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Background: Carbapenem-resistant Klebsiella pneumoniaec (CRKP) has become one of
the leading causes of healthcare-associated infection in intensive care units (ICUs),
where critically ill patients are already at high risk of poor outcomes. Reports of CRKP
have piled up from all corners of the world, yet no one has really pinned down a
consolidated estimate of just how large its burden is among ICU patients. This
systematic review and meta-analysis set out to fill that gap to determine the global
prevalence of CRKP in ICU settings, work out which risk factors matter most for its
acquisition, compare outcomes across regions, and pull together the evidence published
between 2015 and 2025. Methods: We searched PubMed, Embase, Scopus, and the
Cochrane Library for observational studies and clinical trials reporting on CRKP
prevalence, risk factors, treatment outcomes, or mortality among adult ICU patients.
Study quality was appraised using the Newcastle—Ottawa Scale. Pooled prevalence
estimates and effect sizes came out of a random-effects meta-analysis, with between-
study heterogeneity quantified using the I? statistic. Where the data allowed, subgroup
analyses and meta-regression were used to dig into possible sources of variation across
studies and regions. Results: Eighty-seven studies covering 142,360 ICU patients across
34 countries ended up meeting our inclusion criteria. Pooled CRKP prevalence among
ICU patients came to 38.4% (95% CI: 31.7%—45.4%), and heterogeneity across studies
was considerable (I> = 96.8%). Prevalence swung widely by region from 14.3% in North
America up to 70.6% in Greece. CRKP infection or colonization was significantly
linked to ICU admission (OR =4.42; 95% CI: 2.82—6.91), and mortality was noticeably
higher among CRKP patients than among those with carbapenem-susceptible K.
pneumoniae (48.9% vs. 21.2%). Among the newer therapeutic options, ceftazidime-
avibactam achieved an estimated clinical success rate of 65%. Conclusions: CRKP
remains a serious and, in many places, worsening problem in intensive care, marked by
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wide geographic swings and a heavy mortality toll. These
findings point toward the same set of priorities that have long
been called for: stronger antimicrobial stewardship, faster
detection of carbapenemase-producing organisms, tighter
infection prevention and control, prompt and well-targeted
antimicrobial therapy, and sustained global surveillance to
help curb the spread of CRKP among critically ill patients.

INTRODUCTION

Antimicrobial resistance (AMR) is, by now, one of
the most widely recognized threats to global public
health, and for good reason: it chips away at the
effectiveness of the antibiotics we rely on, which
in turn means longer illnesses, higher costs, and
more deaths. Multidrug-resistant Gram-negative
bacteria are especially worrying, mainly because
of how fast they pick up and hand off resistance
genes to one another. The World Health
Organization has taken note, naming a set of
priority resistant pathogens
research, surveillance, and treatment strategies are
urgently
antimicrobial agents keeps climbing, and that's
steadily narrowing the treatment options available
for severe infections, putting real strain on health
systems around the world. > 2

for which new

needed. Resistance to last-line

Klebsiella pneumoniae is a major opportunistic
pathogen in its own right, responsible for a wide
range of community- and hospital-acquired
infections, pneumonia, bloodstream infections,
urinary tract infections, and intra-abdominal
infections among them. Critically 1ill and
immunocompromised patients bear the brunt of it.
And because resistance mechanisms, particularly
extended-spectrum B-lactamases and
carbapenemases, have spread so quickly,
carbapenem-resistant K. pneumoniae (CRKP) has
become one of the toughest organisms to treat in
both general hospital wards and ICUs. *.*

Carbapenems have long been the drug class
clinicians reach for when treating severe infections
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caused by multidrug-resistant Enterobacterales,
largely because of their broad spectrum and
dependable activity against resistant Gram-
negative organisms. Carbapenem resistance chips
away at that reliability, and it can leave clinicians
with far fewer options than they'd like. CRKP
typically develops resistance in one of two ways:
by producing carbapenem-hydrolyzing enzymes
(K. pneumoniae carbapenemase (KPC), New
Delhi metallo-B-lactamase (NDM), and OXA-48-
type enzymes are the usual suspects) or through a
combination of reduced outer-membrane
permeability and B-lactamase activity. Because
these mechanisms move so easily between
bacteria, they've helped drive the international
spread of multidrug-resistant strains. > -

The epidemiology of CRKP looks quite different
depending on where in the world you're standing.
How prevalent and transmissible-resistant K.
pneumoniae turns out to be in any given setting
comes down to a mix of things: antibiotic-
prescribing habits, the strength of local infection
control, diagnostic capacity, how the healthcare
system is structured, and the quality of
surveillance in place. WHO surveillance data
confirm that CRKP is now firmly established in
many parts of the world, which only underscores
its growing importance as a public health issue.
That kind of geographic unevenness makes it risky
to draw broad conclusions from any single study,
and it's exactly why pulling the evidence together
systematically matters. !

Patients in the ICU are especially exposed to
CRKEP risk. Serious comorbidities, long hospital
stays,  prior broad-spectrum
antibiotics, and repeated
contact with the hospital environment all push that
risk higher. On top of that, the invasive procedures

exposure  to
immunosuppression,

so common in critical care mechanical ventilation,
central venous and urinary catheterization, renal

3300 | Page



Dr. I. Balaji, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 8, 3299-3331 | Review

replacement therapy, and the like open up further
opportunities for colonization and, eventually,
infection. 8,°

Heavy antibiotic use in the ICU creates selective
pressure that favors the emergence and spread of
carbapenem-resistant organisms. Looking across
the literature, a fairly consistent list of risk factors
keeps coming up for CRKP acquisition: prior
hospitalization, previous antibiotic exposure
(carbapenem exposure especially), a long hospital
stay, mechanical ventilation, central venous and
urinary catheterization, tracheostomy, renal
dysfunction, and other invasive procedures. Put
simply, CRKP tends to emerge from the
interaction of several things at once: how

vulnerable the patient already 1is, what
interventions they're exposed to, the selection
pressure created by antibiotic use, and how well
infection prevention and control measures are

actually being applied. % °

CRKP infection comes with a real clinical cost.
Patients often experience delays before they get
effective therapy, longer hospital stays, higher
bills, and a greater risk of dying compared with
those who have carbapenem-susceptible strains.
And things only get harder when additional
resistance narrows the treatment options further.
That said, newer B-lactam/B-lactamase inhibitor
combinations and related agents have expanded
what clinicians can offer for some CPE infections,
though how well any of them work depends
heavily on the specific resistance mechanism
involved. Ceftazidime-avibactam, meropenem-
vaborbactam,  imipenem-cilastatin-relebactam,
and cefiderocol are each recommended for
particular ~ carbapenem-resistant infections,
including those caused by metallo-B-lactamase
producers like NDM. 0,11

The picture is shifting further with the emergence
of strains that combine antimicrobial resistance
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with heightened virulence. Hypervirulent K.
pneumoniae carrying carbapenemase genes is a
particularly serious concern, since these strains
can cause severe, invasive disease while leaving
clinicians with very few effective treatment
options. This makes molecular surveillance and
early laboratory detection of resistance and
virulence markers all the more important going
forward.'?

The COVID-19 pandemic added yet another layer
of pressure to already-concerning AMR trends,
largely by driving up antibiotic use and stretching
healthcare systems thin. ICUs during that period
faced unprecedented demand, more reliance on
mechanical ventilation and other invasive devices,
longer stays, and shifting antibiotic prescribing
patterns, all conditions that tend to favor the spread
of multidrug-resistant organisms. A number of
pandemic-era studies documented shifts in CRKP
and related pathogen epidemiology, though the
direction and size of those shifts varied quite a bit
depending on the country and the healthcare
setting in question. Any attempt to characterize
CRKP prevalence trends across the full 2015—
2025 window really has to account for this
disruption. 1314

Even with a growing body of literature,
meaningful gaps remain in what we actually know
about the global CRKP burden in ICUs. Much of
the existing evidence comes from single hospitals,
countries, or regions, and earlier reviews have
tended to focus on broader patient populations or
a narrower slice of risk factors. That leaves a fair
amount of uncertainty around the overall
prevalence of CRKP among ICU patients, how
much that prevalence really varies from place to
place, which risk factors hold up consistently
across settings, and what clinical outcomes
actually look like for the patients affected. Given
how quickly carbapenemase epidemiology
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continues to evolve, and given the arrival of newer
treatment options, the evidence base built up over
the last decade is overdue for a fresh look.

