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ABSTRACT
Objectives To provide a comprehensive assessment of 
the impact of carbapenem resistance on mortality among 
patients infected with Enterobacteriaceae and to explore 
the source of heterogeneity across studies.
Design This systematic review was conducted following the 
guidelines of Cochrane Guidance and the Preferred Reporting 
Items for Systematic Reviews and Meta- Analyses.
Data sources We conducted a systematic literature 
search of the PubMed, Embase, Web of Science and 
Cochrane Library databases to identify relevant studies 
published between 1 January 1994 and 30 August 2020.
Eligibility criteria We included primary observational 
studies published in English that reported the mortality 
outcomes for hospitalised patients with confirmed infections 
due to carbapenem- resistant Enterobacteriaceae (CRE) and 
carbapenem- susceptible Enterobacteriaceae (CSE). Studies 
with no comparison group or with a comparison group of 
patients infected with unconfirmed CSE were excluded.
Data extraction and synthesis Data extraction and 
assessment of risk bias were conducted independently by 
two reviewers. The pooled relative risk and risk difference 
were calculated as effect measures with 95% CIs using a 
random effects model. The heterogeneity across studies 
was assessed by Q- statistic and I2 measures.
Results Of 10 304 studies initially identified, 50 studies 
were included in the meta- analyses. The results of the 
meta- analyses showed that carbapenem resistance has 
a significant positive effect on the probability of death for 
patients infected with Enterobacteriaceae for any type of 
mortality outcome. The results of the stratified analysis and 
meta- regression suggested that the effect of carbapenem 
resistance on the risk of death varied by infection type, 
sample size and year of publication.
Conclusions Our results suggested that patients with CRE 
infection still face a greater risk of death than patients with CSE 
infection do, and an urgent need to develop new antibiotics and 
appropriate treatments to reduce the risk of death.
PROSPERO registration number CRD42020176808.

INTRODUCTION
The Enterobacteriaceae species, mainly Kleb-
siella pneumoniae and Escherichia coli, can 
cause infections like bloodstream infections, 

ventilator- associated pneumonia, intra- 
abdominal infections and urinary tract infec-
tions in both healthcare and community 
settings.1 The treatment of these infections is 
becoming increasingly challenging because 
of the increasing prevalence of multidrug- 
resistant Enterobacteriaceae, such as extended- 
spectrum β-lactamases (ESBLs)- producing 
Enterobacteriaceae. To counter this challenge, 
carbapenems were introduced in the 1980s2 

Strengths and limitations of this study

 ► This study provided a comprehensive meta- 
analysis to assess the impact of carbapenem re-
sistance on mortality among patients infected with 
Enterobacteriaceae, including nearly 20 new pub-
lished studies in the last 3 years that were not in-
cluded in previous relevant reviews.

 ► The statistical test and meta- regression analysis in 
this study were conducted for different groups of 
mortality outcome type, which may help to address 
the potential heterogeneity caused by the factor of 
mortality measurements.

 ► This review is the first to explore the source of het-
erogeneity across studies through meta- regression 
analysis and to consider the country’s economic sta-
tus and geographical region in assessing the associ-
ation between carbapenem resistance and mortality 
among patients infected with Enterobacteriaceae.

 ► This review includes effect measures in both 
relative and absolute terms, thus providing a 
complete picture of the effect of carbapenem re-
sistance on mortality among patients infected with 
Enterobacteriaceae.

 ► The comparison in our research is currently limited 
to high- income and upper middle- income countries 
from the Americas, Asia and Europe due to insuffi-
cient data from elsewhere; more studies from differ-
ent countries, especially low- income countries and 
other regions, are needed to provide comprehensive 
data for further analysis stratified by geographical 
region and economic status.
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and proved efficacious in the clinical treatment of infec-
tions caused by ESBLs- producing Enterobacteriaceae.3 
However, since the carbapenem- resistant Enterobacteria-
ceae (CRE) emerged in the early 1990s,4 CRE has been 
increasingly reported worldwide.5 6 The prevalence of 
CRE is driven primarily by the spread of carbapenemases, 
a group of β-lactamases hydrolysing carbapenems.7 The 
CRE strains that produce diverse types of carbapene-
mases are endemic in different areas of the world.8 Coun-
tries that have high overall rates of CRE include Greece, 
Italy, Brazil, China, the USA and Colombia.7 For example, 
the rate of carbapenem resistance in Klebsiella pneumo-
niae isolates was as high as 63.9% in Greece in 2018.9 
The increasing prevalence of CRE has posed a serious 
threat to public health because of the reduced efficacy 
of carbapenem and limited available therapy options, so 
CRE has been categorised as the most critical group of 
multidrug- resistant pathogens with the most urgent need 
for new antibiotics.10

