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Gram-negative bacteria in nosocomial
pneumonia: a systematic review and Bayesian
network meta-analysis

David Luque Paz"*'®, Dara Chean?, Pierre Tattevin'?, Damien Luque Paz*’, Betsega Assefa Bayeh®,
Achille Kouatchet?, Delphine Douillet’#°" and Jérémie Riou'®''"

Abstract

Background Multiple randomized controlled studies have compared numerous antibiotic regimens, including new,
recently commercialized antibiotics in the treatment of nosocomial pneumonia (NP). The objective of this Bayesian
network meta-analysis (NMA) was to compare the efficacy and the safety of different antibiotic treatments for NP.

Methods We conducted a systematic search of PubMed, Medline, Web of Science, EMBASE and the Cochrane Library
databases from 2000 through 2021. The study selection included studies comparing antibiotics targeting Gram-neg-
ative bacilli in the setting of NP. The primary endpoint was 28 day mortality. Secondary outcomes were clinical cure,
microbiological cure and adverse events.

Results Sixteen studies encompassing 4993 patients were included in this analysis comparing 13 antibiotic regi-
mens. The level of evidence for mortality comparisons ranged from very low to moderate. No significant difference
in 28 day mortality was found among all beta-lactam regimens. Only the combination of meropenem plus aero-
solized colistin was associated with a significant decrease of mortality compared to using intravenous colistin alone
(OR=0.43; 95% credible interval [0.17-0.94]), based on the results of the smallest trial included. The clinical failure
rate of ceftazidime was higher than meropenem with (OR=1.97; 95% Crl [1.19-3.45]) or without aerosolized colistin
(OR=1.40; 95% Crl [1.00-2.01]), imipemen/cilastatin/relebactam (OR=1.74; 95% Crl [1.03-2.90]) and ceftazidime/
avibactam (OR=1.48; 95% Crl [1.02-2.20]). For microbiological cure, no substantial difference between regimens
was found, but ceftolozane/tazobactam had the highest probability of being superior to comparators. In safety analy-
ses, there was no significant difference between treatments for the occurrence of adverse events, but acute kidney
failure was more common in patients receiving intravenous colistin.

Conclusions This network meta-analysis suggests that most antibiotic regimens, including new combinations

and cefiderocol, have similar efficacy and safety in treating susceptible Gram-negative bacilli in NP. Further studies are
necessary for NP caused by multidrug-resistant bacteria.
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Introduction

Over the two last decades, bacterial multidrug resist-
ance (MDR) has emerged and spread widely all around
the world. The burden of this issue was estimated to
be around five million deaths associated with bacterial
resistance in 2019 [1]. The World Health Organization
emphasized that it represents one of the biggest threats
to global health by putting the achievements of modern
medicine at risk [2]. Among emerging MDR bacteria,
Gram-negative bacilli (GNB) are at forefront of concerns
[3]. Consequently, rates of infections due to third-gener-
ation cephalosporin-resistant Enterobacterales (3GCRE)
have dramatically increased in most countries [4, 5].

New antibiotics have recently been developed to offer
alternatives in the treatment of infections due to MDR
or extensively drug resistant (XDR) GNB. However, the
emergence of metallo-beta-lactamase and class D beta-
lactamase producing bacteria has made antimicrobial
treatment challenging despite the development of these
new antibiotics.

Nosocomial pneumonia represents the second most
frequent healthcare-associated infection [6], of which
GNB are leading pathogens [7]. Nosocomial pneumonia
(NP) includes hospitalized-acquired pneumonia (HAP)
and ventilator-acquired pneumonia (VAP) which carry
high attributable costs as well as high morbidity and
mortality [8].

Four new antibiotics including three combinations of
beta-lactam/beta-lactamase inhibitor (BLBLI)—namely
ceftolozane/tazobactam, ceftazidime/avibactam, imipe-
men/cilastatin/relebactam—and cefiderocol have been
assessed in separate randomized controlled trials (RCTs)
and then commercialized in the treatment of nosocomial
pneumonia [9-12]. Most of these RCTs demonstrated a
non-inferiority versus comparator (meropenem or piper-
acillin/tazobactam), but no study compared theses dif-
ferent molecules face-to-face. In this Bayesian network
meta-analysis (NMA), we aimed to assess the efficacy
and safety of antibiotics targeting GNB used in the treat-
ment of nosocomial pneumonia and compare them, in
order to determine the best available treatment.