With that in mind, this systematic review and
meta-analysis was undertaken to consolidate the
available evidence on CRKP among adult ICU
patients between 2015 and 2025.

Specifically, we set out to

(1) determine the pooled prevalence of CRKP and
describe its geographic and temporal
distribution,;

(2) identify the risk factors most strongly tied to
CRKP infection or colonisation; and

(3) evaluate clinical outcomes and treatment
15

responses.
Ultimately, the goal here is to give an updated
picture of the CRKP burden among critically ill
patients worldwide, evidence that can help shape
antimicrobial stewardship, infection prevention
and control, ongoing surveillance, and everyday
clinical decision-making.

2. METHODOLOGY
2.1 Study Design and Reporting Standards

This systematic review and meta-analysis was
designed to characterize the epidemiology, risk
factors, and clinical outcomes of CRKP among
adult ICU patients, drawing on evidence published
between 2015 and 2025 covering prevalence,
associated risk factors, mortality, length of ICU or
hospital stay, and response to contemporary
antimicrobial therapy.

Reporting followed the PRISMA 2020 statement
and its accompanying explanation and elaboration
document'®,’’, while the overall review process
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followed the methodology set out in the Cochrane
Handbook  for  Systematic  Reviews  of
Interventions. '8

We structured the review question using a
Population, Exposure, Comparator, Outcomes
(PECO) framework. The population comprised
adult patients admitted to intensive care units. The
exposure of interest was infection or colonization
with CRKP, compared to where it was reported
against carbapenem-susceptible K. pneumoniae
(CSKP) or the absence of CRKP. Outcomes of
interest included CRKP prevalence, associated
risk factors, mortality, length of hospital or ICU
stay, and treatment outcome.

2.2 Research Question and Objectives

Research question: What is the pooled
prevalence of CRKP among adult ICU patients
between 2015 and 2025?

Objectives:

e Estimate the pooled prevalence of CRKP
among adult ICU patients.

e Describe the global distribution of CRKP
prevalence.

e Identify risk factors associated with CRKP
infection or colonization in adult ICU
patients.

e Evaluate clinical of CRKP
infection, including mortality, length of ICU
or hospital stay, and treatment response.

outcomes

2.3 Eligibility Criteria

Eligibility criteria were locked in before screening
began and covered study population, exposure,
outcomes, and study design.
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Table 1: PICO Framework for the Systematic Review and Meta-analysis.

Inclusion criteria: We included studies reporting
on patients aged 18 or older admitted to an ICU or
coronary care unit, provided they reported at least
one clinically relevant outcome,
colonization, infection, risk factors, mortality,
treatment outcome, or other CRKP-related
Eligible studies had to confirm K.
pneumoniae through standard microbiological
culture or validated molecular methods and define
carbapenem resistance using recognized CLSI or
EUCAST criteria or established MIC breakpoints.
Studies needed at least 20 CRKP cases to be
included in prevalence or clinical outcome
analyses, and they had to provide enough

prevalence,

findings.

quantitative data to allow extraction or calculation
of prevalence estimates, effect measures, or
outcomes. We only considered studies published
between 1 January 2015 and 31 December 2025,
drawn from peer-reviewed journals or turned up
through a grey-literature search.

Exclusion criteria: We excluded observational
designs other than prospective or retrospective
cohort, cross-sectional, or case-control studies;
studies conducted in pediatric
populations or mixed-age studies where adult ICU
data couldn't be pulled out separately; studies

exclusively

r

' '\:": INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

A
\ké-}/,w.{'!/

lacking microbiological confirmation of K.
pneumoniae; studies unable to distinguish CRKP
from carbapenemase-producing
Enterobacterales; case reports or series with fewer
than 20 CRKP cases; narrative reviews, editorials,
commentaries, letters, and conference abstracts
without sufficient data; studies with no prevalence
or outcome data at all; duplicate publications or

multiple reports drawn from the same patient

other

population; and anything falling outside the 2015—
2025 window.

Where more than one report described the same
cohort or surveillance dataset, we kept the report
with the largest sample size, longest follow-up, or
most detailed outcome data as the primary source
and only drew on companion reports where they
added unique data not captured elsewhere.

2.4 Information Sources and Search Strategy

We ran a comprehensive search across
PubMed/MEDLINE, Embase, Scopus, and the
Cochrane Central Register of Controlled Trials
(CENTRAL) and supplemented that with a search
of WHO IRIS for relevant surveillance reports.
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The search strategy targeted publications from
2015 through 2025.

We also hand-searched the reference lists of
included studies and relevant systematic reviews
and used forward citation tracking to catch
anything additional. A grey-literature search drew
on WHO antimicrobial resistance surveillance
reports, European surveillance databases, and
conference proceedings in infectious disease and
antimicrobial resistance. We placed no restrictions
on geographic location and included non-English
publications wherever enough information was
available to assess eligibility and pull the required
data.

The search strategy combined controlled
vocabulary with free-text terms across three core
concepts: K. pneumoniae, carbapenemase-

producing Enterobacterales (CPE), and ICU or
critical care settings. In PubMed, for instance, we
combined terms like "carbapenem resistance,"
"carbapenem-resistant," "CRKP,"
"carbapenemase," "KPC," "NDM," "OXA-48,"
"imipenem resist,” and "meropenem resist" with
ICU-related terms such as "intensive care," "ICU,"
"critical care," "
We adapted the approach to fit each database's
own indexing structure, using MeSH terms for
PubMed/MEDLINE and Emtree terms for Embase
while keeping the three core search concepts

critically ill," and "critical illness."
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consistent throughout. A publication-date filter
limited results to January 2015 through December
2025, and the full search strategies for each
database are available in the supplementary
appendix.

2.5 Study Selection

We imported all records retrieved from the
databases into reference management software,
where duplicates were identified and removed
before screening began. The remaining records
went through a two-stage screening process: two
reviewers independently checked titles and
abstracts against the predefined eligibility criteria,
and any record flagged as potentially relevant by
either reviewer moved forward to full-text review,
where it was assessed independently for final
inclusion.

Disagreements between reviewers were talked
through and resolved by discussion; where
consensus couldn't be reached, a third reviewer,
kept blind to the earlier assessments, made the
final call. We documented the entire selection
process, including how many records were
identified, screened, assessed for eligibility,
excluded (with reasons), and ultimately included,
using the PRISMA 2020 flow diagram. 16, 17.
Inter-reviewer agreement during screening was
measured using Cohen's kappa (k).
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Figure 1. PRISMA 2020 Flow Diagram

o Records identified through database searching:
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[ « Embase 3,89
6 * Scopus 2,644
fre « CENTRAL 312
'E o WHO IRIS/Grey Lit: 189
Y]
Q Yotal records identified: 11,253
@ After duplicate removal: 7,841

Records screened (title/abstract); 7,841

[ { ) - Records excluded

w ‘ Rocords excluded: 6,923 (n = 6,923)
= Reasons for exclusion * Not K. pressmoeae specific 2,841
= o Not K. preurnonioe specific 2,847 ‘—-b « Not ICU population: 1974
tﬂ « Not ICU population 1,974 « Mot in dute range 892
§ * Not in date range 892 ‘ * No cartispenam resatance detx 143

* No carbapenem resstance data 743 * Wrong study design ars
@ *« Wrong study design 473

| Full-text articles assessed: 918 |
= Full texts excluded (n = 831): ‘ s
n o= J
; o Insulfickant cutcome data 287 | | ‘o Insasthcmnt autenene dets 287
==} + Pediatric population only 198 [, padievic population only 98
9 ¢ No microbiological confirmation 156 « No mecroticlogica confemation. 156
E“ « Duplicats dataset 03 ‘ o Dughcate dataset 91
@ o Sumgple sice < 20 97 - Sample size < 20 97
{

Studies included in meta-analysis 87
o « Cohort studies 51
‘5’ » Case-control studies 24
= o Cross-sectional surveys: 12
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Q ‘W:’. WHO reglons covered: 6/6

Figure 1: Total Records Identified:

2.6 Data Extraction

We built a standardized data extraction form and
pilot-tested it on a sample of eligible studies to iron
out inconsistencies and improve clarity before
extracting data in full.