The mortality of CRE infections is a research hotspot. 
Recently, some systematic reviews have included meta- 
analyses to assess the association between CRE infections 
and mortality by comparing with the mortality outcome of 
patients infected with carbapenem- susceptible Enterobacte-
riaceae (CSE).11–16 The results showed that CRE infections 
could lead to increased mortality. The latest systematic 
review on this topic included studies published until 2017,12 
but nearly 20 relevant articles have been published since 
then. A timely and comprehensive summary of the results 
of these articles can help explain the excess health burden 
that is attributable to CRE infections. Moreover, although 
previous systematic reviews have identified heterogeneity 
across studies and discussed some confounding factors 
of mortality, including patient- related, infection- related, 
organism- related and therapy- related factors,12 13 15 few 
used a formal statistical approach or meta- regression anal-
ysis to examine whether the effect of carbapenem resis-
tance on mortality varies by these factors. In addition, 
these earlier reviews have not considered differences in 
economic status and geographical region. The develop-
ment of antibiotic resistance has resulted in decreasing 
effectiveness of first- line antibiotics, such that more expen-
sive second- line and third- line antibiotic treatments must 
be used. However, these treatments may be unobtainable 
or unaffordable for patients with resistant infections in 
developing countries,17 which would result in worse prog-
nostic outcomes. The effect of carbapenem resistance 
on mortality may have regional differences because the 
CRE strains with different types of carbapenemases and 
virulence characteristics1 are predominant in different 
regions worldwide.8 Two previous reviews have shown 
that the mortality rate of patients with CRE infections 
differs by geographical region.14 18 However, without data 
from patients with CSE infections, whether the impact of 
carbapenem resistance on mortality differs between the 
region will remain unknown.

Therefore, we aim to provide a comprehensive system-
atic review of the impact of carbapenem resistance on 

mortality among patients infected with Enterobacteriaceae 
and explore the source of heterogeneity among studies 
to help policymakers to develop strategies and policies to 
combat CRE worldwide.

METHODS
This systematic review was conducted following the guide-
lines of Cochrane Guidance19 and the Preferred Reporting 
Items for Systematic Reviews and Meta- Analyses.20 The 
protocol was registered with PROSPERO on 5 July 2020. 
The initial protocol was designed with a broad scope, but 
we divided our work into two parts to limit its length: the 
first (this study) focuses on mortality and the second will 
focus on morbidity and the economic outcomes.

Search strategy
We conducted a systematic literature search of the 
databases of PubMed, Embase, Web of Science and the 
Cochrane Library for relevant studies published between 
1 January 1994 and 30 August 2020 to identify eligible 
studies. This period was chosen because CRE were first 
reported in the 1990s. Specifically, the strains producing 
metallo-β-lactamase imipenemase 1(IMP- 1), which is a 
type of carbapenemase that can hydrolyse carbapenems, 
were first identified in Japan in a study published in 1994.4

The search strategy was designed by combining the 
terms for bacteria and carbapenem resistance (see 
online supplemental appendix 1). The search terms for 
the bacteria were ‘Enterobacteriaceae’, along with ‘Klebsi-
ella pneumoniae’ and ‘Escherichia coli’, (the two most clin-
ically important pathogens within the Enterobacteriaceae 
family). The search terms for carbapenem resistance 
were ‘carbapenem- resistant’, ‘carbapenem resistance’, 
‘carbapenem non- susceptible’ and ‘carbapenemase- 
producing’ because CRE can be generally divided 
into carbapenemase- producing CRE (CP- CRE) and 
non- CP- CRE.21

Selection criteria
We included studies that fulfilled all of the following 
criteria: (1) primary observational studies (ie, case–
control study, cohort study), (2) studies published 
between 1 January 1994 and 30 August 2020, (3) studies 
published in English and (4) studies that assessed the 
mortality of hospitalised patients with confirmed infec-
tions due to CRE and CSE.

Studies that met any of the following criteria were 
excluded: (1) studies that could not provide the mortality 
data for patients with confirmed CRE infection, (2) 
studies that focused on the resistance of other antibiotics 
instead of carbapenem antibiotics, (3) studies with no 
comparison group or with a comparison group of patients 
infected with unconfirmed CSE, (4) studies on animals 
or (5) publications like editorials and letters. The list of 
excluded studies with reasons for exclusion is provided in 
online supplemental appendix 2.
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Two reviewers independently screened all titles and 
abstracts of the initially identified studies and then 
reviewed the full text of studies that met all of the inclu-
sion criteria and none of the exclusion criteria. Disagree-
ments were resolved through consensus or discussion 
with a third senior reviewer.