Material and methods

This study was a systematic review with Bayesian NMA
performed in accordance with the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISMA) recommendations statements [13]. The pro-
tocol was registered in the PROSPERO database prior to
study initiation (CRD42021226603).
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Search strategy

Two authors (DLP, DC) conducted a systematic search
of PubMed, Medline, Web of Science, EMBASE and the
Cochrane Library databases from January 1st, 2000, to
December 31st 2020 for studies comparing antibiot-
ics in the treatment of NP, including VAP, with avail-
able data on outcomes in each group of treatment. We
initially used a broad search strategy by using MeSH
search terms detailed in the Additional file 6.

Among records identified, we restricted the search
for articles written in English dealing with human
adults. We excluded studies which were performed
on animals or specific populations (pregnant women,
children). We also excluded studies focusing on com-
munity-acquired pneumonia or with mixed infection
types. In the remaining articles, we sought studies
which reported mortality data for each group of antibi-
otic treatment. Particular attention was paid to the risk
of duplicate reports, and whenever identified, duplicate
studies were excluded.

Eligibility criteria and study selection

First, we included RCTs, clinical trials, observational
comparative studies that compared outcomes in
patients who had received different antibiotics target-
ing GNB in confirmed nosocomial pneumonia. Inclu-
sion and exclusion criteria are fully detailed in the
Additional file 6. These studies had to provide 28 day
mortality rates (or if not available, in-hospital or crude
mortality rates with follow-up exceeding 14 day) for
each treatment group. We did not include preprints or
non-peer-reviewed works.

The articles were first screened by two authors (DLP,
DC) independently based on title and abstract. Selected
articles were assessed by full-text reviewing and stud-
ies fulfilling the predetermined inclusion criteria were
included. In addition, reference lists of relevant arti-
cles were screened using the snowballing method. All
disagreement over study inclusion led to discussion in
order to find a consensus or, if necessary, were solved
by the adjudication of a third author (DD). We excluded
articles reporting subgroup analyses data that overlap
with other studies. Participants, study design and com-
parisons of all included studies are described in Table 1.

Assessment of risk of bias

Risk of bias (RoB) for studies included in the NMA
was independently assessed by two authors (DLP,
DC), and a third author (DD) was solicited to solve
disagreements.



