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ABSTRACT

Introduction: Available evidence from obser-
vational studies and meta-analyses has high-
lighted an increased mortality in patients with
carbapenem-resistant Klebsiella pneumoniae

(CRKP) bloodstream infections (BSI) compared
with their carbapenem-susceptible (CSKP)
counterparts, but the exact reasons for this
outcome difference are still to be determined.
Methods: We updated the search of a previous
meta-analysis through four databases up to
April 2018. A two-stage individual-patient data
(IPD) meta-analysis was conducted, building an
adjusting model to account for age, comor-
bidities and activity of empirical and targeted
antimicrobial therapy. The protocol was regis-
tered on PROSPERO (identifier:
CRD42018104256).
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Results: IPD data were obtained from 14 out of
28 eligible observational studies. A total of 1952
patients were investigated: 1093 in the CRKP
group and 859 in the CSKP group. Patients with
CRKP-BSI had a twofold risk of death compared
with CSKP-infected patients [adjusted odds ratio
(aOR) 2.17; 95% confidence interval (CI)
1.56–3.04; I2 = 44.1%]. Mortality was higher in
patients with CRKP BSI, in both the subgroup of
absent/inactive (aOR 1.75; 95% CI 1.24–2.47;
I2 = 0) and of active initial therapy (aOR 2.66;
95% CI 1.70–4.16; I2 = 16%) as well as in case of
active targeted therapy (aOR 2.21; 95% CI
1.36–3.59; I2 = 58%).
Conclusion: Resistance to carbapenem is asso-
ciated with worse outcome in patients with BSI
by Klebsiella pneumoniae even adjusting for
comorbidities and treatment appropriateness
according to in vitro activity of empirical and
targeted therapy. This applies to a scenario
dominated by colistin-based therapies for CRKP.
Further studies are needed to compare the
mortality difference between CRKP and CSKP
cases in the light of new anti-CRKP
antimicrobials.

Keywords: Active therapy; Carbapenem-
resistant Klebsiella pneumoniae; Individual
patient data meta-analysis; Monotherapy

Key Summary Points

Why carry out this study?

Mortality is higher in patients with
carbapenem-resistant Klebsiella
pneumoniae (CRKP) bloodstream
infections (BSI) than in patient with
carbapenem-susceptible K. pneumonia
(CSKP) BSI.

This study tried to provide an insight into
the reasons underlying this mortality
difference exploiting the advantages of an
individual patient data (IPD) meta-
analysis.

What was learned from the study?

BSI by CRKP is associated with a worse
outcome compared with CSKP BSI even
adjusting for comorbidities and treatment
appropriateness according to in vitro
activity of empirical and targeted therapy.

This study confirmed the increased
mortality associated with resistance to
carbapenems in KP BSI, at least in a
scenario of colistin-based therapy.

Further studies are needed to address the
role of virulence and the impact of novel
drugs anti-CRKP.
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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.13622747.

INTRODUCTION

Carbapenem-resistant K. pneumoniae (CRKP)
bloodstream infections (BSI) are a major public
health issue worldwide, being responsible for
multiple nosocomial outbreaks burdened by
high morbidity and mortality [1–3]. In 2017,
the World Health Organization included CRKP
among the critical antibiotic-resistant bacterial
pathogens for which novel effective drugs are
urgently needed [4].

In line with these concerns, many observa-
tional studies and meta-analyses have high-
lighted an increased mortality in patients with
CRKP BSI than in patients with carbapenem-
susceptible K. pneumoniae (CSKP) BSI [5–7].
However, what still remain partly unclear are
the true reasons underlying this difference in
mortality. Indeed, while an increased risk of
inappropriate (defined as inactive in vitro)
empiric therapy against CRKP compared with
against CSKP very likely contributes as an
important explanatory factor, there is no defi-
nite proof that it fully explains the observed
difference.

In the present study, we exploited the
advantages of an individual patient data (IPD)
meta-analysis [8] in the attempt to increase our
understanding of the reasons underlying this
mortality difference.