Study characteristics we pulled out included the
first author and publication year; country and
geographic region; study design; study period;
ICU/hospital setting details; sample size; number
of confirmed CRKP cases; follow-up duration;

patient  demographics;  baseline  clinical
characteristics; major comorbidities; APACHE 11
and SOFA scores where reported;

immunosuppression status; prior hospitalization
history; and a range of microbiological details: the

)
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method used to identify K. pneumoniae, the
antimicrobial susceptibility testing technique, the
criteria used to define carbapenem resistance, how
carbapenemase production was detected, which
specific carbapenemase genes were identified
(KPC, NDM, OXA-48-like, VIM, IMP, or others),
and molecular typing data where it was available.

Epidemiological outcomes included the number
of ICU patients assessed, the number identified
with CRKP infection or colonization, CRKP
prevalence, colonization or infection status, and
acquisition or incidence rate where reported.

Risk factor data covered prior antimicrobial use,
previous carbapenem therapy, recent
hospitalization, prolonged ICU stay, mechanical
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ventilation, central venous and urinary
catheterization, renal replacement therapy,
immunosuppression,  surgery, prior CRKP

colonization, and exposure to other healthcare
settings along with any adjusted or unadjusted
odds ratios, risk ratios, hazard ratios, and their
95% confidence intervals.

Clinical outcomes we extracted included all-
cause, ICU, 14-day, 30-day, and in-hospital
mortality; length of ICU and hospital stay; clinical
improvement (defined as recovery to the point
where the illness no longer poses a life-threatening
or disabling risk); microbiological eradication of
CRKP; treatment failure; recurrence or relapse;
and the specific antimicrobial regimen used,
including newer agents such as ceftazidime-
avibactam, meropenem-vaborbactam, imipenem-
cilastatin-relebactam, and cefiderocol, whether
given alone or in combination.

2.7 Handling of Missing or Unclear Data

When we ran into essential data that were missing
or unclear, we reached out to the corresponding
authors by email and gave them up to four weeks
to respond. If we didn't hear back, we worked with
whatever was available in the published report.
Studies with insufficient data for quantitative

synthesis were still kept for qualitative discussion.
We didn't impute any values unless a valid,
predefined imputation method was available to
justify it.

2.8 Quality and Risk-of-Bias Assessment

Two reviewers independently assessed
methodological quality and risk of bias, using
whichever tool suited each study's design. Cohort
and case-control studies were assessed with the
Newcastle-Ottawa Scale (NOS), which looks at
participant selection, comparability between
groups, and how exposure or outcomes were
ascertained.!””  Cross-sectional  studies
assessed using the Joanna Briggs Institute (JBI)
Critical Appraisal Checklist for prevalence
studies,”’ and any randomized trials we came
across were assessed with the Cochrane Risk of

Bias 2 (RoB 2) tool.?!

WwEre

For NOS-assessed studies, scores of 7-9 indicated
high methodological quality, 4-6 indicated
moderate quality, and 0-3 indicated low quality.
We factored risk-of-bias findings into how we
interpreted the pooled estimates and ran sensitivity
analyses excluding low-quality or high-risk-of-
bias studies to check whether the overall findings
held up regardless of study quality.

Table 2: Newcastle - Ottawa Scale Scoring Summary
Newcastle-Ottawa Scale Scoring Summary*

Quality

Number of Studies

Category’

High 27/9

Moderate 4-6/9

<319

Low

PRISMA 2020 Comgli
J urele

FIEEN
o)
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Percentage
(%)

(n = 87)

a a7.9%

38 43.7%
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2.9 Statistical Analysis

All analyses were carried out in R (version 4.3.1),
using the meta, metafor, and dmetar packages. We
generally treated a two-sided p-value below 0.05
as statistically significant, except where a specific
test called for a different predefined threshold.

Given how much clinical and methodological
heterogeneity we expected across the included
studies, we chose a random-effects model as our
primary approach for the prevalence meta-
analysis, estimating between-study variance using
the DerSimonian-Laird method.??> Because raw
proportions close to 0 or 1 can produce unstable
variance estimates, we applied the Freeman-Tukey
double-arcsine transformation before pooling,
then back-transformed the pooled estimates to the
original prevalence scale so they'd be easier to
interpret. 2> ?* pooled prevalence figures are
reported with 95% confidence intervals.

Mortality outcomes were analyzed according to
each study's own definitions and follow-up
windows, with effect size expressed as a risk ratio
(RR) and 95% CI comparing CRKP against CSKP.
Where the data allowed, we ran separate analyses
for ICU mortality, 30-day mortality, in-hospital
mortality, and any other reported mortality time
points. Continuous outcomes reported on the same
scale were pooled as mean differences (MDs);
where scales or summary statistics differed across
studies, we calculated standardized mean
differences (SMDs) instead. Clinical cure and
clinical success were treated as distinct outcomes
and only combined when their definitions were
close enough to be genuinely comparable.

2.10 Assessment of Heterogeneity

We assessed heterogeneity using several
complementary measures: Cochran's Q test, the I?
statistic, and t* (tau-squared). *> 2 I was
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interpreted using the usual rough thresholds of
25% for low, 50% for moderate, and 75% for high
heterogeneity, and a Cochran's Q p-value under

0.10 was taken as indicative of statistically
significant heterogeneity, given how
underpowered that test tends to be when only a
handful of studies are involved. Where substantial
heterogeneity turned up, we used subgroup
analyses and meta-regression to explore possible
clinical, methodological, and geographic sources

of the variation.
2.11 Subgroup Analyses

Where the data allowed, we ran pre-specified
subgroup analyses by WHO geographic region;
World Bank country income classification; study
period (2015-2019, 2020-2022, 2023-2025); ICU
type (medical, surgical, mixed); carbapenemase
mechanism  (KPC, NDM, OXA-48-like,
other/mixed); study design; and risk-of-bias
category. We looked at the 2020-2022 subgroup
separately to see whether CRKP epidemiology
shifted during the COVID-19 pandemic. Because
differences between subgroups can just as easily
reflect residual confounding, variation in
surveillance practice, or plain methodological
differences between studies rather than a genuine
underlying  effect, we interpreted these
comparisons cautiously.

We analyzed treatment outcomes separately,
sorting regimens into ceftazidime-avibactam,
meropenem-vaborbactam, imipenem-cilastatin-
relebactam, cefiderocol, polymyxin-based
therapy, aminoglycoside-containing
tigecycline-containing therapy, and combination
antimicrobial therapy. '® ' Where possible, we
interpreted treatment evidence in light of the
specific carbapenemase mechanism involved,
since B-lactam/B-lactamase  inhibitor
combinations perform quite differently depending

regimens,

newer
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on which resistance mechanism is at play.
Ceftazidime-avibactam,
vaborbactam, and imipenem-cilastatin-relebactam
are particularly useful for certain carbapenemase-
producing infections, = whereas  metallo-f3-
lactamase producers such as NDM-producing
CRKP call for a different therapeutic approach
entirely. '% ! Where studies broke outcomes down
by KPC, NDM, or OXA-48-like producers and
gave us enough data to work with, we examined
those findings separately, since the underlying
mechanism can genuinely change how well a
given antimicrobial regimen performs. 12

meropenem-

2.12 Meta-Regression Analysis

Where enough studies were available, we used
meta-regression to investigate possible sources of
between-study heterogeneity, following
established methodological guidance.?’” Candidate
covariates included year of publication, country
income classification, WHO geographic region,
ICU type, study quality, study design, and
antimicrobial use where the data existed. Each
covariate was first tested in its own univariable
model; those with adequate data and a plausible
link to the outcome were then considered for
multivariable models. We treated meta-regression
findings as exploratory, study-level associations
rather than evidence of individual-level causal
relationships.

2.13 Risk Factor Analysis

We synthesised reported odds ratios, risk ratios,
and other effect measures to identify factors linked
to CRKP acquisition or infection. Publication bias
and small-study effects were assessed wherever at
least 10 studies contributed to a given meta-
analysis, using funnel plots for visual inspection
and Egger's regression test (p < 0.10 taken as
indicative of asymmetry) for a more formal
check.?® Where funnel plot asymmetry showed up,
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we applied the trim-and-fill method as a sensitivity
analysis, though we interpreted those results
cautiously since asymmetry can just as easily
reflect heterogeneity or  other
methodological quirks rather than publication bias
alone.?’

genuine

Because every participant in this review was, by
definition, already in the ICU, we couldn't evaluate
ICU admission itself as an independent predictor
of CRKP acquisition; none of the included studies
directly compared ICU patients against non-ICU
patients. So the risk factor analysis instead focused
on the patient- and healthcare-related factors tied
to CRKP among patients already admitted to the
ICU, and we didn't report ICU admission as an
independent predictor unless a suitable non-ICU
comparator group existed.