Page 3 of 13

66

(2024) 14

Luque Paz et al. Annals of Intensive Care

YN 4 el € 4 143 YN 9+991 YN LL L'SLFE9 9s VA papun4 owlipizeys)
VYN € ¥l 9 S 144 YN LSFS91L YN 69 LELFSILY YA4 69 papuny wauadosBy [B 19 WIS
Sl VN [0 L 8l YN YN VN0 1'6L 8l 33 papun4 wauadoiay
wereq
Sl YN ¢ ¢ 9 6l YN VYN YN 0 9L 8l I papun4 -ozej/uljjdeiadld  |e 19 Olewewes
weideq
YN 6 e L 8¢ 86 6 YN Ll €6 68LFE6S Y/ 6L papung -ozej/uljjpeiadid
YN 4 [ 0¢ 6 1c YN 8 S0l C6LFGLS 86 PEL papun4 wauaduog |© 12 01aN-e3Yy
6l 8l SLo8 Sl 58 (cz—€1) L1 L1 TLL(0£-0S *HOI) $'09 18 L1 wapuadapu wiauzdoisy
(Zand!
6l 9l 6l ¢l 4 68 YOI 61 Lz 0zl (L/-6¥:d0l) €9 6 0zl wuspuadapu UnRsiioD Al |B313 SoIausD
LLL 14! 9 L6 LEL 87 LSFYLL oy ¥9¢ CLLFG6S SSC $9¢ popung wauadosy
weldeq
86 ¥C €9 1S 98 /51 49 CSFGLL ST 9t L91LF509 9C 9¢ papun4-oze| /ouezojoya) [B 39 J9||OH
unel
0S ol oL ¥l 0¢ 9 8 YN S CLL S8LFIVS SL 48 papung  -sejin/wauadiu]
0S Sl L9 6l 59 €l YN 9 GlLlL SILFGLS 4 GlLL papun4 wauaduog |2 19 J9||0)
unel
0€ YN vl Ol oL 8 8 YN LLcel 61LF¢€0S L6 Ze1 wspuadapy|  -sejD/wauadiw
143 YN 0 ¢l Sl 6 €l YN €L 9l 961 +£0S 0l 9| 1uspuadspul wauaduog |e 19 an5eyD
unel
YN YN YN YN YN YN YN ErFEEL VN 1T 8ELFLSY 9 LLL uspuadapu|  -se|D/wauadiu]
weldeq
YN YN YN VN YN YN YN (rFsel YN L€ LELF¥89 /L 0l uspuadapu| -oze| uljjdeladid [CRERIIVIIERIS
8l YN Se 8l 6t 881 8l YF6VL Sl 8l Y/LF6'19 (744 0L€ papun4 wauadosay
weldeq
€38l YN oLl LE €Ll 8l V+SyL 6l 8Ll 991+ 19 89¢ 95¢ pspung  -IAy/sWIpizelys) |e 12 sallo]
6l 174 v¢ 144 SOl LS 69F¥ 9L YN €9 L'SLF+¥'59 L0l [yl papun4 wauadossy
0¢ €C ¢ 6l 8 cLl A4 1'9F91 YN 8§ 9L F919 66 Sl papuny [03019pYa)  [e 32 HUlSPUNM
unel
e 8 6C ¢ 9L V4 YN €987l YN 99 8LFES /9 Lot papung  -seji/wauadiw|
L€ 4! €& /L 8l LL YN 99F96G1L YN 99 8LFSS 4 801 papuny awidageD [ERERREN [y
wieyoeq
6 9¢ 8y L€ €S 8¢ 09 L9F8YL 9l 9¢l 7’8l F88S 681 19T papung -ozej/uljjioesadid
weydegajay/un
6% [43 e 0¢€ 85 Sle VA C9F9vlL Sl ccl 691+509 8/1 79¢ papun4-eise|iD/wauadiw| |e 32 A0
(aND) (uw - gsFuesw N
uoneudWNdop IUbWNDq Dbsouibniap 110> susboyled /jw 09>|D) ‘21005 || N N ‘xswuaned uawibas
oN v d ‘'3Japiuownaud-y pajuswnd0g 3injiej jeusdy aydedy elwaeidldeg dyAds Fueaw a6y ‘1sapuab ajepy JoqN Buipung anoiquuy Joyiny

sisA|eue |euy a1 J0j paulRIaI S|elIY U SDASHSIdRIRYD JUljsey | ajqeL



Page 4 of 13

(2024) 14:66

Luque Paz et al. Annals of Intensive Care

uney
YN 8 /1 0l 45 Lzt YN el 'amad 60CFLCS 8¢l Sle papuny  -sejin/wauadiu]
wieydeq
YN 6 8L G 7l S YN 6¢l YN /Gl L'6LFCES €L [444 papuny -ozej/uijjpeiadid [e 19 1ysor
YN 0 L L 6¢ 4 S9F691 YN L€ 0C+509 9C 9¢ papun4 swlipizeysd
wieydeq
YN 4 ¥l G L 79 14 99%59l YN SL LLF LS 9 38 papuny -oze] /ujjjipeiadld e 19 BUWIST-ZaIeAlY
(SV)
unsIoD+ wau
0 0 0 0 0¢ 0¢ 14 SSF6'8L YN  0€ 9GLF6GS 44 0€ uspuadapul -adosspy
0 0 0 0 o€ o€ 4 yFL8L VN Of 6LLFT95 91 0¢ apuadapu (A) UBsIoD  [e 12 Wejes|apay
uney
YN € 4} L L 7€ 0 98F6¢cl YN  v€ L1LF19 SC ¢ wspuadapu|  -se|D/wauadiw|
N 9 [ L Iy 7 S/FgEl N L VLT 3 L Juspuadapul  upexoyoidid e 32 sa110].
(aND) (ulw gsFuesw N
uoneUAWINDOP lUDWNDG Dbsoutbniap 110> susaboyled  /jw 09>|D) ‘21005 || N N ‘xsiuaned uawiBbas
oN v d ‘Javluownaud‘y pajusdWINd0Q dinjiey jeudy aydedy elwseialdeg ‘dyAQs Fueaw ‘aby ‘1apuab ajep JOqN Buipung snoiqruy Joyiny