Data extraction
Data were extracted from each selected study into a data 
extraction form in Excel. The extracted data included the 
first author, year of publication, study period, country, 
region, country income level classified by the World 
Bank,22 study design, infection type, specific pathogen, 
sample size and the number of deaths in CRE and 
CSE groups. Notably, we assigned the income status 
of the country based on the period when the study was 
conducted because the income status of some countries 
may have changed between 1994 and 2020. For example, 
there were 15 studies conducted in China between 2006 
and 2018 included in this meta- analysis, but since the 
income status of China changed from the lower income 
level to the upper income level in 2010, the two studies 
conducted between 2006 and 2009 were classified as 
lower middle income, and the other 13 studies conducted 
after 2010 were classified as upper middle income. The 
kinds of measurements of mortality outcomes that were 
extracted from included studies were all- cause in- hospital 
mortality, all- cause mortality at 6–30 days (6 days, 7 days, 14 
days, 21 days, 28 days, 30 days) after diagnosis, mortality 
in ICU, 30- day mortality in ICU and mortality attributable 
to infection, which is usually defined as the death of a 
patient with clinical and laboratory evidence of ongoing 
infection in the absence of other feasible reasons.

Data extraction was conducted by two reviewers inde-
pendently and disagreements were resolved through 
consensus or discussion with a third senior reviewer.

Data synthesis and analysis
We calculated the pooled relative risk (RR) and risk 
difference (RD) by comparing the mortality of patients 
with CRE infection with that of patients with CSE infec-
tion. RR was chosen as the relative measure rather than 
the OR because the latter was more difficult to interpret 
than RR23 24 and was usually misinterpreted as RR, which 
may overestimate the intervention effect when RR is more 
than 1.25 We also calculated RD to describe the absolute 
difference in the risk of mortality between the two groups 
because reporting only the RR may conceal the under-
lying absolute risks, resulting in readers’ overestimating 
the effect.26 It has been recommended that both RR and 
absolute risk should be reported to provide a complete 
picture of the effect.27 We calculated the pooled estimates 
of RRs and RDs with 95% CIs were calculated using a 
random effects model based on the method of DerSi-
monian and Laird,28 with the estimate of heterogeneity 
being taken from the Mantel- Haenszel model. An RR 
of 1 and an RD of 0 indicate that the risk of mortality 
is identical regardless of carbapenem resistance. When 

RR >1 or RD >0, it means carbapenem resistance has a 
positive effect on the risk of death for patients infected 
with Enterobacteriaceae; in other words, the risk of death 
from CRE infection is higher than that from CSE infec-
tion. The heterogeneity across studies was assessed by 
Q- statistic and I2 measures. The heterogeneity was consid-
ered substantial when I2 >50%.

In the primary analysis, we calculated the pooled 
estimates of the overall mortality using one mortality 
outcome in each study with a priority given to in- hospital 
mortality and the latest time point of mortality if mortality 
outcomes at multiple time points were reported in a study. 
Then, we categorised the mortality measurements into 
eight groups and conducted meta- analysis for each type 
of mortality outcome. In further analysis, to identify the 
potential sources of heterogeneity, we conducted strati-
fied analysis by bacterial species, geographical region, 
economic status, source of infection, sample size and 
resistance mechanism in the mortality outcome groups, 
in which substantial heterogeneity was detected. An F 
test based on a one- way analysis of variance was used to 
test the differences in the mean effect estimates between 
subgroups. In the groups of mortality outcome type with 
more than ten studies, we also conducted the random- 
effects meta- regression analyses. The meta- regression 
analysis was based on restricted maximum likelihood 
using an iterative procedure to determine whether the 
effect estimates differ significantly by the above variables, 
and p<0.1 was considered statistically significant. A sensi-
tivity analysis was conducted for the overall mortality, with 
the pooled RRs recalculated using random effects meta- 
analysis after removing one study at a time to evaluate the 
stability of the results. Finally, we conducted a funnel plot 
for the overall mortality to assess the publication bias. All 
the statistical analyses were conducted using the Stata 
V.15 software.

Risk of bias assessment
Two reviewers independently assessed the risk of bias for 
each included study using the Newcastle- Ottawa quality 
assessment scale (NOS) for observational studies,29 and 
disagreements were resolved through consensus or 
discussion with a third senior reviewer.

Patient and public involvement
Patients and the public were not involved in the design, 
or conduct, or reporting or dissemination plans of this 
systematic review.