2.14 Mortality and Clinical Outcome Analysis

We analyzed mortality outcomes separately,
following each study's own definitions and follow-
up period, comparing all-cause mortality between
CRKP- and CSKP-infected ICU patients wherever
the data allowed, with effect size expressed as an
RR and 95% CI. Where we had enough data, we
ran separate analyses for ICU mortality, 30-day
mortality, in-hospital mortality, and any other
reported time points. Length of ICU and hospital
stay were pooled as mean differences where
differences were reported on the same scale or as
standardized mean differences where scales
differed. Clinical success was assessed according
to each study's own definition and combined
across studies only when those definitions were
conceptually and methodologically close enough
to make sense together.

2.15 Analysis of Therapeutic Outcomes

Treatment outcomes were analyzed separately
from the prevalence analysis, with contemporary
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regimens for CRKP infection sorted by the
specific agent or combination used. '® '! Where
comparative data existed, we expressed treatment
effects as odds ratios or risk ratios with 95%
confidence intervals; for single-arm studies, we
pulled out clinical success and microbiological
eradication rates and summarized them
descriptively. We interpreted single-arm estimates
cautiously, since they can't establish comparative
effectiveness without a control group to measure

against, 1% 1!
2.16 Sensitivity Analyses

We planned several sensitivity analyses to test
how robust the primary findings really were,
including repeating analyses after excluding low-
quality studies or those judged high risk of bias;
excluding studies below prespecified sample-size
thresholds; excluding studies that used non-
standard definitions of carbapenem resistance;
repeating the prevalence analysis with alternative
random-effects estimators; comparing prevalence
estimates from transformed versus untransformed
data; and assessing the influence of individual
studies through leave-one-out analysis. We also
ran a separate sensitivity analysis by
carbapenemase mechanism, focusing specifically
on KPC- and NDM-producing isolates. We
compared results from these analyses against the
primary estimates to see whether alternative
methodological choices, or removing individual
studies, changed the overall conclusions in any
meaningful way.

2.17 Publication Bias Assessment

We generated funnel plots for any meta-analysis
that included at least 10 studies, assessing
asymmetry through Egger's regression test (p <

S AL
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7
=

0.10 taken as indicative of potential asymmetry).%
Where asymmetry showed up, we applied the trim-
and-fill method to estimate how much missing
studies might be affecting the pooled effect, then
compared the adjusted estimate against the
primary pooled figure.” As with other
publication-bias checks, we interpreted these
findings with caution, since funnel plot asymmetry
can arise from genuine heterogeneity, differences
in study size or outcome definitions, and other
sources of systematic variation, not publication
bias alone.

2.18 Certainty of Evidence

Where it made sense to do so, we graded the
overall certainty of evidence for key outcomes
using the GRADE framework,
domains: risk of bias, inconsistency, indirectness,
imprecision, and publication bias.* Certainty was
classified as high, moderate, low, or very low.
Since most of the included studies assessing
prevalence and risk factors were observational, the

across five

starting certainty rating reflected that, and we
downgraded it further wherever important
methodological limitations, substantial
inconsistency, or other concerns affecting the
reliability of the evidence came up.

2.19 Ethical Considerations

This review relied entirely on published, publicly
available data and didn't involve directly recruiting
participants or handling individually identifiable
information. As such, it didn't require institutional
ethical approval or informed consent.

3. RESULTS

3.1 Study Characteristics
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Characteristics of Included Studies®

Characteristic n (%) or Median (IQR)

Study Design
Prospective cohort
Retrospective cohort
Case-control
Cross-sectional

WHO Region
European Region
Western Pacific Region
South-East Asia Region
Eastern Mediterranean Region
Region of the Americas
African Region

Study Period
2015-2019
2020-2022 (COVID era)
2023-2025

Median Sample Size

Median NOS Score

ICU Type
Medical ICU
Mixed Medical-Surgical
Surgical ICU
Burn/Trauma ICU

29 (33.3%)
22 (25.3%)
24 (27.6%)
12 (13.8%)

31 (35.6%)
19 (21.8%)
14 (16.1%)
11 (12.6%)
8 (9.2%)
4 (4.6%)

34 (39.1%)
29 (33.3%)
24 (27.6%)
487 (IQR: 214-1,203)
6.8 (IQR: 5-8)

38 (43.7%)

31 (35.6%)

11 (12,6%)
7(8.0%)

The median patient age across included studies was 61.3 years (IQR: 54.7-67.8), and the madian
APACHE Il score at ICU admission was 22.4 (IQR: 18.1-27.3), indicating a generally critically

ill population.

* Data are preserted a3 n (%) unless otherwise specified. Percentages may not sum to 100 due to rounding
NOS, Newcastle-Ottawa Scale; IOR, interquartile range; ICU, intensive care unit; APACHE #i, Acute Physiology

and Chronic Mealth Evaluation il

PRISMA 2020 Compliance: This table provides a summary of key charactesistics of included studies as
recommended under PRISMA 2020 ftem 13 (Synthesis of Results) and Item 12 (Risk of Bias i Indhidual Studies)

Our final dataset included 87 studies published
between January 2015 and December 2025,
covering 142,360 ICU patients across 34 countries
and all six WHO regions. The inter-rater
agreement for study inclusion was strong (k =
0.84).

Pooled CRKP Prevalence in ICU Patients

@;} INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

The overall pooled CRKP prevalence among ICU
patients across all 87 studies was 38.4% (95% CI:
31.7%-45.4%), with extreme heterogeneity (I* =
96.8%; 1> = 0.847; Q = 2,681.4, p < 0.001). This
heterogeneity was expected; we're pooling data
across settings that differ dramatically in antibiotic
use patterns, infection control resources, and
surveillance intensity.
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ENCE IN ICU PATENTS
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Figure 2: Forest Plot Pooled CRKP Prevalence in ICU Patients (Random-Effects Model)

3.3 Regional Subgroup Analysis Regional variation was dramatic and clinically

meaningful.
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GLOBAL CRKP ICU PREVALENCE MAP (2015-2025)

Carbapenem-Resstant Klebsieffa pneumaniae in ICU Patients
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Figure 4: Choropleth World Map CRKP Prevalence in ICU Patients by Country
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3.4 Temporal Trends (2015-2025)

The COVID-19 pandemic era wasn't just a public
health crisis; it was a CRKP acceleration event.
ICU prevalence rose from a pooled 29.3% (95%

Q v e v e 1108

<@
;
|

T e v ea, 4 P sy

CIL: 23.1%-36.2%) in 2015-2019 to 44.1% (95%
CL: 36.8%-51.7%) during 2020-2022, before
partially stabilizing at 38.9% (95% CI: 31.4%-
46.8%) in 2023-2025. 15

Temporal Trend Analysis — Pooled CRKP Prevalence by Study Period
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3.5 Carbapenemase Gene Distribution
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Resistance mechanisms varied substantially by
region, and knowing which gene you're dealing
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NDM and OXA-48-like genes were identified as
predominant carbapenemase determinants
recent clinical isolates, particularly across Asia
and the Eastern Mediterranean .

n

The global picture here tells an important story.
KPC dominates in the Americas; it's the enzyme
we've historically built our treatment protocols
around. But NDM is the dominant mechanism
across South and South-East Asia, which matters
enormously because NDM-producing CRKP is
not susceptible to ceftazidime-avibactam without
additional combination partners. OXA-48 is the

j INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

{

dominant enzyme across much of Eastern Europe
and the Eastern Mediterranean 11> 12I-

Among hypervirulent strains specifically, pooled
resistance rates reached 49% for imipenem and
53.2% for meropenem, with particularly alarming
rates in the Western Pacific and Southeast Asian
regions. ’

3.6 Risk Factors for CRKP in ICU Patients

This is where the data gets really actionable. We
pooled risk factor data from 61 studies reporting
ORs for CRKP acquisition.
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Forest Plot — Risk Factors for CRKP in ICU Patients (Pooled ORs)
RISK FACTOR FOREST PLOT (Random-Effects Meta-Analysis)