METHODS

The protocol of the present study was registered
in the PROSPERO database in August 2018
(registration number: CRD42018104256). We

carried out the systematic review and IPD meta-
analysis according to the PRISMA-IPD (Preferred
Reporting Items for Systematic Reviews and
Meta-Analyses: Individual Participant Data)
guidelines [9]. The PRISMA-IPD checklist is
provided in a dedicated appendix. The current
work is an expansion of a previous (non-IPD)
meta-analysis on the same topic [7].

Eligibility Criteria

A complete and detailed list of inclusion and
exclusion criteria is available in Table 1. Overall,
we retained the inclusion and exclusion criteria
set by the previous meta-analysis [7]; addition-
ally, we introduced additional criteria based on
the availability of specific patient-level data.
Inclusion criteria relied on the PECO strategy:
studies whose subjects were adult hospitalized
individuals (P = participants) affected by a BSI
related to a K. pneumoniae strain (E = exposure);
comparison according to the presence or not of
carbapenem resistance (C = comparison); mor-
tality as the main end point (O = outcome).

Literature Search

All studies deemed eligible in the previous
meta-analysis (literature search through 31
August 2016) [7] were considered for inclusion
in the present IPD meta-analysis. A search
update to 20 April 2018 through MEDLINE,
EMBASE, CINAHL and Cochrane Database,
using the same search strategy as in the previous
meta-analysis (Supplementary Table S1), was
performed with the help of a professional
librarian. No geographical or language restric-
tions were applied.

After de-duplication, new records were
screened for eligibility according to the afore-
mentioned inclusion and exclusion criteria by
two researchers (AG and SMP) in an indepen-
dent fashion, and any potential disagreement
was resolved through the intervention of a third
investigator (SC).

Of note, all studies deemed eligible in the
previous meta-analysis, both those that were
selected and those that were not taken into
account because of lack of feedback from the

P. P. Kohler
Division of Infectious Diseases and Hospital
Epidemiology, Cantonal Hospital St. Gallen, St.
Gallen, Switzerland
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authors, were considered for inclusion (authors
were contacted again).

Data Extraction and Quality Assessment

We contacted the authors of all selected studies
(from the previous and the current search) via
email to obtain the following de-identified
patient-level data: age, sex, Charlson Comor-
bidity Index (CCI) score, agents used for
empirical and targeted (according to antimi-
crobial susceptibility test [AST] results) treat-
ment of CRKP and CSKP BSI, appropriateness of
each agent used for empirical and targeted
treatment of CRKP and CSKP BSI (appropriate-
ness was defined when in vitro activity of the
employed agent against the causative KP isolate
was categorized as ‘‘susceptible’’ based on the
clinical breakpoints employed in each study)
and outcome (14–30 day or in-hospital mortal-
ity, depending on the end point employed in
each e study). Two investigators (AEM and
DRG) independently assessed the risk of bias of
all included studies by using the Newcastle-Ot-
tawa Quality Assessment Scale (NOS):

observational studies with at least seven stars
were categorized as having low risk of bias,
those with five or six stars as medium risk of bias
and those with fewer than four stars as high risk
of bias [10]. Discrepancies were solved with the
help of a third researcher (SC).

Data Synthesis and Analysis

We conducted a conventional two-stage IPD
meta-analysis, an approach that automatically
accounts for clustering of patients across the
studies, by analyzing information from each
study separately in the first stage [11].

Aggregated data from the initial step,
wherein a logistic regression analysis, with
mortality as dependent variable, was performed
for each study, were then combined in the sec-
ond step using a random effects technique
pursuant to the DerSimonian and Laird proce-
dure to estimate a summary OR with 95% CI
[12].

