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Objective: There are few therapeutic options for infections caused by carbapenem-resistant Enterobacterales (CRE) in children
following liver transplantation. Ceftazidime-avibactam (CAZ-AVI), a recently licensed antibacterial in China, was utilized as a salvage
therapy against CRE in our center, and its efficacy and safety were therefore assessed.
Methods: The retrospective, observational study was conducted at the First Affiliated Hospital of Zhejiang University. Pediatric liver
transplantation patients (≤12 years) who received CAZ-AVI as a salvage therapy against CRE infections were included from
January 2020 to December 2021. Clinical success and all-cause death during hospitalization were the primary outcomes.
Recurrence of infection, drug-related adverse events, and changes in inflammatory biomarkers were collected.
Results: Six children were enrolled, with a median age of 10.1 (interquartile range (IQR) 5.5–13.8) months. Primary intraperitoneal
infections occurred in all patients, with five patients developing bloodstream infections. KPC carbapenemases were detected in most
isolates, and the susceptibility results showed general sensitivity to tigecycline, polymyxin B, and CAZ-AVI. Tigecycline-based
therapy was taken as the initial treatment and withdrawn because of clinical failure (5 cases) or cholestasis (1 case). After CRE
infection, the median time to convert to CAZ-AVI was 7.5 (IQR 7.0–8.8) days, and the median CAZ-AVI treatment length was 21.0
(IQR 20.3–28.5) days. Clinical success was achieved in all patients, with a zero percent all-cause death rate. No CRE infections
recurred throughout hospitalization, and no resistance to CAZ-AVI was detected. Patients experienced vomiting (1/6), skin rash (1/6),
and a transient increase in cystatin C (2/6), γ-glutamyltransferase (2/6), and alkaline phosphatase (3/6).
Conclusion: CAZ-AVI was shown to be a successful salvage treatment for CRE infection in pediatric liver transplant recipients, with
minor and temporary drug-related side effects.
Keywords: ceftazidime-avibactam, carbapenem-resistant Enterobacterales, pediatric liver transplantation, salvage treatment,
effectiveness, safety

Introduction
In recent years, infections caused by carbapenem-resistant Enterobacterales (CRE) have steadily increased in both adults
and children.1–3 CRE infections have become a major public health concern worldwide and are linked to poor outcomes
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following solid organ transplantations.4–6 Our previous study found that CRE infections resulted in considerably worse
30-day and 180-day survival rates in adult liver transplant recipients.4 Children receiving liver transplants are also at risk
from postoperative CRE infections, with 30-day death rates ranging from 6.8% to 23.8%, which was much greater than
children without infections.7–10

Few antimicrobials are available to treat CRE; therefore, clinicians have to rely on antimicrobials with suboptimal
pharmacokinetics or concerning toxicities, such as polymyxin, aminoglycosides, and trimethoprim sulfamethoxazole.2,11

In many complicated cases, combinations of two or more antimicrobials with relatively high doses were used;12 however,
the data regarding clinical efficacy and toxicities are controversial, especially in pediatric patients. Once failure occurs,
subsequent therapy will be particularly challenging. Fortunately, the National Medical Products Administration of China
authorized ceftazidime-avibactam (CAZ-AVI), a new-lactamase inhibitor combination, in 2019. CAZ-AVI works against
class A, class C, and some class D beta-lactamases,2 and has demonstrated promising results in adults with CRE
infections.13–16 It is well tolerated and effective in children with complicated urinary tract infections (cUTIs)17 and
complex intra-abdominal infections (cIAIs).18 However, its efficacy and safety have not been specially established in
pediatric patients after liver transplantation. Therefore, we conducted a retrospective, observational study to evaluate the
role of CAZ-AVI as salvage therapy in pediatric liver transplant recipients and provided a real-world experience for
treating CRE in this vulnerable population.

Methods
Study Design and Participants
This was a retrospective, observational study conducted in the liver transplantation center of the First Affiliated Hospital of
Zhejiang University (FAHZJ) in China. Pediatric liver transplant recipients who underwent liver transplantation from
January 1, 2020, to December 31, 2021, were reviewed. The inclusion criteria were as follows: 1) hospitalized children ≥
three months to ≤12 years; 2) patients diagnosed with CRE infections after liver transplantation; 3) patients received CAZ-AVI
as salvage therapy. The study was conducted following the principles of the Helsinki Declaration of 1975 and followed the
statement of Strengthening the Reporting of Observational Studies in Epidemiology. Ethical approval was obtained from the
authorized ethics committee of FAHZJ (IIT20210868A). The data were anonymous, and the requirement for informed consent
was waived for our retrospective study. Since Jan 1, 2015, organ procurement from executed prisoners had been completely
ceased in China. No organs from executed prisoners were used in any case involved in this study. All organs were donated
voluntarily with written informed consent, and that this was conducted in accordance with the Declaration of Istanbul.