OR (Random-Effects) 5% 0 F %) Stuclies Odds Ratio (ON) with 95% C
STRONGEST PREDICTORS '
Urinary cathetanzation 473 [3.41-6.56] 71% 18 : - 473
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-
ANTIBIOTIC EXPOSURE '
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Surgery (price 30 days) 273 [2.03-3.67] 1% 17 ’ —8— 273
Sold cegan transplast 5.4 12.07-4.76) 5T% 1 H — e 314
Hematologic malignancy 289 [2.11-3.96) 63% 14 — = 289
Corticosternid use 5% (1.94-3.38) % 16 ’ —— 256
Heemodialysis 243 [1.79-3.30) S1% 13 H - 243
Nasogastric tube 13 [1.74-307)] s 1 - —8— 231
a1 os 10 0 0 100
o effect) [vtromgest OR)
Odds Ratio (OR) (Log Scale)
. St s « Wasty waght >0 vertical ke » Ot » 18 gy Mok o
— Haksonis line « 958 O (ne effect) ¥ vams nange Suey AN o TN Partom oty modked 11 tafes readed S wee
P e L ) 1Dwr Ssvmnen -Lave mertod
- rewrtwn Kobuarte O Os Ak, G Conthmtn damat ICU: Indwrenior Cant Liv; 1 sigyen st sateii

PRISVAA 2020 Commphanca: Ths Saae sumrme e pomed smacistare be rok WETTn STerg et inchaded 1 Per (EIITESe 1rrwe 801 Fts atefyA @ accTrTencs wdh PRIDA JUTE epertvg geseres frem |

Summary of Pooled Risk Factor Estimates

Pooled OR F %)

Risk Factor ¢ 95% Studies (n)
(Random-effects model) Heterogeneity \

Urinary catheterization 473 341656 <0.001 % 18
ICU admission 27 days 4.42 282-69 <0.001 8% 24
Central venous catheter 189 2.74 ~5.53 <0.001 74% 21
Mechanical ventilation 347 262459 <0.001 69% 29
Priar carbapenem exposure i3 251-436 «<0.001 6% E}
Broad-spectrum antibiotics 317 238-422 <0.001 68% 28
Solid organ transplant 314 207 -476 <0.001 57% 11
Prior fluoroquinclone use 284 214377 <0.001 S9% 22
Hematologic maligrancy 289 211-396 <0.001 63% 14
Corticostoroid use 2.56 1.94-338 <0,001 58% 16
Prior cephalosporin use 241 1.87-3.11 <0,001 54% 19
Hemodialysis 243 1,79 -3.30 <0.001 51% 13
Surgery (past 30 days) 73 2.03-3.67 «<0.001 61% 17

Note: Oads Ratios (OR] > 1 isdicate moressed nods of CTREF acygusiton amung 10U patients,
Al estimates wern dertend from randors-sffocts meta-anatyse uning the DerSimanian - Laird method

O, Confiduncn irmerwsl, #. Higgina' Laguased stativie (pecertage of 1004 watton scoes Muden dus ) hetrogenoty tather San chancel
OxP, Cartupermen-resstart Kedawils preumenae KU ternove Care Unt

PRISMA 2020 C Ths tatde = resuls for rivh factors ek recommended under PRISMA 2020 fem 13 (Systheus of Rewte)

These findings are highly consistent with the two  ICU admission and mechanical ventilation,
most recent dedicated risk factor meta-analyses. showing ORs of 3.20-4.44 and 2.70-4.78,
ICU admission carried an OR of 4.42 (95% CI:  respectively, have been documented consistently
2.82-6.91) and urinary catheterization an OR of  across comparison groups. ®

4.73, the two strongest independent predictors.’
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3.7 Clinical Outcomes This is the number that stops you in your tracks.
All-cause 30-day mortality in CRKP-infected ICU
3.7.1 Mortality patients was 48.9% across pooled estimates

compared to 21.2% in carbapenem-susceptible
infections. ©

Mortality Comparison — CRKP vs. CSKP in ICU Patients
30-DAY ALL-CAUSE MORTALITY: CRKP vs. CSKP (ICU Patients)

Population Mortality (%) n Studies

CRKP (ICU) 43.9% 143.2-54.7] a7

CSKP {ICU) 20.2% 117.4-25.3) e
CRKP (Neo-ICY) 6% |28.9-40.6) 29
CSKP (Non-ICU) 13.8% [10.9-17.1} 24

VISUAL COMPARISON (Mortality %)

——
oo a
L e — usn
s (von-sc) [ 13.8%

o 5% .

Risk Ratio
ICRAF va CIXP b L0 /\/ Asaclute ik Ditfersnce Y Number Nmsded 4o Harm
RR = 2.31 il 27.7% P74 3.6
{95% Cr 1.94.2.74) (995 €1 20053000 (95% Cl 3.0-44)

CRKP. Cartiapenam-reiitant Ksbewlo pessroonion CS0* Carbapermn-sesomptivie Alebusls presmonan 10U intarmhw Carm Urst

CF Corfigerce rterval. B2 Rsk Rato

PRISMA 2020 Complance: T fipurw surmenas (es 200k swrtal by Compansant as secommmadnd wiver PRISMA 2000 it 13
[Sevitess of Resudin) Randern ofocts mats arsdpis wat uisd S 2l pootesd edlimates

Interpretation: For every ~4 patients who develop  3.7.2 ICU Length of Stay
CRKP rather than CSKP infection in the ICU,

approximately 1 additional patient dies within 30

days.

ICU Length of Stay — CRKP vs. CSKP*

P e CRKP CSKpP Duffarence
Median (days) or % Median (days) or % ({CRKP - CSKP)

Median ICU LOS (days)' e <oy S BE I‘QS‘:;?;:: - <0.001
Madion hosphat LOS: eyl (IQR: 23; ':-43 5 (R 112943 -28.6) - 351;] 2187 o
Mechanical ventiiation deys* (IQR: 1'/‘:.n 8) (IQR: :x‘ 12.3) (9’»‘:.66: ‘:a: e2) b

¥U readmiselon oule (10R: -.:a,aé?zs 8%) QR 4%-.?14.1'.-‘1 ey : :: 12.6%) s

Note: Al data e pocied medan valses JQR} or pocled proportion from raedem-affects meta.analysis
Positive diffesences indicate longer stay o highey rate m CREP compared 1o CSNP.

* Compansors inchude 1CU patients with carhapenem- revstamt Klebalello presmanioe (CROP) verscs carbapenem-sucaptble K. preummanice |CSKF)
* povadues derived from nndom effects madels: dl compansons were statincally ugrficant

Reported in dage: IGR = imerguartile rarge
* Neportnd as pacled proportion [%E 10N = mterquartiie range.
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3.8 Meta-Regression Analysis

Together, these covariates explained 52.3% of the
between-study variance (R* = 0.523), which is
actually reasonably good for meta-regression with
this degree of baseline heterogeneity. The
remaining variance likely reflects genuine
differences in local epidemiology, surveillance

intensity, and infection control practices that we
couldn't quantify at the study level.

Because meta-regression is based on aggregated
study-level data, the identified associations should
be interpreted as exploratory and should not be
considered evidence of individual-level causal
relationships.?’

Meta-Regression — Predictors of Between-Study Heterogeneity in CRKP Prevalence’

Covariate CoeMickent (1)

R? (varkance explained)

pvalue

Year of publicabon (per year) +1.24% per year
COVID-19 era (2020-2022) +8.3%
Lower-middie income country +147%
WHO SEAR/EMR region® +12.4%

Hospital antdiotic use (DDD)* +0,43% per DDD

Mized ICU type (v, medical) -3.5%

087 - 161 <0.001 18.3%
31-135 0.003 11.7%
89205 <Q.001 2218
68181 «0.001 16.8%
0.21 - 085 <0.001 142%
64 --12 0.004 SI%

Neote: Random effects meta ragression wilng restricted masimum lebhood (REML) estimaton

Posve coefMcmnts indane an iacraase m CREP prevalence assaciated wih e cosariate.

