13.1)

Type of transplantation, no. of cases (%)

Kidney 104 (68)

Liver 49 (32)

Laboratory variables from blood, no. of cases (%)
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Table 1 continued

Characteristics Value

Lymphocyte count\ 300/mm3 52 (34)

Albumin\ 30 g/l 12 (7.8)

WBC count[ 15,000/mm3 24 (15.7)

Platelet count\ 50,000/mm3 24 (15.7)

Creatinine[ 1.8 mg/dl

Total bilirubin[ 2.5 mg/dl

70 (45.8)

31 (20.3)

Time of infection onset, no. of cases (%)

\ 1 week posttransplant 65 (42.5)

7–30 days posttransplant 29 (18.9)

31–60 days posttransplant 15 (9.8)

61–90 days posttransplant 14 (9.2)

[ 90 days posttransplant

Treatment

Monotherapy

30 (19.6)

134 (87.6)

Meropenem (high dose, extended infusion) 38 (24.8)

Tigecycline 25 (16.3)

Aminoglycosides 19 (12.4)

Quinolone 18 (11.8)

Sulfonamides 12 (7.8)

Piperacillin-tazobactam 12 (7.8)

Ceftazidime-avibactam 10 (6.5)

Combination therapy 19 (12.4)

Tigecycline and carbapenem 9 (5.9)

Tigecycline and polymyxin 3 (2)

Carbapenem and polymyxin 3 (2)

Ceftazidime-avibactam and aztreonam 3 (2)

Quinolone and carbapenem 1 (0.7)

XDR bacterial infection, no. of cases (%) 100 (65.4)

Mortality, no. of cases (%) 23 (15)

SD standard deviation, WBC white blood cells, RBC red blood cells, IQR interquartile range, DCD donors after citizen’s
death, XDR extensively drug resistant, ICU intensive care unit

564 Infect Dis Ther (2021) 10:559–573



Table 2 Comparison of mortality and survival groups among carbapenem-resistant gram-negative bacterial infection
recipients

Characteristics Mortality (n = 23) Survival (n = 130) P

Age C 40 years 15 (65.2) 75 (57.7) 0.499

Male sex 19 (82.6) 86 (66.2) 0.117

Temperature C 39 �C 4 (17.4) 7 (5.4) 0.106

Inappropriate empirical antibiotic 18 (78.3) 90 (69.2) 0.381

Nosocomial infection 23 (100) 103 (79.2) 0.035*

Prophylaxis failure 3 (13) 34 (28.5) 0.121

ICU stays[ 7 days 19 (82.6) 15 (11.5) \ 0.001*

Hospitalization[ 30 days 10 (43.5) 56 (43.1) 0.971

RBC transfusion[ 10 units during perioperative period 7 (30.4) 55 (42.3) 0.193

Duration of surgery[ 8 h 5 (21.7) 34 (26.2) 0.873

Liver transplantation 10 (43.5) 39 (30) 0.202

Bacteremia 4 (17.4) 26 (20) 0.996

Urinary tract infection 4 (17.4) 44 (33.8) 0.117

Pneumonia 9 (39.1) 21 (16.2) 0.023*

Deep wound and skin infection 3 (13) 25 (19.2) 0.678

Abdominal cavity infection 3 (13) 14 (10.8) 0.968

Early-onset infection 14 (60.9) 102 (78.5) 0.069

Re-operation 2 (8.7) 11 (8.5) 0.970

Carbapenem-resistant Enterobacteriaceae 9 (39.1) 66 (50.8) 0.303

Carbapenem-resistant Acinetobacter baumannii 11 (47.8) 36 (27.7) 0.054

Multiple infected organisms or sites 15 (65.2) 42 (32.3) 0.003*

Mechanical ventilation 15 (65.2) 6 (4.6) \ 0.001*

Donor-derived infection 3 (13) 17 (13.1) 0.997

Use of tacrolimus 20 (87) 125 (96.2) 0.187

Septic shock 11 (47.8) 7 (5.4) \ 0.001*

Platelet count\ 50,000/mm3 12 (52.2) 12 (9.2) \ 0.001*

Lymphocyte count\ 300/mm3 10 (43.5) 42 (32.3) 0.297

Albumin\ 30 g/l 5 (21.7) 7 (10.2) 0.023*

WBC count[ 15,000/mm3 6 (26.1) 18 (13.8) 0.239

Creatinine[ 1.8 mg/dl 15 (65.2) 55 (42.3) 0.042*
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pneumonia (P = 0.023), septic shock
(P\0.001), platelet count\50,000/mm3