(PanupuOd) | 3jqey



Luque Paz et al. Annals of Intensive Care (2024) 14:66

Outcomes definition

The primary outcome was all causes 28 day mortality.
Clinical cure, microbiological cure and the occurrence
of adverse effects were assessed as secondary outcomes.
Clinical cure was defined as resolution or substan-
tial improvement of baseline symptoms/signs and the
absence of additional antibiotic treatment at the end of
treatment or test-of-cure visit. Microbiological cure was
achieved when baseline Gram-negative pathogen(s) were
eradicated or presumed to be eradicated on clinical cul-
ture specimen at the end of treatment of test-of-cure
visit.

Statistical analysis

In this study, a Bayesian network meta-analysis with an
unconstrained random effect model was performed.
Gibbs sampler in Bayesian hierarchical model with bino-
mial prior distribution was used to assess the consistency
of estimates. Odds Ratio (ORs) with their 95% credible
interval (95% Crl) was used to summarize to treatment
effect. Convergence of relative treatment effects, baseline
effect, and heterogeneity parameter was tested using the
Brooks-Gelman-Rubin statistics. A node-splitting model
was performed for all loops of the network to detect the
inconsistency between direct and indirect comparisons
[14].

A probabilistic analysis was also realized and sum-
marized using the surface under the cumulative rank-
ing curve (SUCRA), and an overall ranking based on the
probability that a treatment was the most effective for the
outcome of interest. A subgroup analysis was performed
according to risk of bias.

Furthermore, network meta-regressions were realized
to assess different treatment effect: age, kidney failure,
adjunctive use of amikacin, non-fermenting GNB, sever-
ity at randomization and study design.

All statistical analysis were performed using R software
version 4.0.3 (R Foundation for Statistical Computing).
These analyses required the use of the following R pack-
ages: “bnma’; “rjags’, and “ggplot2”.

Results

Characteristics of included trials

A total of 5113 citations were initially identified, of which
4540 articles were screened. After screening for exclu-
sion criteria, 114 studies were full text reviewed. Only
RCTs met inclusion criteria, and all observational studies
were excluded. The process of inclusion and exclusion is
detailed in the PRISMA diagram (Fig. 1). Accordingly, 16
RCTs of 13 antibiotic regimens were included in the final
analysis for the present NMA [9-12, 15-26].

References and characteristics of trials finally included
are summarized in Table 1. A total of 4993 participants
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were included for the primary endpoint across 16 tri-
als. Baseline characteristics were reported for 4568
patients of which 3215 (70.4%) were men, mean age
was 59.5 years. VAP was found in 3121 (68.2%) patients
enrolled in 15 of the 16 RCTs. Kidney failure, defined by
a creatinine clearance <60 ml/min, was reported in 451
patients. A bacterial pneumonia was documented in 2738
patients among 15 RCTs. Main pathogens identified were
K. pneumonia (n=745), P. aeruginosa (n=651), E. coli
(n=361) and A. baumannii (n=288). Clinical outcomes
are compiled in Table 2.

Risk of bias assessment and certainty of evidence

Thirteen trials provided a detailed and adequate ran-
domization process. Two studies had a major deviation
from the intended intervention [19, 26]. Only one trial
suffered from concerns about missing data [16]. Nine
trials were open-label studies and five were evaluated by
investigator in charge of included patients, which were at
high risk of bias in measurement of the outcome. The risk
of bias was low, intermediate and high in six, three and
seven trials respectively (Fig. 2). The certainty of evidence
evaluating the head-to-head comparisons between differ-
ent antibiotic regimens was assessed using the GRADE
approach (Additional file 1: Table S1).

Network

The visualization of network geometry of comparisons in
all RCTs is shown in the Fig. 3. This network contained
two closed loops consisting of three nodes and eight
direct comparisons, which assessed a total of 13 antibi-
otic regimens.