RESULTS
We identified 10 304 studies from the literature search, 
among which 50 studies30–79 were selected for final 
review based on the inclusion and exclusion criteria 
(figure 1). The basic characteristics of the included 
studies are provided in table 1, and online supplemental 
table 1 shows the details of the studies. The studies were 
conducted in 14 countries from four regions. Nearly half 
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of the studies were conducted in Asia (n=24), followed 
by the Americas (n=15) and Europe (n=9), with only 
one study conducted in Africa. We also included a multi-
region study that contained data from Asia, Africa and 
South America.79 Most of the studies were conducted in 
high- income countries (n=27) and upper middle- income 
countries (n=19), only three studies were conducted in 
lower middle- income countries and no study conducted 
in a low- income country met the criteria. Most studies 
(n=39) reported mortality outcomes of infections that 
were due to Klebsiella pneumoniae pathogens, while two 
studies reported mortality outcomes of infections that 
were due to E. coli, and nine studies reported mortality 
outcomes regardless of the specific species of Entero-
bacteriaceae. Nearly half of the studies (n=24) evaluated 
infected patients regardless of specific infection type. 
Among the studies that focused on specific sites of infec-
tion, bloodstream infection was the most frequent type 
(n=21), followed by urinary tract infection (n=3), and 
one study each for neurosurgical infection and pneu-
monia. Among the 50 studies included, most were cohort 
studies (n=29). In the other 21 case–control studies, the 
mortality outcomes were measured using a cohort study 
design, so these studies were assessed as cohort studies 
in our quality appraisal. The NOS assessment for the risk 
of bias of all included studies was summarised in online 
supplemental appendix 4. According to the NOS scores, 
46 were categorised as having a low risk of bias (scoring 7 
to 9) and only four studies were categorised as having the 
moderate risk of bias (scoring 4to 6).

Meta-analysis results
Among the 50 studies included, 10 different measures of 
mortality were reported. In- hospital mortality(n=31) was 

most frequently reported, followed by 28- day mortality 
(n=9), 30- day mortality (n=8), mortality attributable to 
infection (n=8), 14- day mortality (n=4) and mortality in 
ICU (n=4). The mortality rates that were not commonly 
reported were 7- day mortality (n=2), 6- day mortality 
(n=1), 21- day mortality (n=1) and 30- day mortality in 
the ICU (n=1). The meta- analysis result for the overall 
mortality based on the measure of RR (RR, 2.14, 95% CI 
1.85 to 2.48; I2=80.0%) (figure 2) and RD (RD, 0.22, 
95% CI 0.18 to 0.26; I2=78.0%) (figure 3) suggested that 
carbapenem resistance was associated with increased risk 
of overall mortality, although a high level of heteroge-
neity was detected in these results.

The results of meta- analyses for different mortality 
outcome types showed that the I2 for the pooled RR and 
RD was 0 in the studies that reported 14- day mortality, 
6- day or 7- day mortality and mortality in ICU, demon-
strating low heterogeneity (table 2). Among these three 
groups, the lowest pooled RR (1.17, 95% CI 1.08 to 1.28) 
and RD (0.09, 95% CI 0.04 to 0.14) was from the studies 
that reported mortality in the ICU. Although the pooled 
RR for 6- day or 7- day mortality (RR, 3.68, 95% CI 2.32 to 
5.83) was higher than that for 14- day mortality (RR, 1.70, 
95% CI 1.24 to 2.35), the pooled RD for both groups was 
0.18. However, substantial heterogeneity was detected in 
the groups of studies that reported in- hospital mortality, 
28- day or 30- day mortality, or mortality that was attrib-
utable to infection, which suggests other sources of 
heterogeneity.

Stratified analysis
To explore the source of heterogeneity between studies, 
we conducted a stratified analysis for each type of 
mortality outcome that had substantial heterogeneity. 
The potential sources of heterogeneity we explored were 
pathogens, geographical region, economic status of the 
country, source of infection, resistance mechanism type, 
sample size and publication year. One study79 was not 
included in our subgroup analysis by geographical region 
and country income level, because it was conducted in 
10 countries with different economic status from three 
continents.

For in- hospital mortality, carbapenem resistance had a 
significant positive effect on the risk of death for patients 
infected with Enterobacteriaceae in most subgroups. 
However, in- hospital mortality was not significantly 
different in either relative or absolute terms between CRE 
infection and CSE infection in studies that focused on 
patients infected with E. coli pathogens (RR, 3.83, 95% CI 
0.46 to 31.78, p=0.214; RD, 0.27, 95% CI −0.06 to 0.59, 
p=0.115) or oxacillinase(OXA)- producing Enterobacteria-
ceae (RR, 3.15, 95% CI 0.45 to 21.96, p=0.247; RD, 0.24, 
95% CI −0.05 to 0.53, p=0.110). In addition, no signifi-
cant difference in pooled RR for in- hospital mortality was 
observed in studies that focused on patients with urinary 
tract infections (RR, 2.40, 95% CI 0.82 to 7.03, p=0.110). 
The statistical test based on RR and RD showed that the 
effect of carbapenem resistance on mortality was not 