* Deprorciont sariashe bagt -vrarmbformed CREP provalencs between- uady variarer (17) was ud s the meudual for hetorngenmsy,

* B seprosents e progortion of batwess-study varance eaplained by each cosarine in unvarisble meta- regesson modeis

SEAR: Soum-East Acla Rogon; TMR: Eastern Mediterrarcan Beglon
* Detined dady doze (DOD) of antibactenals per 1.000 patent -doys

CREP: Catupenern. rubitarrt Alsbaials gosutionse; 10U ntensiss Cew Unit; T Confidence lnterval; DDD: Defionsd Dily Dose

PRISMA 2020 Complance: Thes table presents msuits of meta-segression cxphoring sowrces of halerogenady, o recommonded

wndar PRISMA 2020 em 13 {Symahveshy of Resulin)

3.9 Publication Bias

TR Funnel Plot — CRKP Prevalence Studies®

FUNNEL PLOT: CRKP Prevalence Estimates
(Assessing Publication Bias)*
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Egger's test: t = 1.84, p = 0.068 (no significant
asymmetry)*®

Trim-and-fill: 6 studies imputed;
estimate: 36.1% [29.4-43.2%]*°

adjusted

Interpretation: Mild funnel plot asymmetry not
statistically significant; trim-and-fill adjustment
had minimal impact on pooled estimate (A =2.3%)

4. DISCUSSION
4.1 Interpreting the Prevalence Findings

A pooled CRKP prevalence of 38.4% among ICU
patients is, frankly, a striking number. Picture a
typical 20-bed ICU; that figure translates to
roughly seven or eight patients infected or
colonized with a carbapenem-resistant strain at
any given moment. And with mortality creeping
up toward half of those affected within 30 days,
this clearly isn't some laboratory curiosity. It's an
ongoing, clinically significant problem playing out
in hospitals across the world. 1, 2, 4, 5, 10

Our findings build on, and in some ways extend,
earlier meta-analyses in this space. The regional
estimates we found for Greece (70.6%) and
Germany (under 20%) line up closely with what
Lin and colleagues reported,® which is reassuring
given that our analysis was ICU-specific. The
mortality gap we observed between CRKP and
CSKP, roughly 42% versus 21%, also tracks
closely with what Xu and colleagues found nearly
a decade earlier,’,* suggesting this disparity hasn't
really narrowed over time. What stands out,
though, is that our ICU-specific mortality figure
(48.9%) runs even higher than pooled hospital-
wide estimates, which tells us that the most
critically ill patients are facing considerably worse
odds than the broader hospitalized population.

Set against high-burden settings elsewhere, our
pooled ICU prevalence of 38.4% actually looks

i’;a»'jy INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES
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somewhat conservative next to the resistance rates
reported among hypervirulent K. pneumoniae
isolates by Zheng and colleagues:’ 49% for
imipenem and 53.2% for meropenem. The
growing overlap between hypervirulence and
carbapenem resistance is a concern in its own
right, since combining the two traits can produce
infections that are both severe and stubbornly hard

to treat, with very few effective options left on the
table. 810 19, 23, 29,35, 44,85, 86

That coexistence of resistance and hypervirulence
is worth dwelling on. It raises the odds of
infections that are genuinely difficult to manage
clinically, precisely because the treatment options
available shrink just as the severity of illness

climbs. 3,7, 12, 47, 50, 56, 86

4.2 The COVID-19 Effect

It's hard to look past the 2020-2022 spike. In our
temporal analysis, CRKP prevalence climbed from
29.3% before the pandemic to 44.1% during those
peak pandemic years, and honestly, that trajectory
makes sense once you consider what was
happening on the ground. ' 37> 38 57. 62. 70 Broad-
spectrum antibiotics were being prescribed
frequently for suspected bacterial co-infection,
often without microbiological confirmation to
back it up, while overcrowded units, strained
infection control routines, and exhausted staff
created just the kind of conditions that let CRKP
spread more easily. !> 37 38, 62,70

There's a modestly encouraging note here too:
prevalence eased back to 38.9% during 2023-
2025, hinting that the pandemic-era surge may be
settling down. Still, that figure remains well above
pre-pandemic levels, so it's too early to call this a
return to baseline. Sustained investment in
antimicrobial stewardship and infection control
will likely be needed to bring prevalence down

further and to keep it there. 3" - 6% 77
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4.3 Regional Variation

The wide swings in CRKP prevalence across
regions almost certainly come down to more than
one factor. Differences in antimicrobial
consumption, healthcare infrastructure, infection
prevention capacity, diagnostic  resources,
surveillance systems, and which carbapenemase
genes happen to be circulating locally could all be
playing a part, 124510114041

Antibiotic selection pressure is a major driver of
resistance, especially in settings where broad-
spectrum agents are used heavily. Prior antibiotic
exposure, carbapenem exposure in particular, has
come up again and again as an important risk
factor for CRKP infection. 8710 35 58 71 72. 85
Differences in healthcare resources and infection-
control capacity probably explain much of what's
left. Active surveillance, contact precautions,
environmental decontamination, patient cohorting,
and antimicrobial stewardship programs are all
core pieces of CRKP control, and how much of
that infrastructure a given setting actually has
varies enormously, %2729 31,32,57,68,69,77

Regional differences in which carbapenemase
genes dominate carry real therapeutic weight,
since KPC, OXA-48-like enzymes, and metallo-3-
lactamases such as NDM each come with different
susceptibility profiles that call for mechanism-
specific antimicrobial selection, 1> 12 40, 41,43, 49, 78,
80. 82 NDM-producing K. pneumoniae, for
example, has been reported extensively across
South Asia, including India, while KPC-producing
strains show up more often in the Americas. !> 2>
4. 4 That distinction matters in practice:
ceftazidime-avibactam is active against KPC and
many OXA-48-like enzymes, but it doesn't
reliably cover metallo-B-lactamases like NDM

when used on its own. !> 40, 41, 43, 49, 80, 82

I ARy
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4.4 Risk  Factors
Implications

and Their  Clinical

Our risk factor analysis points to a mix of patient
characteristics,  treatment and
healthcare-related  factors CRKP
acquisition. Invasive device use, prolonged ICU
stay, mechanical ventilation, urinary and central
venous catheterization, and prior broad-spectrum
antibiotic exposure were among the factors that

came up most consistently across the included
studies, $10-19.21,23-26,35,58, 67,71, 72, 85

exposures,
driving

Urinary catheterization stands out as a modifiable
risk factor; it likely contributes to CRKP
acquisition by breaking down normal host
defenses and increasing exposure to healthcare-
associated pathogens. % % 19 24 26.35. 58, 72 prior
carbapenem exposure is another factor that can, at
least in part, be modified. Stewardship strategies
that encourage appropriate empirical antibiotic
choices, early microbiological evaluation, and
timely de-escalation may help cut back on
unnecessary carbapenem use, which in turn could
ease the selection pressure driving CRKP
emergence and spread. 310 3% 57, 71, 85

Taken together, the links between invasive
devices, broad-spectrum antimicrobial exposure,
and prolonged ICU stay suggest that CRKP risk is
genuinely multifactorial rather than something you
can pin on a single exposure, 8710 19, 23-29. 35, 38, 67,
71,7285 Given how large a share of K. pneumoniae
infections CRKP now represents worldwide and
given the mortality that comes with it, early
recognition and  appropriate  antimicrobial
management remain essential, particularly for the
highest-risk ICU patients. ! % 3 6 10. 44

5. PHARMACOTHERAPY IMPLICATIONS

5.1 Treatment Landscape
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The pharmacotherapeutic management of CRKP
infection remains challenging because treatment
options depend heavily on the carbapenemase
mechanism. antimicrobial susceptibility profile,

Novel B-lactam/B-lactamase inhibitor
combinations have expanded treatment options for
selected CRKP infections, particularly those
caused by susceptible KPC-producing organisms.

site of infection, severity of illness, and patient- ~ !1:13:4041.74.80.82

specific pharmacokinetic factors, !!:12:40:41,64.74.82.86
However, the selection of therapy should be

guided by antimicrobial susceptibility testing and
molecular characterization where available,
particularly in settings with a high prevalence of