Primary outcome: 28-day mortality

Twelve of the 16 RCTs reported precisely 28-day mor-
tality as an endpoint. Two trials mentioned in-hospital
mortality [16, 24] and two other trials reported crude
mortality rates [23, 26]. Meropenem plus an adjunc-
tive aerosolized colistin was associated with a signifi-
cant decrease of mortality compared to colistin only
(OR=0.43; 95% Crl [0.17-0.94]). There were no sig-
nificant differences for mortality among all others com-
parisons between antibiotic regimens. The results are
summarized in Additional file 2: Fig. S1. None of the
covariates improved the fit of the model in meta-regres-
sion analyses and therefore explained variation in treat-
ment effects. Comparisons of antibiotic regimens using
piperacillin/tazobactam as comparator are represented in
Fig. 4.

The inconsistency of the model was tested on the
direct comparison loops with a non-significant p-value
(p=0.96) allowing whole network estimates. The ranking
of the probability for being the most effective treatment
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Identification of studies via databases and registers }

Abstracts excluded

n= 4426

Full-text articles excluded

- Records identified through database
g search (PubMed, Cochrane Library,
S Web of Science, Embase)
=
5 n=5113
T
'
Records after duplicates removed
= n= 4540
c
=
@
o
& Records screened
n= 4540
— !
M
> Full-text articles assessed for the eligibility
= n= 114
m
—
)
® Studies included in review
|
g n=16
—

Fig. 1 PRISMA diagram of the study selection process

in terms of mortality is represented in Table 3. Merope-
nem plus aerosolized colistin had the highest likelihood
of being top ranked (SUCRA =92.0%), followed by imipe-
nem/cilastatin (SUCRA=72.2%) and imipenem/cilasta-
tin/relebactam (SUCRA =68.9%), while ciprofloxacin had
the lowest (SUCRA =24.0%). Assessment of transitivity
is detailed in the Additional file 6. We found no concern
about the transitivity across the comparisons. In addi-
tion, a subgroup analysis according to the risk of bias was
not possible because no loop was present.

Secondary outcomes

Clinical cure

Data on clinical cure were available in all 16 included
RCTs. Meropenem with (OR 1.97; 95% CrI [1.19-3.45])
or without aerosolized colistin (OR 1.40; 95% CrI [1.00—
2.01]), imipemen/cilastatin/relebactam (OR 1.74; 95%
Crl [1.03-2.90]) and ceftazidime/avibactam (OR 1.48;
95% Crl [1.02-2.20]) were associated with higher clini-
cal cure rates compared to ceftazidime. Clinical cure was
also higher in patients treated by meropenem plus aero-
solized colistin in comparison with intravenous colis-
tin alone (OR 1.48; 95% Crl [1.06—2.23]). There were no

n=98

Exclusion criteria : 15

Subgroup studies: 6

Missing data : 10

Wrong study design : 24

Wrong outcome type : 10

Multiple antibiotic use (no head-to-head
comparison): 33

significant differences for clinical cure across the com-
parisons between other regimens (Additional file 3: Fig.
S2). The inconsistency of the model was tested on the
direct comparison loops with a non-significant p-value
(p=0.16) allowing whole network estimates. Merope-
nem plus aerosolized colistin (SUCRA 86.5%) and imipe-
men/cilastatin/relebactam (SUCRA 80.7%) were the two
treatments with the highest probability of being superior
to comparators, while ceftazidime had the lowest prob-
ability of being the most effective therapy (SUCRA 4.0%)
(Table 3).