(P\0.001), albumin\30 g/l (P = 0.023), crea-
tinine[1.8 mg/dl (P = 0.042), total biliru-
bin[2.5 mg/dl (P = 0.001), combination
therapy (P\0.001), and XDR (P = 0.018) were
significantly different between the two groups
in the univariate analysis. In the multivariate
analysis, mechanical ventilation (HR 7.40, 95%
CI 2.69–20.38, P\0.001), septic shock (HR
7.41, 95% CI 2.86–19.23, P\ 0.001), and pla-
telet count\50,000/mm3 (HR 4.00, 95% CI
1.49–10.76, P = 0.006) were three independent
risk factors associated with crude mortality in
Table 3. Figure 1 shows the survival time of
patients with independent risk factors. For the
outcome of patients with septic shock versus
non-septic shock, the survival rate in the septic
shock group was significantly lower (38.9% vs.
90%, P\0.001). The survival rate was signifi-
cantly lower in the patients requiring mechan-
ical ventilation than in the patients without
mechanical ventilation at the onset of infec-
tions (28.6% vs. 93.9%, P\ 0.001). Compared
with the platelet count C 50,000/mm3 group,
the survival rate was significantly lower in the
platelet count\ 50,000/mm3 group (50% vs.
91.5%, P\0.001).

Antimicrobial Susceptibility

Figure 2 shows in detail the classification and
percentage of the respective microorganisms.
The most common pathogen of CR-GNB infec-
tions was CRAB (n = 47, 31%), followed by

CRKP (n = 39, 25%), carbapenem-resistant
Escherichia. coli (n = 20, 13%), CR-Flavobacterium
(n = 16, 10%), and others. Table 4 shows the
antibiotic resistance rates of CR-GNB via a bac-
terial category. The drug resistance rates of
CRAB and CRKP pathogens to all antibiotics
tested were both [ 50% except for tigecycline
(TGC). The CR-GNB pathogens were relatively
susceptible to TGC with a drug resistance rate as
low as 33.3% and highly resistant to other cat-
egories ([60%). Figure 3 shows the comparison
of resistance rates of CR-GNB to ten commonly
used antibiotics during two halves of the period
(2013–2016 vs. 2017–2020). A significantly
increasing resistance trend of the TGC, from 24
to 40%, was observed in our cohort as time went
on (P = 0.04).

DISCUSSION

CR-GNBs have spread worldwide with limited
choice of antibiotic therapy in recent years.
ASOT recipients were vulnerable with all the
definite risk factors related to CR-GNB infec-
tions, such as recurrent exposure to prophylac-
tic antibiotics, intensive care unit, massive
healthcare contact, and longer length of hos-
pitalization. Rising mortality rates caused by
CR-GNB infections have been reported in a
variety of susceptible populations, including
ASOT recipients [3, 12]. This is the largest
cohort study to characterize the epidemiology,
risk factors, microbiologic spectrum, and clini-
cal outcomes associated with CR-GNB infec-
tions among ASOT recipients in China to date.

Table 2 continued

Characteristics Mortality (n = 23) Survival (n = 130) P

Total bilirubin[ 2.5 mg/dl

Combination therapy

XDR bacterial infection

11 (47.8)

11 (47.8)

20 (87)

20 (15.4)

8 (6.2)

80 (61.5)

0.001*

\ 0.001*

0.018*

P value from Pearson’s v2 test or Fisher’s exact test in univariate analysis. *P values are statistically significant
WBC white blood cells, RBC red blood cells, XDR extensively drug resistant, ICU intensive care unit
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In our present study, we revealed a morbidity
and mortality rate of CR-GNB infections among
ASOT recipients of up to 10.5% and 23%,
respectively. The prevalence of CR-GNB was
higher in liver recipients (18.8%) than in kidney
recipients (8.7%). The possible reasons may be
the longer operation duration, more transfu-
sions during surgery, and longer postoperative
intensive care unit stay. To date and to our
knowledge, this current analysis includes more
deaths due to CR-GNB infections than previous

studies, which only focused on one category of
CR-GNB such as CRKP or CRAB [4, 13].