Antimicrobial Treatment and Dosage
CAZ-AVI was administered at a 62.5 mg/kg dose intravenously every eight hours. Initial antimicrobials against CRE were
administrated according to the Vitro susceptibility test results and mainly included tigecycline, polymyxin B, and meropenem.

Antimicrobial Susceptibility Testing and Carbapenemase Testing
CRE isolates were collected from the drainage of ascites or bile and blood from these patients after transplantation. After
obtaining single colonies, all isolates were identified using an automated Vitek 2 system (bioMérieux, France).

The polymyxins susceptibility data were interpreted in accordance with the European Committee on Antimicrobial
Susceptibility Testing (EUCAST2021).19 The tigecycline susceptibility data were interpreted using the United States
Food and Drug Administration breakpoints,20 with a minimal inhibitory concentration (MIC) ≤ 2 μg/mL considered
sensitive. Other antibiotic susceptibility data were interpreted in accordance with the Clinical and Laboratory Standards
(CLSI 2021).21 Susceptibility to CAZ-AVI was defined as an MIC ≤ 8 μg/mL. Carbapenemases in isolates were
confirmed by the NG-Test CARBA5 immunochromatographic assay (NG Biotech).22

Data Collection
Demographic data (age, sex, body mass index [BMI]), medical history (eg, underlying disease, previous surgical history,
preoperative antibiotic exposure), procedure-related information (eg, pediatric end-stage liver disease (PELD) score, graft
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information, and procedure-related information), status when diagnosed with CRE (intensive care unit (ICU) treatment,
invasive mechanical ventilation, and postoperative complications), susceptibility testing results, experiment indicators,
treatment therapy, and drug-related events of enrolled recipients were collected.

Definitions and Outcomes
CRE infections were identified according to the criteria outlined by CDC/NHSN 201923 and were described in detail in
our previous report.24 Salvage therapy was defined as any antimicrobial administered after the withdrawal of the initial
anti-CRE medicines because of clinical failure or adverse reactions.

The primary outcomes were clinical success and all-cause mortality during hospitalization. Clinical success was
defined as the resolution of all symptoms, and no further antimicrobial treatment against CRE was required.
Secondary outcomes included infection recurrence during hospitalization, variation in inflammatory biomarkers,
and drug-related adverse reactions (eg, digestive tract symptoms, skin rashes, and abnormal kidney function) during
treatment.

Statistical Analysis
A standard case report form was used to record all data collected, and descriptive statistics were used to characterize all
variables. The count data is represented by n, the measurement data is depicted as median with interquartile range (IQR),
and the R software was used for analysis. All data were clarified by three researchers.

Results
Baseline of Included Patients
A total of six children were enrolled; three were boys, with a median age of 10.1 (IQR 5.5–13.8) months and a median
BMI of 17.6 (IQR 15.5–20.0) kg/m2. The primary liver disease was biliary atresia for all included patients, and hepatic
portoenterostomy was conducted before liver transplantation. Regarding the graft type, five children received grafts from
living donors and one from a donor after brain death. The six children had a history of carbapenem exposure three
months before liver transplantation, and four were found to be colonized with CREs. The demographic and basic clinical
characteristics are shown in Table 1.

Infection Characteristics
After transplantation, the median occurrence time of CRE infection was 3.0 (IQR 0.75–4.5) days. The primary infections
were intraperitoneal infections in all patients, three with bile leak (case 3–5), one with bile leak and bowel perforation
(case 2), one with bowel perforation (case 6), and another one (case 1) colonized with CRE before liver transplantation.
CREs were isolated from the drainage of ascites or bile in all patients. Five children developed bloodstream infections.
Carbapenem-resistant Klebsiella pneumonia (CR-KP) was isolated in all patients, and one child was also coinfected with
Carbapenem-resistant Escherichia coli (CR-E.Coli). The susceptibility results showed that these isolated pathogens were
generally resistant to carbapenems but sensitive to tigecycline, polymyxins, and CAZ-AVI (Table 2). Five (5/6) produced
KPC carbapenemases for the six CR-KP isolates, while KPC, OXA-48-like, IMP, VIM, and NMD carbapenemases were
not detected in one (1/6) isolate. NDM carbapenemases were detected in the CR-E.Coli isolate (Table 2).