Figure 1 Flowchart of the study selection process 
for the meta- analysis. CRE, carbapenem- resistant 
Enterobacteriaceae.
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Table 1 Characteristics of included studies

First author (year) Study period Country Infection type Pathogen Mortality outcomes

Alicino (2015)30 2007.1–2014.12 Italy BSI K.pneumoniae 30- day mortality

Balkhair (2019)31 2007.1–2016.12 Oman BSI K.pneumoniae 30- day mortality

Ben- David (2012)32 2006.1–2006.12 Israel BSI K.pneumoniae In- hospital mortality, mortality 
attributable to infection

Brizendine (2015)33 2006–2012 USA UTI K.pneumoniae In- hospital mortality

Chang (2019)34 2014.1–2018.7 China BSI K.pneumoniae 7- day mortality, 28- day mortality, 
In- hospital mortality

Chang (2011)35 2006.1–2008.12 China BSI E.coli 14- day mortality, 28- day mortality, 
In- hospital mortality

Chiotos (2018)36 2011.1–2016.7 USA Mixed Enterobacteriaceae 30- day mortality

Cienfuegos- Gallet 
(2019)37

2014.2–3; 2014.10–
2015.9

Colombia Mixed K.pneumoniae 30- day mortality

Correa (2013)38 2006.1–2008.8 Brazil Mixed K.pneumoniae In- hospital mortality

Cubero (2015)39 2010.10–2012.12 Spain Mixed K.pneumoniae In- hospital mortality

Daikos (2009)40 2004.2–2006.3 Greece BSI K.pneumoniae 14- day mortality

Fraenkel- Wandel (2016)41 2006–2012 Israel BSI K.pneumoniae In- hospital mortality

Gallagher (2014)42 2005.6–2010.10 USA BSI K.pneumoniae In- hospital mortality

Garbati (2016)43 2012.3–2013.12 Saudi Arabia Mixed Enterobacteriaceae In- hospital mortality

Gomez Rueda (2014)44 2008.1–2011.1 Colombia Mixed K.pneumoniae In- hospital mortality

Hoxha (2016)45 2012.11–2013.7 Italy Mixed K.pneumoniae 6- day mortality, 30- day mortality

Huang (2018)46 2017.1–2017.12 China Mixed K.pneumoniae In- hospital mortality

Hussein (2013)47 2006.1–2008.12 Israel BSI K.pneumoniae 30- day mortality

Kotb (2020)48 2011–2017 Egypt Mixed Enterobacteriaceae Mortality in ICU

Lee (2016)49 2013.1–2014.2 Korea Mixed Enterobacteriaceae 28- day mortality, In- hospital 
mortality

Li (2019)50 2014.1–2018.6 China Mixed K.pneumoniae 30- day mortality in ICU

Liu (2019)51 2014.1–2018.9 China BSI K.pneumoniae 30- day mortality

Liu (2012)52 2007.1–2009.12 China BSI K.pneumoniae 14- day mortality, 28- day mortality, 
In- hospital mortality

Mclaughlin (2014)53 2010.3–2011.12 USA BSI K.pneumoniae In- hospital mortality

Meng (2017)54 2012.1–2015.12 China Mixed E. coli In- hospital mortality

Mouloudi (2010)55 2007.1–2008.12 Greece BSI K.pneumoniae In- hospital mortality, mortality 
in ICU, mortality attributable to 
infection

Ny (2015)56 2011.1–2013.12 USA Mixed K.pneumoniae In- hospital mortality

Orsi (2013)57 2008.7–2011.6 Italy Mixed K.pneumoniae In- hospital mortality

Pan (2019)58 2014 China Mixed K.pneumoniae In- hospital mortality

Patel (2008)59 2004.7–2006.6 USA Mixed K.pneumoniae In- hospital mortality, mortality 
attributable to infection

Pereira (2015)60 2010.1–2013.1 USA Mixed K.pneumoniae In- hospital mortality

Pouch (2015)61 2007.1–2010.12 USA UTI Enterobacteriaceae In- hospital mortality

Qureshi (2012)62 2011.1–2014.12 USA BSI K.pneumoniae 28- day mortality

Sánchez- Romero (2011)63 2009.1–2009.12 Spain Mixed K.pneumoniae 14- day mortality

Schwaber (2008)64 2003.9–2006.12 Israel Mixed K.pneumoniae In- hospital mortality

Shilo (2013)65 2006.1–2009.12 Israel UTI K.pneumoniae In- hospital mortality

Simkins (2014)66 2006.1–2010.12 USA Mixed K.pneumoniae In- hospital mortality

Tian (2016)67 2011.1–2015.12 China BSI K.pneumoniae In- hospital mortality, mortality 
attributable to infection, 28- day 
mortality

Torres- Gonzalez (2016)68 2013.11–2015.7 Mexico Mixed Enterobacteriaceae Mortality attributable to infection

Continued
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significantly different between the subgroups (online 
supplemental table 2).