Microbiological cure

Microbiological cure was reported in 15 trials. In com-
parison with ceftazidime, ceftolozane/tazobactam (OR
1.62; 95% Crl [1.16-2.31]), intravenous colistin (OR 1.52;
95%Crl [1.01-2.35]) and meropenem (OR 1.41; 95% Crl
[1.05-1.94]) were associated with increased microbio-
logical cure. Patients treated by ceftolozane/tazobactam
had higher microbiological cure than those treated by
piperacillin/tazobactam (OR 1.42; 95% Crl [1.07-2.01])
or ceftazidime/avibactam (OR 1.33; 95% CrI [1.07-1.68]).
All other comparisons between antibiotic regimens were
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Author Antibiotic regimen Mortality rate, % (n/N) Clinical cure, % (n/N) Microbiological
success, % (n/N)
Titov et al Imipenem/Cilastatin/Relebactam 15.9 (42/264) 61(161/264) 7.9 (146/215)
Piperacillin/Tazobactam 4(57/267) 558 (149/267) 61.9(135/218)
Zanetti et al Cefepime 25.9(28/108) 704 (76/ 61 (47/77)
Imipenem/Cilastatin 18.8 (19/101) 743 (75/ ) 3.5(38/71)
Wunderink et al Cefiderocol 20.7 (30/145) 64.8 (94/1 45) 0.7 (59/145)
Meropenem 20.4 (30/147) 66.7 (98/147) 1.5(61/147)
Torres et al Ceftazidime/Avibactam .2 (29/356) 51.4(132/257) 55.6 (95/171)
Meropenem .8 (25/370) 485 (131/270) .1(118/184)
Schmitt et al Piperacillin/Tazobactam 15. 9( 7/107) 59.8 (64/107) 34.6(37/107)
Imipenem/Cilastatin 0(11/110) 66.4(73/110) 464 (51/110)
Chastre et al Doripenem (27/249) 68.3 (86/126) 69 (80/116)
Imipenem/Cilastatin (24/252) 64.8 (79/122) 64.5(71/110)
Kollef et al Doripenem 20.9 (24/115) 45.6 (36/79) 45.6 (36/79)
Imipenem/Cilastatin 3(16/112) 56.8 (50/88) 56.8 (50/88)
Kollef et al Ceftolozane/Tazobactam (87/362) 54.4(197/362) 53.3(193/362)
Meropenem 253 (92/364) 53.3(194/364) 46.2 (168/364)
Cisneros et al IV Colistin 22.5(27/120) 68.3 (82/120) 56.1 (46/82)
Meropenem 214 (24/112) 723 (81/112) 51.2(42/82)
Réa-Neto et al Doripenem 13.8 (30/21 7) .3(109/134) 84.8 (84/99)
Piperacillin/Tazobactam 14.6 (31/212) 79.8 (95/119) 80.6 (83/
Yamamato et al Piperacillin/Tazobactam 9(1/34) 75.9(22/29) 84.2 (16 )
Meropenem .1(3/33) 64.3 (18/28) 94.4(17/18)
Lerma et al Meropenem 23.2 (16/69) 56.5 (39/69) 55.1 (38/69)
Ceftazidime 282 (20/71) 40.8 (29/71) 33.8(24/71)
Torres et al Ciprofloxacin 19.5 (8/41) 70.7 (29/41) 488 (20/41)
Imipenem/Cilastatin 11.8 (4/34) 794 (27/34) 0(17/34)
Abdelsalam et al Colistin (IV) 43.3(13/30) 56.7 (17/30) NA
Meropenem + Colistin (AS) 16.7 (5/30) 83.3(25/30) NA
Alvarez-Lerma et al Piperacillin/Tazobactam 30.7 (27/88) 0 (44/88) 62 (31/50)
Ceftazidime 22.2 (8/36) 444 (1 6/36) 65 (13/20)
Joshietal Piperacillin/Tazobactam 104(23/222) 54.5(121/222) 72.3(112/155)
Imipenem/Cilastatin 9(17/215) 51.6(111/215) 76.9(93/121)

not significant (Additional file 4: Fig. S3). The inconsist-
ency of the model was tested on the direct comparison
loops with a non-significant p-value (p=0.06) allowing
whole network estimates. Ceftolozane/tazobactam was
the treatment with the highest probability of being supe-
rior to comparators (SUCRA 89.6%), while ceftazidime
had the lowest (SUCRA 9.9%) (Table 3).

Adverse events

Adverse events were reported in 15 trials. There were no
significant differences between treatments in the occur-
rence of at least one adverse event among trials. Mero-
penem had the highest probability of being the treatment
with the fewest adverse events (SUCRA =74.5%), while
ciprofloxacin had the lowest probability (SUCRA =4.8%)