The emergence of KPC, OXA-48-like, NDM, and
other resistance mechanisms has created a
heterogeneous therapeutic landscape in which a

single antimicrobial regimen cannot be considered  metallo-B-lactamase-producing organisms. !!-4%-41:
appropriate  for all CRKP  infections. 4347482
11,12,40,41,43,49,78,80,82
FEVICRIVE CRKP Treatment Algorithm Based on Carbapenemase Genotype®
CRKP TREATMENT DECISION ALGORITHM (ICU Patients)*
[ 7’ CRKP Confirmed in ICU
Obtain rapid molecular
diagnostics for
carbapenemase gene l
J
! 3
KPC (+) NDM (+) OXA-48 (+)
T : :
Ceftazidime- } Artreonam + ) Ceftazidime-
avibactam @ cemrazidime- 0’ avibactam
(preferred) avibactam oR
O - Imipenem-
imipenem- Cefiderocol cilastatin-
citastatin- (If susceptible) relebactam
relebactam
Colistin (last 0
(+] resort aniy) + Aztrecnam
Colistin AVOID: if KPC also
(for severs/ CAZ-AVI present
potymicrobial) monotherapy
"
| o@g Consider combination
AR theapy for
+ BS! + soptic shock
« Pneumonia {VAP)
* High MIC near
L beeakpaint
* Algotithes based on Qurrent evidence and tapert rec ona for ORGP g i KCU settings
b ndvidusl or Survapy based on arfmicroteal susceptisiity, patient facson, drug mvallatsley,
and nstitutonal pucdsines
CRKP: Carbapenern resistant Xlabsiedls proutmarnvee. ICU ntemsie Care Usit, RPC. Kdebs'ells prsumonios cartagenemase,
NOM: Mo Dethyi mrwetadlo- [l Sactamase, CXA 4B Onacillimene - 48 -Ske; 351 Bloedstream nlection VAP Vertilator -asioclated
prwvrrene; MC Misimum inhistory conceriration; CAZ-AVE Ceftandime-avibacian
PRISMA 2020 Compliance: This fipre preverts syrthwns of svddence and clivcal decivon suppont
" recommended under PRISMA 2000 Hem 13 (Symthenis of Mesuitsl
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X3%7 Y INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES 3319 |Page

o~
g.r

&



Dr. I. Balaji, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 8, 3299-3331 | Review

Abbreviations: CAZ-AVI = Ceftazidime-
avibactam; BSI = Bloodstream infection; VAP =
Ventilator-associated  pneumonia; MIC =

Minimum inhibitory concentration
5.2 Clinical Outcomes Data for Novel Agents

There is limited, conflicting evidence from clinical
trials and meta-analyses regarding the benefit of
newer B-lactam/B-lactamase inhibitor
combinations versus certain older therapeutic
options for multidrug-resistant Gram-negative
infections, 13- 64 74. 86

Tamma et al. reported on favorable clinical
outcome data for newer [-lactam/B-lactamase
inhibitor combinations for the treatment of
multidrug-resistant Gram-negative infections. '

Despite this, resistance can develop during
therapy, especially if treatment is inappropriate or
prolonged; thus, clinicians should remain aware of

Treatment Outcomes for CRKP in ICU — Summary of Evidence®

the potential for resistance even with these newer
13.74

agents.
Clinical response may also be dictated by
resistance mechanism and appropriate
antimicrobial selection; ceftazidime-avibactam is
active against KPC- and OXA-48-like producers,

but not metallo-pB-lactamases such as NDM.
11,40,41,43,49,80,82

Furthermore, outcomes are impacted by severity
of illness, organ dysfunction, source control,
antimicrobial susceptibility, and pharmacokinetics
in critically ill patients, ¢4 74 84.86

Therefore, outcomes for these novel therapies
should be compared with older regimens
cautiously, as
resistance mechanisms,

treatment indication, among other factors, may
13, 64, 74, 84, 86

differences in populations,

infection foci, and

contribute to differing results.

Agent/Regimen Cl?r\.vcal ‘S‘ucces‘x 30{-'D.|y FAQthlfty Mncmb:olugnc.\\l{ Er.\d‘ic.\hon Studies
(%) [95% CI}* (%) [95% CIJ® (%) [95% CI}! (n)
Ceftazidime-avibactam 73.3% [68.9-77.5] 26.7% [22.5-31.1] 68.4% [63.7-72.8] 23
CAZ-AVI + Aztreonam (NDM) 64.2% [55.8-72.0] 31.8% [25.6-38.6) 61.7% [53.1-89.7] 8
Meropenem/vaborbactam 65.8% [58.4-72.6) 28.3% [21.8-35.6) 62.9% [55.3-70.0] 9
Imipanem/cilastatin/relebactam 71.2% [63.9-77.7] 24.6% [18.7-31.1] 67.3% [59.8-74.2] 7
Cefiderocol 58.4% [49.3-67.1] 37.2% [28.8-46.3] 54.8% [45.7-63.7] 11
Colistin-based {combination) 41,3% [34.7-48.2) 52.8% [45.2-60.2] 43.1% [36.3-50.1) 18
Polymyxin B-based 43.7% [36.9-50.7] 51,4% [42,8-59.9] 41.8% [34.7-49.2] 12

Note: Data are pooled proportions (%) with 95% confidence intervals (C1) caloulated using randoem-afocts meta-analysis
Clirical success: resolution or improvement of signe/symptoms at test-of-cure; Microbiological eradication: eradication of CRKP from culture
Qutcomes vary by study design, patient severity, infection type, and regional susceptibility patterns

* Includes only studies conducted in ICU patients with confirmed CRKP infections.

5 95% Cx: 95% cunfidence interval.

CRKP: Carbaponem-rosistant Klabsiolls paesmonvae; ICU: Intenuve Cate Unit; NDM: New Delhi metafio-[1-lactamase,

CAZ-AVE Celtarisrme-gvibactam Cl: Confidence interval

PRISMA 2020 Compliance: This table surnmarizes sfactiveness cutcomes of antimiceobial regimens as recommundied

under PRISMA 2020 Item 13 (Synthesls of Results)
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Figure 2. Clinical Success Rates: Novel vs. Traditional CRKP Agents

(Pooled data from studies published 2015-2025)
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Figure 11: Clinical Success Rates: Novel vs. Older CRKP Regimens

Error bars represent 95% confidence intervals.

Novel agents (above line): p < 0.001 vs. colistin-
based regimens

5.3 The Pharmacist's Role Beyond Dispensing

Clinical pharmacists have an important role in the

multidisciplinary =~ management of CRKP
infections,  extending beyond medication
dispensing to  antimicrobial  stewardship,
therapeutic optimization, pharmacokinetic

4,11, 13, 40, 41,

monitoring, and resistance prevention.
57

Prospective audit and feedback

Prior carbapenem use is a potentially modifiable
risk factor for CRKP infection, and clinical
pharmacists can aid in prospective audits and
feedback with regard to carbapenem use, including

indication, antimicrobial spectrum, dosing,
duration,  microbiology, and de-escalation
opportunities, 810 35 57. 71. 85

Mechanism-based prescribing support

SR,

\‘1%'&35,',?\/’ INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES

There are an increasing number of resistance
mechanisms for carbapenems,
pharmacists can assist with mechanism-specific
prescribing and antimicrobial selection based on
susceptibility. 11,12,40,41,43,49,74,80,82

and clinical

The emergence of carbapenemase-producing
Klebsiella pneumoniae (CPKP) has complicated
the management of Klebsiella infections, and
antimicrobial selection often depends on the
mechanism of resistance. For KPC-producing
CPKP infections, ceftazidime-avibactam and other
B-lactam/B-lactamase inhibitor combinations may
be considered if susceptibility is documented,
whereas ceftazidime-avibactam would not be
active against NDM-producing isolates, and other
combination antimicrobials might be selected
based on susceptibility, !1:13:40:41.43.49.80.82

Dosing optimization in critical illness

Many critically ill patients experience physiologic
derangements that can impact antimicrobial
disposition, including altered renal function,
augmented renal clearance, fluid administration/
responsiveness, and other factors. 364748486
Clinical pharmacists can assist with antimicrobial
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dosing, renal adjustment, pharmacokinetic/
pharmacodynamic optimization, and therapeutic

drug monitoring when indicated and available. >
64,74, 84, 86

Preventing resistance during treatment

There is potential for treatment-emergent
during therapy, and appropriate
antimicrobial selection based on susceptibility,
dosing, exposure, microbiology, and antimicrobial
stewardship principles can optimize clinical
outcome while minimizing resistance risk and

treatment failure, '3 40> 41, 74, 82, 86

resistance

Combination therapy should not be used routinely
for all CRKP infections, but rather for specific
instances mechanism,

severity of infection,
11,13,40,41,74,82,86

based on resistance

susceptibility, and

antimicrobial options.
6. LIMITATIONS

We want to be upfront about what this review can
and can't tell you.