Treatments for CRE Infection
The initial treatment was tigecycline combined with meropenem in three patients and tigecycline combined with
polymyxin B in others. The initial treatment failed in five patients, with slight or no improvement of the symptoms
(repeated fever and non-recovery of inflammatory biomarkers, Figure 1) and persistent culture positivity for CREs. For
case 3, the CR-E.Coli isolate was not detected on CAZ-AVI initiation, but the CR-KP still existed. One (case 1) patient
experienced cholestasis during treatment with tigecycline combined with meropenem. The median conversion time to
CAZ-AVI was 7.5 (IQR 7.0–8.8) days (Table 3). The salvage treatment was CAZ-AVI monotherapy in four children and
CAZ-AVI combination therapy (CAZ-AVI with meropenem or polymyxin B) in two children (Table 3). Two children
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experienced exploratory laparotomy (cases 2 and 6) to control bowel perforation during treatment, and four children
(cases 2–5) with bile leaks received adequate drainage.

Clinical Outcomes
The symptoms of infection and inflammatory biomarkers in these children gradually improved after conversion
(Figure 1), with a median treatment duration of 28.0 (IQR 25.5–38.8) days and a median CAZ-AVI treatment duration

Table 1 Demographic and Essential Clinical Characteristics of Patients
(N=6)

Demographic and Basic Clinical Characteristics

Demographic characteristics
Age (mo), median (IQR) 10.1 (5.5–13.8)

Male 3
BMI (kg/m2), median (IQR) 17.6 (15.5–20.0)

Medical history
Underlying diseases
Biliary atresia 6

Previous abdominal surgery before LT 6
Carbapenem exposure within 3 mo before LT 6

Biloma before LT 6

Procedure-related information
PELD score before LT, median (IQR) 10.0 (6.0–21.5)

Graft type

DBD 1
Living donor 5

Cold ischemic time (min), median (IQR) 72.5 (64.5–179.5)

Hot ischemic time (s), median (IQR) 59.5 (52.3–71.3)
Intraoperative bleeding (mL), median (IQR) 550 (350–675)

Status when diagnosed with CRE
ICU treatment 3
Invasive mechanical ventilation 3

Postoperative complications
Vascular complications 2
Biliary complications 4

Poor incision healing 2

Intestinal perforation 2

Abbreviations: Mo, month; IQR, interquartile range; PELD, pediatric end-stage liver disease;
LT, liver transplantation; DBD, donation after brain death; CRE, carbapenem-resistant
Enterobacterales; ICU, intensive care unit.

Table 2 Susceptibility Testing Results and Carbapenemases Type of CRE Isolates

Subjects Pathogen Imipenem Meropenem Tigecycline Colistin Amikacin CAZ-AVI Carbapenemases

Case 1 KP R (≥16µg/mL) R (≥16µg/mL) S (2µg/mL) S (≤0.5µg/mL) R (≥64µg/mL) S (1µg/mL) KPC

Case 2 KP R (≥16µg/mL) R (≥16µg/mL) S (2µg/mL) S (≤0.5µg/mL) R (≥64µg/mL) S (1µg/mL) KPC

Case 3 KP R (≥16µg/mL) R (6mm) S (≤0.5µg/mL) S (0.5µg/mL) R (≥64µg/mL) S (1µg/mL) KPC
E.coli R (≥16µg/mL) R (6mm) S (≤0.5µg/mL) ND S (≤2µg/mL) ND NDM

Case 4 KP R (≥16µg/mL) R (6mm) S (1µg/mL) S (1µg/mL) R (≥64µg/mL) S (2µg/mL) KPC

Case 5 KP S (1µg/mL) R (16mm) S (1µg/mL) S (1µg/mL) S (≤2µg/mL) S (2µg/mL) Not detected a

Case 6 KP R (≥16µg/mL) R (≥16µg/mL) S (1µg/mL) S (≤0.5µg/mL) R (≥64µg/mL) S (1µg/mL) KPC

Notes: aKPC, OXA-48-like, NDM, VIM and IMP Carbapenemases were not detected.
Abbreviations: CRE, carbapenem-resistant Enterobacterales; KP, Klebsiella pneumonia; E.coli, Escherichia coli; CAZ-AVI, ceftazidime-avibactam; S, sensitive; R, resistant.
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of 21.0 (20.3–28.5) days. During hospitalization, there was no all-cause mortality. CRE infections did not recur during
hospitalization (Table 3), and no resistance to CAZ-AVI was observed.