Mechanical ventilation, septic shock, and
platelet count\50,000/mm3 were found to be
three independent risk factors associated with
90-day mortality. Septic shock was the most
severe complication of infections in ASOT
recipients with limited clinical approaches. The
relationships among mortality, mechanical
ventilation, and septic shock concluded from
our present study were similar to those found in
previous studies [7, 14–17]. This is not

Table 3 Multivariate analysis of risk factors for mortality of carbapenem-resistant gram-negative bacterial infections after
abdominal solid organ transplantation

Variable HR (95% CI) P

Mechanical ventilation 7.40 (2.69–20.38) \ 0.001

Septic shock 7.41 (2.86–19.23) \ 0.001

Platelet count\ 50,000/mm3 4.00 (1.49–10.76) 0.006

HR hazard ratio, CI confidence interval

Fig. 1 Kaplan-Meier curve estimated survival rates
between: a patients with septic shock vs. without septic
shock (38.9% vs. 90%, P\ 0.001); (b) patients requiring
mechanical ventilation vs. without mechanical ventilation

(28.6% vs. 93.9%, P\ 0.001); c platelet count\ 50,000/
mm3 vs. platelet count C 50,000/mm3 (50% vs. 91.5%,
P\ 0.001)
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surprising because requiring mechanical venti-
lation and septic shock are indicators of the
severity of illness. This finding underscores the
importance of early therapy, including timely

and adequate antibiotic therapy, which may
increase the survival rate of ASOT recipients
suffering from septic shock or respiratory failure
[18]. In line with our previous study, platelet

31%

25%
13%

10%

5%

2%
2%

2% 2%

1%

1%

6%

Acinetobacter baumannii

Klebsiella pneumoniae

Escherichia coli

Flavobacterium

Pseudomonas aeruginosa

Proteus mirabilis

Enterobacter cloacae

Enterobacter aerogenes

Klebsiella odorata

Enterobacter asburiae

Enterobacter agglomerans

Other

Fig. 2 Species found in carbapenem-resistant gram-negative bacterial infections during 2013–2020

Table 4 Antimicrobial resistance of 153 carbapenem-resistant gram-negative bacterial infection recipients

Antimicrobial A. baumannii
(n = 47)

K. pneumoniae
(n = 39)

E. coli
(n = 20)

Other
(n = 47)

Total strains
(n = 153)

Amikacin 43 (91.5) 21 (53.8) 5 (25) 31 (65) 65.4

Aztreonam 46 (97.9) 36 (92.3) 20 (100) 46 (97.9) 96.7

Ciprofloxacin 45 (95.7) 32 (82.1) 12 (60) 35 (74.5) 81.0

Gentamicin 44 (93.6) 31 (79.5) 10 (50) 35 (74.5) 78.4

Levofloxacin 42 (89.4) 30 (76.9) 12 (60) 34 (72.3) 77.1

Sulfamethoxazole 38 (80.9) 24 (61.5) 12 (60) 31 (66) 68.6

Tobramycin 44 (93.6) 29 (74.4) 10 (50) 40 (85.1) 80.4

Piperacillin-

tazobactam

45 (95.7) 32 (82.1) 13 (65) 40 (85.1) 85.0

Macrodantin 45 (95.7) 38 (97.4) 6 (30) 38 (80.9) 83.0

Tigecycline 14 (29.8) 13 (33.3) 2 (10) 22 (46.8) 33.3

Values are no. (%) of resistant strains, except as indicated
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count\50,000/mm3 predicted adverse clinical
outcomes of CR-GNB-infected recipients [19]. It
probably resulted from the key role of the pla-
telets in the development of disseminated
intravascular coagulation and multiple organ
failure despite the unclear mechanisms [20].

Donor-derived infections, especially CR-GNB
infections, were increasingly reported with
adverse impacts on the recipient outcomes in
the past decades [21–23]. In line with previous
study, we found that donor-derived infections
were not related to mortality with a P value of
0.997, indicating CR-GNB-infected or -colo-
nized donors could also be transplanted with
prophylactic antibiotic therapy in the current
era of donor shortages [23].

Choosing appropriate antibiotics for CR-
GNB infections is a great challenge due to the
complex clinical situation. The overall drug
resistance rates of pathogens to various cate-
gories of antibiotics, antibiotic concentration,
tissue penetration at the site of infections, and
renal and liver function for ASOT recipients
must be considered.

TGC is a broad-spectrum antibiotic with
in vitro activity against CR-GNB and approved
as an appropriate therapy except for CRPA.
Approximately 33.3% of CR-GNB pathogens in
the present study were resistant to TGC, in line
with the previous study reporting the drug
resistance rate of 37.8% among inpatients [24].
After eliminating the impact of CRPA (n = 9) on
the total drug resistance rate, there were only
27.5% other CR-GNBs resistant to TGC, making
it an appropriate ‘old’ antibiotic for the treat-
ment of CR-GNB infections among ASOT
recipients. In line with previous studies, com-
bination therapy, based on TGC, was recom-
mended as the most effective regimen used for
CR-GNB infections, particularly for CRE infec-
tions in China [25]. TGC performs poorly in
bacteremia because of the poor plasma con-
centration [26]. We did not monitor plasma or
tissue concentrations of TGC because of the
retrospective nature. Guner et al. revealed that
TGC, used alone or in combination with other
antibiotics, was effective in CRAB infections
[27]. However, there was a significantly
increasing trend in the drug resistance rate of
TGC (from 24 to 40%, P = 0.04) as time went
on, which may be an alert for cautious pre-
scription of TGC.