The findings should be viewed within the context
of several limitations of this review. Firstly, there
was a large heterogeneity among the included
studies (I"2 = 96.8%), indicating substantial
differences in study populations, ICU settings,
geographic locations, microbiological methods,
and study designs. A random-effects model was
used to account for between-study variability, but
caution should be exercised when interpreting the
pooled prevalence, and it may not be applicable in
every clinical setting. Meta-regression explained
some of the heterogeneity observed, but a large
proportion remained unexplained, suggesting the
effect of other unmeasured factors. Case
definitions for carbapenem-resistant Klebsiella
(CRKP) were not completely
standardized among studies. Most recent studies

pneumoniae

£y
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used EUCAST or CLSI susceptibility breakpoints,
but some older studies used older minimum
inhibitory concentration criteria that have been
revised. Some misclassification bias is likely,
although attempts have been made to harmonize
definitions of resistance. > 1 2

Egger’s regression test did not indicate statistically
significant publication bias but cannot rule it out
completely. Surveillance studies from low- and
middle-income countries with limited
microbiological  infrastructure  are  likely
underrepresented, and the true global burden of
CRKP may be underestimated ?%2%13 7% however,
the present study offers a comprehensive
evaluation of the global epidemiology of this
pathogen.

Molecular epidemiological data were
available in a subset of included studies, limiting
the generalizability of analyses on carbapenemase
genes, sequence types, and transmission dynamics.
Thus, the regional differences in resistance

only

mechanisms should be interpreted with caution [
31,33, 41,45, 51, 52, 75, 83].

The COVID-19 pandemic is an additional source
of confounding. Studies from 2020 to 2022
reflected exceptional healthcare pressures,
changes in antimicrobial prescribing practices and
disruptions in infection prevention programs.
Thus, the resistance patterns observed during this
period may not be representative of post-pandemic
epidemiology (13, 14, 37, 62, 70).

Finally, data on treatment outcomes were largely
observational. However, these studies are also
subject to confounding by indication, selection
bias, and residual confounding. Therefore, the
efficacy of treatment should be cautiously
interpreted until further supported by large
randomized controlled trials 1% 1> 15 21, 64, 74, 84, 86.
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7. CONCLUSION

Between 2015 and 2025, there was a significant
rise in  carbapenem-resistant  Klebsiella
pneumoniae among patients in intensive care
units. CRKP remains a significant threat across the
available evidence due to its rising prevalence,
high mortality, multidrug resistance, and rapid
spread in healthcare settings by successful high-

risk clones and carbapenemase-producing strains.
2,5, 6,31, 33, 41, 45, 75, 83

The COVID-19 pandemic has further exposed the
vulnerability of intensive care units to outbreaks of
multidrug-resistant organisms and underlined the
importance of robust infection prevention and
antimicrobial stewardship programs during times
of strain on the health care system [!3 14.37. 62. 701

There are a number of modifiable risk factors for
CRKP infection that have been consistently
identified across multiple studies, including
prolonged ICU stay, invasive devices, previous
exposure  to  broad-spectrum  antibiotics,

mechanical ventilation, and previous colonization
8,9,35,56,58,67,71,72,73,81,85.

While the advent of newer therapeutic options like
ceftazidime-avibactam-based regimens has led to
improved outcomes for selected patients, the
successful management of treatment is highly
dependent on the resistance mechanism, timely
diagnosis, antimicrobial
stewardship.

and  optimized
10,11,15,64,74,82,84,86

Future efforts should be targeted at strengthening
antimicrobial stewardship programs, increasing
rapid molecular diagnostics, improving infection
prevention and control practices, supporting
pharmacist-led antimicrobial optimization, and
improving  global  surveillance  through
coordinated efforts such as the WHO Global
Antimicrobial Resistance Surveillance System
(GLASS). emergence
dissemination of CRKP will require sustained
international  collaboration to reduce the
substantial morbidity and mortality associated
with these infections !+ % 3. 7- 10 12

Continued and

8. STATISTICAL APPENDIX &
SUPPLEMENTARY FIGURES

Appendix A: Sensitivity Analyses

Table Al. Impact of Study Quality on Pooled CRKP Prevalence
Sensitivity (Subgroup) Analyses

Studies Pooled Prevalence

Analysis ) (%)

95% CI

17 (%)
(Heterogeneity)

Visual Summary
(Pooled Prevalence with 95% CI)

( }a‘ ) Al studies 87 38.4% ~ 45.4 96.8% ) - i
0% 25% 50% 75% 100%
/ High qualit nl 16, 9%
(@) pr-crerrs i a 36.9% 29.8 - 44.3 95.1% i
0% 29% 20% 75% 100%
Excluding 33.7%
) 5 3.7% ) 95.8%
{ 3& | covip-era studies 58 33.7% 40.7 5.8% -
0% 25% 50% 75% 100%
\  Prospective 37.2%
( ) snidias Gy 29 37.2% 28.4 - 46.5 96.3% : ——— ‘
: £ 0%  25%  50%  75%  100%
Studies with 39 1
0% 25% S50% 75% 100%
/N 2 Excluding 36.4%
( §' ) hypervirulent CRKP 7 36.4% 29.2 - 44.0 96.5% | e
0% 25% S50% 75% 100%

I Ch Confidence Interval; 171 Higgins' I-sauared statistic
1 |

A lawer pooled prevalence and similar confidence Intervals across sensitivity analyses

indicate robustnoss of the primary findings.

3,

o
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! ‘,’ Koy Finding: The pooled CRKP prevalence remalned
consistent across all sensitivity analyses, indicating
robustness of the overall estimate,
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The sensitivity analyses show reassuring pooled estimate by approximately 4.7 percentage
consistency across different analytical restrictions.  points, which is expected and biologically
The exclusion of COVID-era studies reduces the plausible.

Figure A1. Influence Analysis - Individual Study Impact on Pooled Estimate

INFLUENCE ANALYSIS (Leave-One-Out Sensitivity)
Impact of removing each study on pooled prevalence estimate

Pooled CRKP Prevalence (%)

5 Estimate if removed Change in pooled
tudy removed with 95% CI (95% C1) estimate {%) *
Petridis 2023 - — 37.8% .
(n = 847) [31.2 - 44.7] ~0.6%
Wang 2024 - 36.1%
(n=12.341) [29.4 - 43.2) e
Mohd 2024 b - { 37.4%
2193 [30.7 - 44.4] =
Chen 2024 ‘ b Y 37.9%
(n= 1,876 : -0.5%
n ) {31.1-450]
Overall estimate o Overall pooled estimate
(A% studies inchuded) (Al studies included
(n=87) ! L . L i ) Reference
20% 30% 40% S0% 0% 38.4%
Pooled Prevalence (%) [31.7 - 45.4)
‘/f I\| Intorpretation: The pooled prevalence estenate i robust. No single study * Change in pooled estimate (%) =
\|| 4 substantially influences the overall estimate (maximum change = 2.3%). Estimate # removed ~ Overall estimate (35.4%)

Overall pooled estimate stable across all leave- Appendix B: GRADE Evidence Profile
one-out analyses (range: 36.1-39.3%) No single
study unduly influences pooled estimates.

Table A2: GRADE Assessment of Key Findings

Quality of evidence for major outcomes in the systemati iew and meta-analysis
Studies Certainty of Evide
Outcome (n) (GRADE) Reason for Downgrade
@ e 87 DODO Serious heterogeneity
in ICU MODERATE
30-day mortality P PEP O Risk of blas,
CRKP vs CSKP MODERATE Indirect comparison
Risk factor: 24 CRCECHS, Confounding in
ICU admission MODERATE observational studies
CAZ-AVI clinical - D00 Largely observational,
success LOW sefection bias
mea,' trond 87 @ @ @ o Ecological comparison
(annual increase) MODERATE
GRADE CERTAINTY OF EVIDENCE
BOBD oM Virry conbadent that the trum effect Sas close tn that of the setimate The GRADE approach considers risk of blas, inconsistency,
P& MOOERATE  Madetately condclent i the sffect eviamate @ Indrectress. iImprecision and pubiication blas in
rating down the cartainty of evidence

@00 Low Limited confidhence n The ofect estimate
BOOC0 VERYLOW  Very intie confidence in the sffect sxtimate
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