Adverse Reactions
One patient experienced vomiting, and another experienced a rash while receiving CAZ-AVI treatment. In two patients
(case 1 and case 2), alkaline phosphatase (ALP) and γ-glutamyltransferase (γ-GT) levels increased transiently. The rising
trend of ALP in case 6 continued and gradually decreased nine days after CAZ-AVI therapy ended. In addition, after
conversion, the cystatin C (CysC) level increased by more than twice the initial level in two patients before gradually
returning to normal after CAZ-AVI treatment ended (Figure 2).

Discussion
Salvage treatment for CRE can be complicated for clinicians after the initial treatment fails. The literature on CRE
treatment in pediatric patients is more limited than that in adults.12,24 CAZ-AVI, a novel and promising antimicrobial, has
been approved in many countries; however, its efficacy and safety in pediatric liver transplantation patients with CRE
infections are unknown. To the best of our knowledge, this is the first study focused on CAZ-AVI as a salvage therapy for
CRE infections in a group of pediatric liver transplant recipients. CAZ-AVI salvage treatment was successful in all cases,
and none of the patients had a recurrence of CRE infections during their hospitalization. Some children experienced
vomiting, skin rashes, and a transient increase in CysC, ALP, and γ-GT levels while on treatment. According to our
findings, CAZ-AVI appears to be a promising option for salvage treatment in children with CRE infections after
transplantation.

The Chinese National Medical Products Administration approved CAZ-AVI for marketing on May 21, 2019. Compared
with other antimicrobials, such as aminoglycosides and colistin, observational studies showed that CAZ-AVI could improve

A B

C D

Figure 1 Variation in inflammatory biomarkers during the treatment. (A–D) The variation in WBC, percentage of neutrophils, CPR, and PCT during treatment.
Abbreviations: WBC, white blood cell counts; CRP, C-reactive protein; PCT, procalcitonin; C-A, ceftazidime/avibactam; CRE, carbapenem-resistant Enterobacterales.
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Table 3 Clinical Data of Patient Treated with Ceftazidime-Avibactam

Subjects CRE
Colon

Species Infection
Type

Mixture
Infections

Onset
Treatment

CRE Infection
Timea (d)

Conversion
Time (d)

Conversion
Reason

Concurrent
Treatmentb

Duration
Total/
C-A (d)

Death/
Success

Infection
Recurrence

Case 1 Colon KP IAI, BSI HPV B19 TGC&MEM 0 8 Cholestasis None 29/21 Success None

Case 2 Colon KP IAI, BSI EBV TGC&MEM 3 7 Clinical failure MEM 27/20 Success None
Case 3 Colon KP, E.coli IAI, BSI EBV, EFA TGC&PB 3 22 Clinical failure None 53/31 Success None

Case 4 Colon KP IAI, BSI None TGC&PB 0 7 Clinical failure PB 42/35 Success None

Case 5 None KP IAI EBV TGC&PB 38 9 Clinical failure None 25/16 Success None
Case 6 None KP IAI, BSI None TGC&MEM 5 3 Clinical failure None 24/21 Success None

Notes: aCRE infection time after liver transplantation bRefers to concurrent treatment for CRE infections, not include antimicrobials for other pathogens.
Abbreviations: KP, Klebsiella pneumonia; E.coli, Escherichia coli. IAI, intraabdominal infection; BSI, bloodstream infection; HPV B19, human parvovirus B19; EBV, Epstein-Barr virus; EFA, Enterococcus faecium; CRE, carbapenem-resistant
Enterobacterales; TGC, tigecycline. PB, polymyxin B; MEM, meropenem; C-A, ceftazidime-avibactam.
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treatment efficacy in adults with CRE infections without causing obvious side effects.13–16,25,26 However, there were some
limitations to using CAZ-AVI up until now. The FDA expanded its indications for children older than three months, but it
remains an off-label drug for children in China. Polymyxin B and tigecycline are covered by current healthcare insurance
for infections caused by multidrug-resistant pathogens; however, CAZ-AVI is still self-funded in China. Furthermore,
avibactam is currently on the WHO’s “reserve” list for children,27 indicating that it can be used if all other options fail or are
inappropriate. After considering these factors, CAZ-AVI is currently being used as a salvage treatment for CRE infections
in our center. The main type of infection of the enrolled patients was intraperitoneal infection, and the majority of them
were combined with bloodstream infection. Other studies reported high death rates under similar situations, with 30-day
death rates ranging from 6.8% to 23.8%.7–10 The overall mortality rate was 15.4% in a study using tigecycline against
infections caused by carbapenem-resistant gram-negative bacteria in pediatric liver transplant recipients.24 Our center also
tried a tigecycline-based regimen (combined with meropenem or polymyxin B); however, it did not work for these patients.
Fortunately, all CR-KP isolates from the six children were sensitive to CAZ-AVI in Vitro. The infections were well
controlled after conversion and did not recur during hospitalization. Notably, CAZ-AVI monotherapy was used in four
children, with clinical success in all of them. CAZ-AVI combined with tigecycline, colistin, or carbapenems has shown
synergistic activity against carbapenem-resistant pathogens in Vitro,28 encouraging clinicians to use CAZ-AVI combination
therapy. Recently, two well-performed systematic reviews28,29 compared CAZ-AVI combination therapy with monotherapy
in infections caused by carbapenem-resistant pathogens and found no difference in mortality rates between the two
treatments, which agrees with our findings. Our results suggested that CAZ-AVI monotherapy could be an effective salvage
treatment for pediatric liver transplant patients with CRE infections.