We also revealed that drug resistance rates of
all CR-GNB isolates to nine of ten antibiotics
involved were [ 60% except for TGC. CRAB
(n = 47) and CRKP (n = 39) were the most
common pathogens in this cohort. Consistent
with the previous studies, CRKP and CRAB were
both highly resistant ([50%) to the other nine
of ten antibiotics except for TGC [28, 29]. For
carbapenem-resistant E. coli and other CR-GNB
organisms, drug resistance rates were basically
lower than for CRKP and CRAB. These other
nine antibiotics were not recommended as
empirical therapy for CR-GNB infections
because of the high probability of failure based
on our findings. Several previous studies proved
that some of these antibiotics, such as
trimethoprim-sulfamethoxazole and amikacin,
performed well in CRKP infections among ASOT
recipients, so we suggest that these choices may
be prescribed after identification of susceptibil-
ity [30, 31]. The new rapid diagnostic options
for CR-GNB, such as next-generation

Fig. 3 Comparisons between two halves of the period
(2013–2016 versus 2017–2020) in ten drug resistance
rates to carbapenem-resistant gram-negative bacterial iso-
lates. The drug resistance rate of tigecycline was signifi-
cantly increased from 24 to 40% as time went on
(P = 0.04). *P value is statistically significant. AN
amikacin, AZT aztreonam, CPFX ciprofloxacin, GEN
gentamicin, LVF levofloxacin, SMX sulfamethoxazole,
TOB tobramycin, TZP piperacillin-tazobactam, MAC
macrodantin, TGC tigecycline
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sequencing and ATP bioluminescence, are rec-
ommended in treatment to improve outcomes,
but are limited because of the exorbitant costs
[32].

Polymyxins, both colistin and polymyxin B,
were successful and safe choices for ASOT
recipients reported in previous studies but not
analyzed in this cohort because of the lack of
susceptibility profiles in most patients [33, 34].
Cefiderocol, a novel cephalosporin designed to
treat all CR-GNB infections, is still in the clini-
cal trial stage with promising prospects [35].
Ceftazidime avibactam has been reported to
have better effects than TGC, thus being
approved to treat CR-GNB infections in China
since May 21, 2019 [36, 37]. However, admin-
istering combination or ‘new’ antibiotic therapy
to all severe CR-GNB infected patients, includ-
ing some individuals with XDR or pan-drug-re-
sistant pathogens, is not a sustainable decision
due to the concerns about deteriorating resis-
tances. In the present era of emerging drug
resistance, prospective steps may be suggested
to facilitate pharmacologic and molecular
studies to speed up the process of creating
clinical breakpoints for novel antibiotics,
including all new antibiotics mentioned above,
and define the mechanism of drug resistance.

Certain limitations need to be clarified in our
study. First, due to the retrospective nature of a
monocentric study, our research is limited by
deficient data retrieved from the electronic
medical records. The impact of antibiotics,
comparing ‘new’ with ‘old,’ may hardly be
evaluated in our cohort and needs to be inves-
tigated in a prospective study. Second, our study
could be divided into various groups, such as
different age groups, to provide more detailed
information, which may be done in the future.
Third, the immune status of ASOT recipients
may play an important role, as all patients were
immunosuppressed; therefore, we will reveal
the relationship related to the rate of CD4/CD8
or IgG/IgA/IgM levels and clinical outcomes in
the future. Finally, with the development of
medical technology, it might be possible to use
novel molecular technology or test methods to
investigate the mechanism and allow prompt
rapid diagnoses of infections.

CONCLUSIONS

CR-GNB is widespread as a global medical crisis
associated with high morbidity and mortality
rates among ASOT recipients. This study reveals
that mechanical ventilation, septic shock, and
low platelet count represent three independent
risk factors related to the mortality of ASOT
recipients with CR-GNB infections. With a sig-
nificantly increasing trend of the drug resis-
tance rate, we suggest that TGC may be used
under rigorous administration for the treatment
of CR-GNB-infected recipients.
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