(Table 3). Information regarding the severe drug-related
adverse events and drug-related discontinuation were
reported in 10 and 8 trials, respectively. Additional analy-
sis on these events were not allowed by NMA because the
corresponding networks did not include any closed loop.
Types of adverse events are specified in the Additional
file 5: Table S2. Acute kidney injury (AKI) was reported
in 13 of the 16 RCTs, and the greatest proportion of AKI
occurred in patients treated by intravenous colistin (17%,
N =25/150). Data about epilepsy were available in 6 tri-
als, of which imipenem/cilastatin had the most important
seizure rate (4%, N=10/263). Abnormal hepatic function
and Clostridium difficile infections were reported in five
and four studies respectively, and were uncommon (0.9,
0.8%).
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Bias arising from the randomization process

Bias due to deviations from intended interventions
Bias due to missing outcome data

Bias in measurement of the outcome

Bias in selection of the reported result

Overall risk of bias
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Table 3 SUCRA results in primary and secondary outcomes for the treatment of HCAP

Treatment Mortality Clinical success Microbiological success Adverse events
SUCRA Rank SUCRA Rank SUCRA Rank SUCRA Rank
Ceftolozane/Tazobactam 55.2 4 436 9 89.6 1 61.5 6
Ceftazidime/Avibactam 33.1 12 51.5 7 359 10 71.2 2
Cefiderocol 486 5 326 11 59.2 5 66 3
Cefepime 36 1 526 6 69.1 3 17.1 1
Ceftazidime 47.5 6 4 13 9.9 12 64.2 5
Piperacillin/Tazobactam 3838 10 58.6 5 19.3 11 359 10
Doripenem 419 9 64 4 37.7 9 534 7
Imipenem/Cilastatin 72.2 2 66 3 44.8 8 41 9
Imipenem/Cilastatin/Relebactam 68.9 3 80.7 2 45.8 6 45.1 8
Meropenem 46.9 7 387 10 66.7 4 74.5 1
Meropenem + Colistin (AS) 92 1 86.5 1 NA NA NA NA
Colistin (IV) 45 8 269 12 76.7 2 65.2 4
Ciprofloxacin 24 13 44 8 453 7 48 12

Discussion

This NMA including 16 trials evaluated the efficacy and
the safety of 13 antibiotic regimens for the treatment
of NP in approximately 5000 hospitalized patients. For
28 day mortality, we found no substantial differences
between regimens. To our knowledge, this Bayesian
NMA is the first to compare the efficacy of antibiotics

targeting GNB in the setting of NP. In the field of nosoco-
mial pneumonia, almost all RCTs are non-inferiority tri-
als, using piperacillin or carbapenem as comparator. It is
therefore unlikely that new antibiotics will be compared
with each other in further large randomized trials. Based
on direct and indirect comparisons, our work underlines
important findings.
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First, there were no significant differences between new
antibiotics in terms of efficacy or safety. Importantly, the
lack of difference among the antibiotic regimens does not
imply that they are equal. In these non-inferiority trials,
new antibiotics were started as empirical treatment of
nosocomial pneumonia and pursued even if an antimi-
crobial de-escalation was possible. Current guidelines
highly recommend the use of new BLBLI or cefiderocol
in MDR/XDR infections after antibiotic stewardship con-
siderations [27]. A major issue of this NMA is that analy-
ses were unable to compare these new antibiotics in their
real-life use in cases of bacterial resistance, considering
intrinsic differences in spectrum or antimicrobial activity.

Interestingly, the only significant difference in mortality
analysis was found in favor of using aerosolized colistin
associated to meropenem over intravenous colistin. This
result relies on a small trial which included 30 patients
with VAP caused by MDR K. pneumoniae in each arm.
This finding is consistent with previous trial, in which IV
colistin alone showed a trend towards higher in-hospital
mortality compared to a combination of IV/AS colistin
in the treatment of MDRGNB in ICU [28]. Two obser-
vational studies and one NMA evaluating the adjunction
of AS colistin found a benefit in clinical cure and micro-
biological eradication in the treatment of VAP [29-31].
The inferiority of IV colistin in the setting of pneumo-
nia could be explained by its poor distribution into lung
parenchyma (improved with inhaled use) and its nephro-
toxicity [32]. Another hypothesis could be that this
finding, derived from a small-sized RCT may indicate
inconsistency within the network analysis. Indeed, most
registration trials included hundreds of participants and
targeted non-inferiority compared to a comparator, while
this RCT (conducted in a MDR setting) is the only trial
included in this NMA with significant differences in mor-
tality rates between the two arms. This could lead to an
overestimation of this result.