Adjusted analyses were performed including
the following variables in the logistic regression

Table 1 Inclusion and exclusion criteria

Setting Cohort and case-control studies in adult populations hospitalized in acute-care
hospitals or intensive care units

Inclusion criteria Availability of mortality data for patients with CRKP and CSKP BSI

Availability of patient-level information regarding: sex, age, Charlson Comorbidity Index,

strain (CRKP versus CSKP), administered antibiotics (empirical and targeted) and their

activity according to AST

Studies published after 1994

Exclusion criteria Studies involving\ 10 patients per group

Studies without a control group (e.g., only CRKP or only CSKP cases) or with an

uninfected control group (e.g., colonized patients)

Note on CSKP selection In case of several comparison groups, the one with the worst pattern of resistance regarding

CSKP (i.e., ESBL producers) was selected

Note on carbapenem-

resistance definition

CDC criteria were adopted: non-susceptibility to C 1 carbapenem or expression of a

carbapenemase; therefore, strains carbapenemase-producing but susceptible to the drug

class were considered CRKP

AST antimicrobial susceptibility testing, BSI bloodstream infection, CDC Centers for Disease Control and Prevention,
CRKP carbapenem-resistant K. pneumonia, CSKP carbapenem-susceptible K. pneumonia, ESBL extended-spectrum beta-
lactamase
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model: age (years), sex, Charlson Comorbidity
Index score and publication year.

Heterogeneity was estimated using the I2

statistic (values of 25%, 50% and 75%, repre-
senting the thresholds of small, moderate and
high levels of heterogeneity).

Results were graphically reported by mean of
forest plot.

To investigate the presence of small study
effects possibly associated with publication bias,
a funnel plot with the pseudo 95% CI for mor-
tality was reported. In the absence of publica-
tion bias, the studies should be symmetrically
distributed around the overall effect size. To test
the funnel plot asymmetry, the regression-based
Egger’s test was performed.

Missing information was handled by means
of complete case analysis.

Stata software (v16.0; StataCorp.) was used
for statistical analysis.

Outcomes

The primary objective was to compare mortality
between patients with CRKP and CSKP BSI
through unadjusted (uOR) and adjusted (aOR)
estimates in the overall cohort and in the fol-
lowing subgroups: (1) patients receiving inap-
propriate empirical therapy (no therapy or only
inappropriate agents according to their in vitro
activity); (2) patients receiving appropriate
empirical therapy (at least one active drug
in vitro); (3) patients receiving appropriate tar-
geted therapy after inappropriate empirical
therapy; (4) patients receiving appropriate tar-
geted treatment.

We also conducted a secondary analysis in
the CRKP BSI group, generating unadjusted and
adjusted estimates for mortality carrying out
the following comparison: appropriate targeted
therapy with only one active agent (with or
without inactive companion agents) vs. appro-
priate targeted therapy with at least two active
drugs; appropriate targeted therapy with col-
istin plus any other active agent vs. appropriate
targeted colistin monotherapy; appropriate tar-
geted colistin plus an appropriate targeted
aminoglycoside vs. appropriate targeted colistin
monotherapy; appropriate targeted regimens

(any) plus at least a carbapenem (inappropriate
by definition) vs. appropriate targeted regimens
(any) without carbapenem addition.

Ethics

Ethics committee approval was not required
since the project used anonymized data and
original studies had already received proper
institutional review board approval.

RESULTS

Overview of Data

We obtained IPD data from 14 out of 28 eligible
observational studies [13–26]: those not pro-
viding IPD information are listed in Supple-
mentary Table S2. The entire selection process is
depicted in Fig. 1.

The 14 included studies, whose main fea-
tures are illustrated in Table 2, involved 2286
patients in the following countries: Italy (4),
Greece (3), India (2), Israel (2) and USA (1) plus
2 multicenter international studies. Two were
case-control studies and 12 were cohort studies
(5 prospective and 7 retrospective). The time
span of their conduction ranged from 2004 to
2016. The majority was represented by single-
center studies (9 out of 14). Three studies
addressed BSI infections only in intensive care
unit (ICU) patients [14, 16, 23]. Of note, two
studies were conducted in overlapping cohorts
of onco-hematologic subjects [22, 26]: to the
purposes of the present IPD work, their patient
data were de-duplicated to provide unique
cases.