The median treatment duration for CAZ-AVI in our center was 21 days, which was longer than the treatment duration
reported in two Phase 2 clinical trials (7–14 days for CAZ-AVI).17,18 However, treatment durations in children with

A B

C D

Figure 2 Variation in laboratory indicators that may be related to adverse events during treatment. (A–D) The variation in ALP, γ-GT, Scr, and CysC during treatment.
Abbreviations: ALP, alkaline phosphatase; γ-GT, γ-glutamyltransferase; Scr, serum creatinine; CysC, cystatin C; C-A, ceftazidime/avibactam; CRE, carbapenem-resistant
Enterobacterales.
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severe and complex infections were reported to be similar or even longer.30,31 There is no conclusive data in the literature
on the optimal treatment duration for CAZ-AVI. The children who received CAZ-AVI as salvage therapy in our center
were immunocompromised and had severe infections, and most of them had bile leakage, which required a long healing
time (such as in case 3 and case 4). If the anti-infection treatment is insufficient, there is a risk of infection recurrence and
CAZ-AVI resistance, which might result in an increased economic burden. Therefore, our clinical team decided
unanimously to use CAZ-AVI with conservatively long treatment duration.

The CysC levels in two children increased to twice their initial levels during treatment (their creatinine levels
remained stable), which has never been reported before. Recent studies indicated that CysC might be a more sensitive
indicator of renal damage.32 Our findings suggested that CAZ-AVI influences children’s renal function; this can be
reversed after stopping the drug. In addition, patients experienced vomiting, rash, and a transient increase in ALP and
γ-GT levels. It is worth noting that the complicated medicine used in these patients might contribute to the adverse
events.

The present study had some limitations. First, this was a retrospective study with small sample size and no control
group. It is difficult to conduct rigorous controlled studies because cases using CRE salvage treatment are uncommon,
and treatment decisions were made based on the best treatment currently available. Second, our result cannot be
extrapolated to CRE isolates with Metallo-b-lactamase. Although one isolated CR-E.coli produced NDM carbapene-
mases, it was not detected before CAZ-AVI initiation. Therefore, the initial therapy (tigecycline and polymyxin B) may
be effective for this isolate. The “big 5” families of carbapenemases (KPC, OXA-48-like, NDM, VIM, and IMP) were
not detected for one CR-KP isolate. The resistance to carbapenem of this isolate may be caused by the production of
other kinds of carbapenemases or alterations in membrane permeability combined with the production of extended-
spectrum β-lactamases or AmpC β-lactamases.12 For the latter condition, the in Vitro results indicated high susceptibility
of novel beta-lactamase inhibitors (including CAZ-AVI, meropenem-vaborbactam, etc.) among these isolates,12 which
was consistent with the in Vitro susceptibility testing result in our study. Despite these limitations, our experience
provides real-world evidence for treating CRE infections in children after liver transplantation. It lays a foundation for
future well-designed, comparable, multicenter studies.

Abbreviations
CRE, carbapenem-resistant Enterobacterales; CAZ-AVI, ceftazidime-avibactam; IQR, interquartile range; cUTIs, com-
plicated urinary tract infections; cIAIs, complex intra-abdominal infections; MIC, minimal inhibitory concentration;
CLSI, clinical and laboratory standards; PELD, pediatric end-stage liver disease; ICU, intensive care unit; BMI, body
mass index.
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