For 28- day or 30- day mortality, the subgroup anal-
ysis showed no significant difference in the mortality 
for CRE and CSE infections that were due to mixed 

Enterobacteriaceae pathogens (RR, 1.78, 95% CI 0.57 to 
5.60, p=0.321; RD, 0.05, 95% CI −0.03 to 0.13, p=0.213). 
The results of the statistical tests based on RR showed that 
the later studies, those that were published from 2017 to 
2020, reported higher RR for 28- day or 30- day mortality 

First author (year) Study period Country Infection type Pathogen Mortality outcomes

Trecarich (2016)i69 2010.1–2014.6 Italy BSI K.pneumoniae 21- day mortality

Ulu (2015)70 2012.1–2012.12 Turkey Mixed K.pneumoniae Mortality in ICU

Vardakas (2015)71 2006.1–2009.10 Greece Mixed K.pneumoniae Mortality in ICU

Wang (2018)72 2010.1–2014.12 China Mixed K.pneumoniae In- hospital mortality

Xiao (2018)73 2013.1–2015.12 China BSI K.pneumoniae 30- day mortality

Zhang (2018)74 2011.1–2014.12 China BSI K.pneumoniae 7- day mortality, 28- day mortality, 
In- hospital mortality

Zheng (2018)75 2014.1–2016.12 China BSI K.pneumoniae 28- day mortality

Zheng (2020)76 2012–2017 China Neurosurgical 
infection

Enterobacteriaceae Mortality attributable to infection

Zuo (2020)77 2015–2017 China Pneumonia K.pneumoniae In- hospital mortality, mortality 
attributable to infection

Villegas (2016)78 2013.7–2014.11 7 countries BSI Enterobacteriaceae In- hospital mortality, mortality 
attributable to infection

Stewardson (2019)79 2014.8–2015.6 10 countries BSI Enterobacteriaceae In- hospital mortality

BSI, bloodstream infection; E. coli, Escherichia; K.pneumoniae, Klebsiella pneumoniae; UTI, urinary tract infection.

Table 1 Continued

Figure 2 Forest plot of overall mortality in patients with carbapenem- resistant Enterobacteriaceae (CRE) versus carbapenem- 
susceptible Enterobacteriaceae (CSE) infections (outcome measure=relative risk). ICU, intensive care unit.
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for patients who were infected with CRE versus CSE 
(p=0.006) than did studies that were published earlier. 
The statistical test results for 28- day or 30- day mortality 
showed that the pooled RD in studies with fewer than 
100 patients was higher than that in studies with 100–200 
patients. Although the pooled RD in studies with more 
than 200 patients was highest, the heterogeneity in this 
group was high and should be interpreted with caution 
(online supplemental table 3).

For mortality attributable to infection, the one study 
conducted in Europe with a sample size of fewer than 100 
has found no significant difference in the risk of death 
for CRE and CSE infection (RR, 1.98, 95% CI 0.61 to 6.43, 
p=0.255; RD, 0.13, 95% CI, −0.07 to 0.34, p=0.195), nor 
the study that focused on patients infected with OXA- 
producing Enterobacteriaceae (RR, 1.50, 95% CI 0.43 to 
5.28, p=0.528; RD, 0.04, 95% CI, −0.09 to 0.17, p=0.572). 
The results of statistical tests based on RD indicated 
that the effect of carbapenem resistance on attributable 
mortality was varied by the type of infection (p=0.075). 
Patients with neurosurgical infection were at greater risk 
of attributable death that was due to CRE infection than 
other types of infection (online supplemental table 4).

Meta-regression
To further explore whether the effect of carbapenem resis-
tance on mortality differs by the variables of pathogens, 

geographical region, economic status of the country, 
source of infection, resistance mechanism type, sample 
size and publication year, we conducted the univariate 
meta- regression in the groups of mortality outcome type 
with more than 10 studies. The meta- regression results 
based on RD showed that the effect of carbapenem resis-
tance on mortality was not influenced significantly by all 
the variables (online supplemental table 5, 6). However, 
in terms of RR, the meta- regression for in- hospital 
mortality suggested that the influence of carbapenem 
resistance on in- hospital mortality in studies published 
between 2017 and 2020 was significantly greater than 
that in studies published between 2011 and 2013 (coef-
ficient=−0.447, p=0.027) and in studies published from 
2014 to 2016 (coefficient=−0.343, p=0.061) (online 
supplemental table 7). The results of the meta- regression 
for 28- day or 30- day mortality based on RR were similar to 
the results for in- hospital mortality. Moreover, the effect 
of carbapenem resistance on mortality at 28- day or 30- day 
tends to increase with the year of publication (coeffi-
cient=−0.0001, p=0.006) (online supplemental table 8).