Microbiological data is a key issue and the source of
heterogeneity among the included trials. Only one study
was based on proven bacterial documentation at rand-
omization [24]. To obtain culture-documentation is one
of the challenges in nosocomial pneumonia, but the stud-
ies in this NMA reported high rates of isolated patho-
gens. For example, in RESTORE-IMI 2 and APEKS-NP
trials, pneumonias were culture-documented in more
than 80% of cases. However, real-life data showed that
pathogens are identified on culture only in 50% of these
patients [37]. This emphasizes the discrepancies between
registration trials and clinical practice attributable to
selection bias, introducing heterogeneity to the analyses.

This meta-analysis compiled data on various regimen
of antibiotics targeting GNB. Across the last two decades,
antibiotic’s resistance has raised dramatically, especially
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in Enterobacterales. For example, 3GCRE have emerged
and represents one third of infections in some ICUs [33].
As a consequence, empirical treatment of NP relies on
broad-spectrum antibiotics. This may explain why cef-
tazidime was associated with the lowest probability of
clinical and microbiological cure despite its excellent
activity against P. aeruginosa, including in the setting of
respiratory infections [34]. Furthermore, it has been well-
established that ceftazidime is inferior to comparators
as empiric treatment in febrile neutropenic patients [35,
36]. On the other hand, our findings do not advocate for
using the empirical antibiotic with the largest spectrum
regimen available. Indeed, most regimens compared in
this NMA had no significant differences between them in
terms of mortality, clinical or microbiological cure.

The tolerability of antibiotics is another key element in
the rationale of prescription. Because most antibiotics
had similar clinical outcomes, the occurrence of adverse
effects is even more important. Intravenous colistin is
associated with important nephrotoxicity [37]. The two
trials using intravenous colistin included on our NMA
confirm this trend with 17% rates of acute renal failure
[19, 24]. Another important issue is the neurologic toler-
ance to antibiotics, especially beta-lactams, colistin and
quinolones. The occurrence of seizures were sparsely
recorded in trials, but as expected, imipemen/cilastatin
was the treatment with the highest risk of seizures (4%)
[17]. Surprisingly, no epilepsy was reported among the
266 patients treated by imipenem/cilastatin/relebactam
[11]. This could be related to the relatively low dose of
imipenem (2 g/d) administered, which may limit the risk
of seizures [38]. This suggests that antibiotics are well tol-
erated in the setting of nosocomial pneumonia, with the
exception of intravenous colistin.

This study has limitations. First, among the 16 RCTs
included in this NMA, only six (38%) were considered at
low risk of bias. The network of these six trials did not
contain a closed loop, which prevented us from perform-
ing sensitivity analyses to estimate difference of treat-
ment effects in studies with low risk of bias. Second, this
NMA did not integrate antibiotics dosages or treatment
durations in the analyses. However, trials have demon-
strated that a short treatment is non-inferior to longer
antibiotic courses in nosocomial pneumonia [39-41].
Moreover, standard doses of antibiotics in lung infections
are often sufficient, except for critically ills patients [42].
This is why these two variables not taken into account
would probably not have had an impact on our analyses.
Third, the network of this NMA contained more indi-
rect than direct comparisons. In addition, heterogeneity
among studies and the presence of outliers might have
influenced the SUCRA analyses, potentially leading to
instability in the findings related to efficacy and safety.
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Fourth, subgroup analyses according to the severity or
to the bacteria would be clinically relevant but cannot be
performed because of the lack of closed loop in dedicated
networks. To address these points, an individual person-
alized data NMA should be performed. Fifth, registration
trials in this meta-analysis excluded MDR/XDR patho-
gens. As a consequence, the findings of this meta-analysis
may not be generalizable to difficult-to-treat resistant
GNB infections in which antibiotic stewardship remains
pivotal. All the limitations mentioned above lead to con-
ditional findings.

Conclusions

This NMA provides data suggesting that most of beta-
lactams regimen had similar outcomes in terms of efficacy
and safety, including new BLBLI in the treatment of NP.
Considering the very low to moderate certainty of evi-
dence for the comparisons assessed in this meta-analysis,
further studies are needed, especially in the field of multi-
drug-resistant Gram-negative bacterial pneumonia.
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