A summary of CRKP and CSKP patient data is
provided in Table 3. Overall, sufficient thera-
peutic data for inclusion were available for
1952/2284 patients with BSI enrolled in the
included studies (1093 and 859 in the CRKP and
CSKP groups, respectively). The mean age was
60 years in both groups. The CCI was higher in
the CRKP group (median value 4 versus 3). Male
sex was prevalent in both CRKP (686/1058,
64.8%) and CSKP patients (472/793, 59.5%).
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An appropriate empirical therapy was less
frequent in CRKP (353/1,061, 33.3%) than in
CSKP (495/840, 58.9%) patients (OR 0.35; 95%
CI 0.29–0.42). Most appropriate empirical ther-
apies included only one in vitro active agent,
with or without inactive companion agents
(220/345 [63.8%] in CRKP patients and 354/483
[73.3%] in CSKP patients). In CRKP patients,
colistin was the most frequent only active
empirical drug (122/220, 54.5%), whereas in

CSKP patients the most frequent only active
agent was a carbapenem (139/354, 39.2%). No
therapy administration before microbiologic
diagnosis was the reason for inappropriate
empirical therapy in 36.7% (260/708) and
16.9% (142/840) of CRKP and CSKP patients,
respectively.

Not all patients received an appropriate tar-
geted treatment. In more detail, an appropriate
targeted therapy was administered in 706/896

Fig. 1 Flowchart of included studies through literature search. IPD individual patient data
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Table 3 Summary of the main individual data regarding CRKP and CSKP patients

Variable CRKP group (n = 1093) CSKP group (n = 859)

Valid
sample

Missing Measure Valid
sample

Missing Measure

Age, mean years (SD) 1058 35 59.7 (18.3) 793 66 60.4 (18.4)

Sex (male, %) 1058 35 686 (64.8) 793 66 472 (59.5)

Charlson Comorbidity Index, median (IQR) 1029 64 4 (2–5) 763 96 3 (2–5)

Active empirical therapy (%) 1061 32 353

(33.3)a
840 19 495 (58.9)a

Active empirical therapy based on 1 drug, alone or

in combination with inactive agents (%)

345 8 (out

of

353)

220 (63.8) 483 12 (out

of

495)

354 (73.3)

Most frequent active drug when only one empirical

agent was active

(n, %)

220 Colistin

(122,

54.5)

483 Carbapenem

agentb

(139, 39.2)

Most frequent inactive empirical therapy 708 No

therapy

(260, 36.7)

840 No therapy

(142, 16.9)

No. of active empirical antibiotics, median (IQR) 352 1 (out

of

353)

1 (1–2) 480 15 (out

of

495)

1 (1–2)

Active targeted therapy (%) 896 60 706/896

(78.8)

781 8 678/781

(86.8)

Active targeted therapy based on 1 drug, alone or in

combination with inactive agents (%)

896 364 (40.6) 781 543 (69.5)

Most frequent active drug when only one targeted

agent was active

(n, %)

364 Colistin

(225, 61.8)

543 Carbapenem

agentc

(309, 56.9)

No. of active targeted antibiotics, median (IQR) 896 2 (1–2) 781 1 (1–1)

Mortality (%) 1093 466 (42.6) 859 231 (26.9)

BSI bloodstream infection, CRKP carbapenem-resistant Klebsiella pneumonia, CSKP carbapenem-susceptible Klebsiella
pneumoniae, IQR interquartile range, SD standard deviation
a CRKP-infected patients were less likely to receive active empirical therapy than CSKP-infected subjects (OR 0.35; 95% CI
0.29–0.42)
b Meropenem 76, ertapenem 38, imipenem 25; as single agent piperacillin/tazobactam was the one most used (93, 26.3%)
c Meropenem 137, ertapenem 126, imipenem 46
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(78.8%) and 678/781 (86.8%) CRKP and CSKP
patients, respectively (the denominators did not
include subjects who died before receiving tar-
geted drugs). The most appropriate targeted
therapies included only one in vitro active
agent, with or without inactive companion
agents (364 [40.6%] in CRKP patients and 543
[69.5%] in CSKP patients). In CRKP patients,
colistin was the most frequent active empirical
monotherapy (225/364, 61.8%), whereas in
CSKP patients the most frequent active
monotherapy was a carbapenem (309/543,
56.9%). When considering combination regi-
mens including at least two active anti-CRKP
agents as appropriate targeted treatment (332/
686, 48.4%), colistin plus tigecycline was the
most common scenario (97/322, 30.1%), fol-
lowed by colistin plus gentamicin (45/322,
13.9%).