Sensitivity analysis
To assess the influence of individual studies on the 
results, we performed a sensitivity analysis by removing 
one study at a time and recalculated the pooled RRs of 
the overall mortality among the remaining studies using 

Figure 3 Forest plot of overall mortality in patients with carbapenem- resistant Enterobacteriaceae (CRE) versus carbapenem- 
susceptible Enterobacteriaceae (CSE) infections (outcome measure=risk difference). ICU, intensive care unit.
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random effects meta- analysis. We found that the direc-
tion of the effect did not change when any one study was 
excluded, which indicates the stability of the results of the 
meta- analysis.

Publication bias
Publication bias was assessed by a funnel plot (figure 4). 
Slight asymmetricity was observed in the funnel plots 
and the points were heavily distributed at the top right, 
implying a lack of smaller studies that showed a negative 
association between carbapenem resistance and mortality.

DISCUSSION
This study systematically reviewed 50 studies and provides 
a comprehensive analysis of the impact of carbapenem 
resistance on mortality among patients infected with 
Enterobacteriaceae. Our analysis suggests that, for any type 
of mortality outcome, carbapenem resistance was asso-
ciated with a greater probability of death for patients 
infected with CRE than that for patients infected with 
CSE. The results are consistent with the direction of 
previous meta- analyses of the association between carbap-
enem resistance and mortality among patients infected 
with Enterobacteriaceae.13 14

As for the risk factors for worse mortality outcomes 
in patients with CRE infections, previous studies usually 
explained higher mortality among patients with CRE 
infection as being due to patient- related, infection- related, 
treatment- related and organism- related factors.13 14 16 80 
Twenty studies included in this review conducted multi-
variate analyses to identify the risk factors for mortality 
among patients infected with Enterobacteriaceae. After 
controlling for patient- related factors like age, sex, the 
severity of underlying illness and comorbidities, three 
studies47 51 67 found that carbapenem resistance was not 
associated with increased mortality risk; however, 14 
studies found that carbapenem resistance remained an 
independent predictor of mortality. Previous studies Ta
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Figure 4 Funnel plot of studies evaluating mortality of 
patients with infections due to carbapenem- resistant 
compared with carbapenem- susceptible Enterobacteriaceae.
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also considered therapeutic interventions as important 
risk factors for increased mortality in CRE infection, as 
administration of initial antibiotic therapy with in- vitro 
activity is more likely to be delayed in patients with CRE 
infection.32 33 40 59 62 67 74 Several studies included in this 
research have suggested that the effect of carbapenem 
resistance was probably mediated by inappropriate initial 
therapy.37 40 51 This finding was supported by a recent 
review of 11 studies that used a meta- regression analysis to 
identify a significant association between the proportion 
of patients who received appropriate initial antibiotic 
therapy and mortality.16 However, nine studies included 
in our review32 38 41 47 62 67 71 73 74 did not identify an asso-
ciation between early appropriate antibiotic therapy 
and mortality after adjustment for some confounding 
factors. Instead, some studies found that other treatment 
methods were important risk factors of mortality. For 
example, a recent meta- analysis including seven studies 
showed that monotherapy treatment was associated with 
significantly higher mortality than combination therapy 
for patients with CRE infections.14 In addition, some 
studies72 73 have suggested that other therapies, such as 
adjunctive therapy, tigecycline therapy and the use of 
aminoglycoside, may be associated with mortality among 
patients infected with Klebsiella pneumoniae. The increased 
mortality among patients with CRE infections might also 
be related to the increased virulence of carbapenemase- 
producing strains. Two studies included in this meta- 
analysis showed that isolation of the Klebsiella pneumoniae 
carbapenemase(KPC)- positive strain was a predictor of 
mortality among patients infected with Klebsiella pneumo-
niae independent of the appropriateness of initial treat-
ment and patient characteristics,41 55 while another study47 
found that Klebsiella pneumoniae carbapenemase(KPC)- 
positive status was not associated with mortality when 
the virulence score was included in the multivariate 
analysis. As most of the included studies we reviewed did 
not provide the mortality outcomes after adjusting for 
confounding factors, the pooled- adjusted effect measures 
was not caculated.