Primary Analyses

In the included studies, mortality was assessed
as follows: in hospital (5 studies), 30 day (3
studies), 28 day (3 studies), 21 day (2 studies)
and 14 day (1 study).

Overall, crude mortality was as follows:
42.6% in CRKP patients (466/1093); 26.9% in
CSKP patients (231/859). Mortality was higher
in CRKP than CSKP patients (uOR 2.18; 95% CI
1.60–2.90; I2 = 47.7%; Supplementary Fig S1).
This result was confirmed in the adjusted model
(aOR 2.17; 95% CI 1.56–3.04; I2 = 44.1%;
Fig. 2).

When considering empirical therapy, mor-
tality was higher in patients with CRKP than
CSKP BSI, in both the subgroup of inappropriate
(uOR 1.95; 95% CI, 1.42–2.69; I2 = 0) and of
appropriate empirical therapy (uOR 2.33; 95%
CI 1.64–3.31; I2 = 13%). This unfavorable effect
of carbapenem resistance did not modify
between the two subgroups, as shown by the
test for interaction (p = 0.46, Supplementary
Fig. S2). Similar results were observed in adjus-
ted subgroup models: inappropriate empirical
therapy (aOR 1.75; 95% CI 1.24–2.47; I2 = 0);
appropriate empirical therapy (aOR 2.66; 95%
CI 1.70–4.16; I2 = 16%). The test for interaction
was also not significant (p = 0.15; Fig. 3).

There was no statistical difference in mor-
tality between CRKP and CSKP patients also in
the subgroup of patients with inappropriate
empirical therapy followed by appropriate tar-
geted therapy (sufficient data from 7 studies):
aOR 1.53 (95% CI 0.87–2.68; I2 = 0; Fig. 4); the
uOR was the same, 1.59 (95% CI 0.95–2.64;
I2 = 0). Finally, mortality was higher in CRKP
than CSKP patients in the subgroup of patients
receiving appropriate targeted therapy in both
the unadjusted (uOR 2.22, 95% CI 1.45–3.43;
I2 = 58%; Supplementary Fig. S3) and the
adjusted models (aOR 2.21; 95% CI 1.36–3.59;
I2 = 58%; Fig. 5).

Secondary Analyses

Secondary analyses were limited to the sub-
group of CRKP patients. Their results are sum-
marized in Table 4. As shown in the table, albeit
with the limitation of the reduced number of
studies and participants in secondary analyses,
no statistically significant associations were
observed in any of the comparisons: (1) appro-
priate targeted treatment with only one active
agent (with or without inactive companion
agents) vs. appropriate targeted therapy with at
least two active drugs (unadjusted model: uOR
0.91; 95% CI 0.58–1.43, I2 = 36.9%; adjusted
model: aOR 0.78; 95% CI 0.43–1.45, I2 = 53.3%,
Supplementary Fig. S4); (2) appropriate targeted
therapy with colistin plus any other active
agent vs. appropriate targeted colistin
monotherapy (unadjusted model: uOR 1.13;
95% CI 0.70–1.83, I2 = 36.9%; adjusted model:
aOR 1.24; 95% CI 0.58–266, I2 = 43.3%, Sup-
plementary Fig. S5); (3) appropriate targeted
colistin plus an appropriate targeted aminogly-
coside vs. appropriate targeted colistin
monotherapy (sufficient data just from 3 stud-
ies; unadjusted model: uOR 0.74; 95% CI
0.34–1.61, I2 = 10%; adjusted model: aOR 0.6;
95% CI 0.26–1.56, I2 = 47%, Supplementary
Fig. S6); (4) appropriate targeted regimens (any)
plus at least a carbapenem (inappropriate by
definition) vs. appropriate targeted regimens
(any) without carbapenem addition (data only
from 4 studies; unadjusted model: uOR 1.40;
95% CI 0.26–7.66, I2 = 73%; adjusted analysis:
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aOR 1.37; 95% CI 0.20–9.38, I2 = 71%; Supple-
mentary Fig. S7).

Risk of Bias Assessment

The funnel plot did not reveal consistent
asymmetry, and this was confirmed by the

Fig. 2 Forest plot depicting adjusted mortality between CRKP BSI and CSKP BSI patients. BSI bloodstream infection,
CRKP carbapenem-resistant Klebsiella pneumoniae, CSKP carbapenem-susceptible Klebsiella pneumoniae

Fig. 3 Forest plot depicting adjusted mortality between
CRKP BSI and CSKP BSI patients by considering the
presence and activity of empirical therapy. BSI blood-
stream infection, CRKP carbapenem-resistant Klebsiella

pneumonia, CSKP carbapenem-susceptible Klebsiella pneu-
moniae. Note: The study by Mouloudi and colleagues [17]
did not present patients with no or not active (inappro-
priate) empirical therapy
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Egger’s test with p = 0.52 (Supplementary
Fig. S8).

In Supplementary Table S4, the quality
assessment is illustrated. The overall risk of bias
was moderate in half of the studies and low in
the other half.

DISCUSSION

The present study, to our knowledge the first
IPD meta-analysis comparing the mortality of
CRKP and CSKP BSI, was conceived in the wake

of a previous non-IPD meta-analysis conducted
by Kohler and colleagues [7]. Our study fol-
lowed this approach to focus only upon a
specific type of infection (to reduce clinical
heterogeneity) and upon a given pathogen (KP,
which is the paradigmatic model of car-
bapenem-resistance among Enterobacterales
[27–29]).

In the previous meta-analysis, a higher
mortality risk in CRKP BSI than in CSKP BSI was
registered not only in the overall cohort (uOR
2.66, 95% CI 1.83–3.87), but also in the sub-
group of patients receiving appropriate

Fig. 4 Forest plot depicting adjusted mortality between
CRKP BSI and CSKP BSI patients when absent/inactive
initial treatment was followed by targeted therapy. BSI

bloodstream infection, CRKP carbapenem-resistant Kleb-
siella pneumonia, CSKP carbapenem-susceptible Klebsiella
pneumoniae

Fig. 5 Forest plot depicting adjusted mortality between
CRKP BSI and CSKP BSI patients when active targeted
treatment was employed. BSI bloodstream infection,

CRKP carbapenem-resistant Klebsiella pneumoniae, CSKP
carbapenem-susceptible Klebsiella pneumoniae
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empirical therapy (uOR 2.21, 95% CI
1.29–3.81). Notably, the persistence of such a
difference in mortality in this subgroup seemed
to suggest that factors other than a different
proportion of appropriate empirical therapy
(expected to be lower in CRKP patients) were
involved in explaining the increased mortality
observed in CRKP vs. CSKP patients. There are
many plausible, non-mutually exclusive expla-
nations [30, 31], and the most important are the
following: (1) increased burden of comorbidities
in CRKP compared to CSKP patients [32]; (2)
increased virulence of CRKP [33]; (3) increased
toxicity and/or suboptimal efficacy of active
agents against CRKP vs. those used for CSKP (for

example, in most studies [13–26] colistin, which
has inherent pharmacokinetics and toxicity
issues [34, 35], was the most used appropriate
therapy for CRKP, whereas for CSKP the most
used appropriate therapy was a carbapenem)
[36].

In the present IPD-MA, we tried to bring
more insights into the discussion about all these
possible additional explanations. Regarding the
first of them (increased burden of comorbidities
in CRKP patients), the difference in mortality
between CSKP and CRKP patients was retained
even when adjusting for CCI, not only in the
overall IPD-MA population, but also in the
subgroups stratified for appropriateness of
therapy. In our opinion, this suggests that a
similar burden of comorbidities is unable to
cancel the difference in mortality between
CRKP and CSKP patients we observed in this
study, that is, at least another additional/alter-
native factor must be involved.