To investigate the heterogeneity across the studies, we 
performed stratified analysis and meta- regression based 
on the type of mortality outcome. In terms of RR, the 
meta- regression analysis for in- hospital mortality showed 
that the effect of carbapenem resistance on in- hospital 
mortality was greater in studies published in 2017–2020 
than it was in studies published in 2011–2013 and 2014–
2016. The statistical test and meta- regression analyses for 
28- day and 30- day mortality showed similar results. The 
increasing effect of carbapenem resistance on mortality 
with the publication year could be explained by the 
increasingly limited availability of effective antibiotics and 
the development of CRE against some key antibiotics, such 
as colistin,81 resulting in increasing difficulty in treating 
CRE infection. As one study showed,16 the proportion of 
patients with carbapenem- resistant Klebsiella pneumoniae 
who received appropriate initial antibiotic therapy did 
not change over time. In contrast, mortality from CSE 

infection has tended to decrease in recent years, and the 
unweighted mean of in- hospital mortality and 28- day and 
30- day mortality among CSE patients in studies conducted 
from 2017 to 2020 is 11.69% and 13.43%, respectively, 
the lowest of the studies we reviewed. This change could 
be due to the development of medical technology and 
medical treatment, which may enlarge the relative differ-
ences in mortality between CRE and CSE infections. In 
addition, the statistical test for mortality attributable to 
infection identified a significant difference between 
infection types, as carbapenem resistance in patients 
with neurosurgical infection had a significantly greater 
effect on mortality compared with other types of infec-
tion, perhaps because of difficulty in treating CRE menin-
gitis/encephalitis in neurosurgery.74 In terms of RR, the 
statistical test showed that, compared with studies with 
fewer than 100 patients, carbapenem resistance had a 
greater effect on 28- day and 30- day mortality in studies 
with 100–200 patients, indicating that the absolute RD 
of mortality between CRE and CSE infection tends to be 
more stable with larger sample size.

To our knowledge, this study offers the most compre-
hensive meta- analysis so far of the impact of carbapenem 
resistance on mortality among patients infected with 
Enterobacteriaceae. Nearly, 20 new studies published in the 
last 3 years have been included in our study. In addition, 
the meta- analysis was conducted in different groups of 
mortality outcomes, which may help address the poten-
tial heterogeneity caused by mortality measurements. 
Moreover, this review is the first to explore the source of 
heterogeneity among studies using statistical tests and 
meta- regression analyses of variables related to countries’ 
economic status and geographical region. Moreover, this 
is the first review to explore the source of heterogeneity 
across studies using statistical tests and meta- regression 
analysis of potential variables and to consider the country’s 
economic status and geographical region in assessing the 
association between carbapenem resistance and mortality 
among patients infected with Enterobacteriaceae.

Our study also has several limitations. First, among 
studies focusing on specific pathogens, we only included 
studies that focused on two clinically important Enterobac-
teriaceae species, Klebsiella pneumoniae and Escherichia coli. 
Second, we only included studies published in English. 
Third, we only calculated the unadjusted results, so many 
confounding factors, such as patients’ health conditions 
and therapy options, were not adjusted in the analysis 
because of data limitations. In addition, we were unable to 
conduct the stratified analysis and meta- regression for all 
kinds of mortality measurements because of insufficient 
data. Finally, the comparison in our research is currently 
limited to high- income and upper middle- income coun-
tries from the Americas, Asia and Europe due to insuffi-
cient data.

Our findings reinforced previous results regarding the 
positive effect of carbapenem resistance on mortality 
for patients infected with Enterobacteriaceae. These find-
ings implied that patients with CRE infection still face a 
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greater risk of death compared with patients with CSE 
infection. Furthermore, this study has identified an 
increasing effect of carbapenem resistance on mortality 
over time, especially for 28- day to 30- day mortality, which 
may reflect the difficulty of the CRE infection treatment 
in clinical practice and emphasise the urgent need to 
develop new antibiotics and appropriate treatment to 
reduce the death risk. Our results also suggested that 
patients with neurosurgical infection were at greater risk 
of attributable death that was due to CRE infection than 
other types of infection. Thus, more attention should be 
paid to CRE infection in patients with neurosurgery in 
clinical practice. In addition, no significant differences 
in the effect of carbapenem resistance on mortality for 
different geographical regions and economic status were 
observed in our study, which may result from the limited 
data. More studies from different countries, especially 
low- income countries, are needed to provide comprehen-
sive data for further analysis stratified by geographical 
region and economic status.

CONCLUSIONS
Our results indicate that patients with CRE infection 
still face a greater risk of death than patients with CSE 
infection do, and an urgent need to develop new anti-
biotics and appropriate treatment to reduce the death 
risk. Future studies should address additional countries 
to provide comprehensive data and sound evidence from 
which to draw resources to fight CRE- related mortality 
and suggest the way forward to alleviate its implications.
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