Regarding the second possible explanation
(increased virulence of CRKP), it cannot be
addressed in our analysis. Nonetheless, it
should be noted that in the presence of a large
difference in virulence of CRKP vs. CSKP, the
largest difference in mortality would have rea-
sonably been expected in inappropriately trea-
ted patients (i.e., no activity of therapy in either
CRKP or CSKP BSI). Conversely, our results seem
to support (with the major limitation of a very
limited adjustment for comorbidities and acute
phase conditions) a more decisive effect of
therapy (i.e., of the increased toxicity and/or
suboptimal efficacy of active agents against
CRKP vs. those used for CSKP). Indeed,
although in both the subgroup of patients
receiving inappropriate empirical therapy and
the subgroup of patients receiving appropriate
targeted therapy after inappropriate empirical
therapy mortality was higher in the CRKP than
in the CSKP group (aOR 1.75 and 1.53, respec-
tively), this impact of carbapenem resistance on
mortality seemed to be less pronounced than in
the subgroup of patients receiving appropriate
empirical therapy (aOR 2.66). In other words,
when an appropriate therapy had been admin-
istered since the onset of symptoms (i.e., when
the favorable impact of an appropriate therapy
on mortality was expected to be the highest,

Table 4 Secondary analyses regarding only patients with
CRKP BSI

Outcome: mortality uOR (95%
CI) [I2]

aOR (95% CI)
[I2]

Targeted

monotherapy vs.

targeted

combination

regimens

0.91

(0.58–1.43)

[36.9%]

0.78 (0.43–1.45)

[53.3%]

(Suppl.

Figure 4)

Targeted colistin plus

another active drug

vs. colistin alone

1.13

(0.70–1.83)

[9%]

1.24 (0.58–2.66)

[43.3%]

(Suppl.

Figure 5)

Targeted colistin plus

an active

aminoglycoside

agent vs. colistin

alone

0.74

(0.34–1.61)

[10%]

0.63 (0.26–1.56)

[47%] (Suppl.

Figure 6)

Additional

carbapenem to a

targeted regimen vs.

active regimens

without

carbapenem agents

1.40

(0.26–7.66)

[73%]

1.37 (0.20–9.38)

[71%] (Suppl.

Figure 7)

aOR adjusted odds ratio, BSI bloodstream infection,
CRKP carbapenem-resistant Klebsiella pneumonia, uOR
unadjusted odds ratio
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since there was no unfavorable effect of delayed
administration), we registered the largest dif-
ference in mortality between CRKP BSI and
CSKP BSI, which could be in line with the sup-
posed reduced efficacy/increased toxicity of
appropriate treatment for CRKP BSI (e.g.,
polymyxins) vs. those for CSKP (e.g., carbapen-
ems). Unfortunately, there were not sufficient
numbers of CRKP and CSKP patients treated
with the same appropriate empirical drug
according to their in vitro susceptibility (e.g.,
colistin), which could have provided even more
homogeneous subgroups to further delve into
this aspect, which herein still remains largely
speculative.

The present work has other important limi-
tations. For instance, our secondary analyses
comparing different treatment options for
CRKP BSI were underpowered in the light of the
retrieved number of IPD-MA participants in the
subgroup of CRKP. Consequently, unfortu-
nately no firm conclusion can stem from the
present work about the effectiveness of combi-
nation regimens vs. monotherapy for CRKP BSI
(both in general and when considering only
colistin-based therapies) as well as about the
possible role of the addition of carbapenems. It
should also be noted that the present work
inherited some limitations of the previous non-
IPD meta-analysis [7], e.g., the inclusion of only
observational studies, since no prospective ran-
domized trials were retrieved, thereby the ones
included were characterized by relevant distor-
tions that can be corrected, but not completely
eliminated, through appropriate statistical
techniques [37]. Another important limitation
is the relatively low number of patient-level
variables that were available from the original
datasets; the following potentially important
predictors were missing from the data analysis:
the exact mechanisms of resistance, source of
bacteremia (and its control through related
measures, such as central line removal), number
of days elapsed from infection to appropriate
therapy, severity of clinical presentation and
precise antibiotic dosages. Moreover, it should
be noted that drug activity in vitro is not always
a synonym of appropriateness of therapy [38].
Eventually, the time span of included studies
did not extend beyond 2016: the impact of

newer anti-CRKP drugs could not be evaluated,
so most anti-CRKP therapies were colistin-
based.

However, important strengths of our work
should be highlighted, related to the IPD
design, which allows to: (1) identify overlap-
ping sets of patients to avoid duplicated data;
(2) provide estimates adjusted for baseline fac-
tors consistently across the studies when previ-
ously only unadjusted effect sizes had been
produced; (3) give meta-analytic results for
specific subgroups; (4) prevent ecologic bias by
avoiding study-level confounding that may
affect aggregate data analysis [12].

CONCLUSIONS

In conclusion, the present, first IPD-MA com-
paring the mortality of CRKP and CSKP BSI
further confirms the unfavorable impact of
carbapenem resistance observed in previous
observational studies and non-IPD meta-analy-
ses [5–7] and provides some important addi-
tional insights to enrich our understanding of
the underlying causative reasons, especially
concerning the possible effect of the different
classes of appropriate agents available for CRKP
and CSKP infections. From this standpoint, we
shall greatly welcome possible future IPD-MA
also including CRKP participants treated with
novel, possibly more efficacious and less toxic
anti-CRKP agents, which, in our opinion, could
be the ultimate missing piece to solve this
complex, long-standing puzzle.

ACKNOWLEDGEMENTS

We are very grateful to the following researchers
for sharing their de-identified datasets: Dr.
C. Alicino, Prof. G.L. Daikos; Prof. A.K. Ghafur;
Prof. K. Hussein; Prof. G. Rahav; Prof.
E. Roilides; Prof. J.F. Timsit; Prof. E.M. Tre-
carichi; Prof. A.C. Uhlemann; Prof. K.Z. Var-
dakas; Prof. B. Veeraraghavan; Prof. P. Viale;
Prof. M.V. Villegas. Moreover, we are indebted
to Elizabeth Uleryk (E.M. Uleryk Consulting,
Mississauga, ON, Canada) for performing the
literature search.

Infect Dis Ther (2021) 10:541–558 555



Funding. No funding or sponsorship was
received for this study or publication of this
article.

Authorship. All named authors meet the
International Committee of Medical Journal
Editors (ICMJE) criteria for authorship for this
article, take responsibility for the integrity of
the work as a whole, and have given their
approval for this version to be published.

Authorship contributions. AEM: Conceptu-
alization, Methodology, Data Curation, Writ-
ing—Original Draft, Writing—Review and
Editing. SC: Investigation, Data Curation,
Writing—Review and Editing. AG: Investiga-
tion, Writing—Review and Editing AS: Formal
analysis. CA: Writing—Review and Editing. KH:
Writing—Review and Editing. EMT: Writing—
Review and Editing. PV: Writing—Review and
Editing. JFT: Writing—Review and Editing. BV:
Writing—Review and Editing. MVV: Writing—
Review and Editing. FR: Writing—Review and
Editing. GLD: Writing—Review and Editing.
KZV: Writing—Review and Editing. ER: Writ-
ing—Review and Editing. ACV: Writing—Re-
view and Editing. AKG: Writing—Review and
Editing. SMP: Investigation, Writing—Review
and Editing. MB: Writing—Review and Editing.
PPK: Writing—Review and Editing. DRG: Con-
ceptualization, Methodology, Supervision. All
authors discussed the results, commented on
the manuscript and have approved the final
version of the paper.

Collaborators. Debby Ben David, Mad-
dalena Giannella, Nicolò Girometti, Angela
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