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Abstract
Background  Severe community-acquired pneumonia (SCAP) remains a leading cause of morbidity and mortality 
worldwide. Identifying the optimal antibiotic regimen for treating SCAP is crucial for improving patient outcomes.

Methods  We searched the PubMed, Embase, and Cochrane Central Register of Controlled Clinical Trials databases to 
identify studies reporting initial empirical antibiotic regimens in patients with SCAP. We performed a network meta-
analysis to compare the relative efficacy of different antibiotic regimens in treating SCAP. The primary outcome was 
overall mortality. The second outcomes were 30-day mortality and in-hospital mortality.

Results  This network meta-analysis included 1 randomized clinical trial and 13 observational studies with 8142 
patients, categorized into five treatment groups: β-lactam antibiotics, β-lactam antibiotics plus doxycycline, β-lactam 
antibiotics plus fluoroquinolones, β-lactam antibiotics plus macrolides, and fluoroquinolones monotherapy. β-lactam 
antibiotics plus macrolides was ranked as the most effective treatment (surface under the cumulative ranking curve, 
92.0%; mean rank, 1.3). The β-lactam antibiotics plus macrolides combination significantly reduced overall mortality 
compared to β-lactam antibiotics alone (RR, 0.79; 95% CI, 0.64–0.96) and β-lactam antibiotics plus fluoroquinolones 
(RR, 0.67; 95% CI, 0.64–0.82).

Conclusion  Our findings suggest that β-lactam antibiotics plus macrolides may be the optimal treatment for SCAP. 
β-lactam antibiotics monotherapy and β-lactam antibiotics plus fluoroquinolones should not be recommended due 
to their inferior outcomes.
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Introduction
Severe community-acquired pneumonia (SCAP) is the 
most life-threatening form of community-acquired 
pneumonia (CAP) and often necessitates intensive 
care unit (ICU) admission due to invasive mechanical 
ventilation or septic shock requiring vasopressors [1]. 
The overall mortality rate for SCAP exceeds 20%, and 
it is a leading cause of acute respiratory distress syn-
drome [2]. Studies indicate that early administration 
of antibiotics can reduce hospital mortality and ICU 
admission rates, so an appropriate initial antibiotic 
regimen is important for patients with SCAP [3].

The most frequently identified pathogens causing 
SCAP are Streptococcus pneumoniae, Staphylococcus 
aureus (including MRSA), Pseudomonas aeruginosa, 
and other gram-negative bacteria, viruses, and atypi-
cal pathogens [4, 5]. Understanding these pathogens is 
critical, as it informs the selection of appropriate ini-
tial empirical antibiotic regimens, which are essential 
for reducing mortality and ICU admissions in SCAP 
patients. The Infectious Diseases Society of Amer-
ica and American Thoracic Society (IDSA/ATS) and 
the latest European community-acquired pneumonia 
(CAP) guidelines recommend a β-lactam antibiotics 
plus a macrolides for patients with SCAP. The com-
bination of a β-lactam antibiotics and a respiratory 
fluoroquinolones, however, remains controversial and 
lacks definitive evidence to support its superiority [6, 
7]. Moreover, recent retrospective cohort studies have 
suggested that β-lactam antibiotics plus macrolides, 
fluoroquinolones monotherapy, and β-lactam anti-
biotics plus doxycycline may yield similar outcomes 
in non-severe CAP [8]. However, few studies have 
directly compared fluoroquinolones monotherapy and 
β-lactam antibiotics plus tetracycline in SCAP [9–11]. 
Despite the recommendations provided by guidelines, 
the optimal antibiotic regimen for SCAP remains a 
subject of ongoing debate. Questions persist regard-
ing whether a β-lactam antibiotics plus macrolides 
combination is superior to a β-lactam antibiotics plus 
fluoroquinolones, and the efficacy of fluoroquinolones 
monotherapy and β-lactam antibiotics plus doxycy-
cline as potentially suboptimal options is still unclear. 
Conventional pairwise meta-analyses, which rely on 
direct comparisons, are relatively limited and pose 
challenges in evaluating these antibiotic regimens. 
Therefore, we conducted a network meta-analysis 
(NMA) to gain a more comprehensive understanding 
of the outcomes associated with different antibiotic 
treatments.

Methods
Protocol and registration
This NMA was conducted following the Preferred 
Reporting Items for Systematic Reviews and Meta-
Analyses for Network Meta-Analysis (PRISMA-NMA) 
guidelines (eTable 1) and was prospectively registered 
on PROSPERO (CRD42024574220) [12].

Literature search
We systematically searched PubMed, EMBASE, and 
the Cochrane Central Register of Controlled Clini-
cal Trials from inception to April 11, 2024, to identify 
relevant RCTs and observational studies evaluating 
empirical antibiotic therapy for SCAP. The complete 
search strategy is provided in eTable 2. Additionally, 
we conducted backwards citation searches by screen-
ing the reference lists of included studies for poten-
tially relevant articles.

Study inclusion and exclusion criteria
Studies were included if they met the following cri-
teria: (1) SCAP defined as meeting IDSA/ATS crite-
ria for SCAP or admitted to the ICU; (2) were RCTs 
or observational cohort studies comparing β-lactam 
antibiotics, fluoroquinolones, or β-lactam antibiotics 
based combination regimens; and (3) reported mor-
tality outcomes for at least two antibiotic regimens. 
Studies were excluded if they lacked a comparator 
group, involved hospital-acquired pneumonia (HAP) 
or ventilator-acquired pneumonia (VAP), or focused 
on targeted therapy based on known pathogen-specific 
results.

Data extraction
Two independent reviewers (XW and LW) extracted 
study characteristics, patient demographics, treatment 
regimens, and mortality outcomes. Discrepancies were 
resolved by discussion.

Quality assessment
Two authors (HZ and QW) independently performed 
the assessment, with any disagreements resolved 
through discussion. The quality of the evidence was 
evaluated using the revised tool for risk of bias (ROB2) 
for randomized controlled trials (RCTs) and the New-
castle-Ottawa Scale (NOS) for observational studies 
[13, 14].

Outcome measure
The primary outcome was overall mortality, used to 
evaluate the effectiveness of different antibiotic regi-
mens in SCAP treatment. When available, 30-day 
all-cause mortality was prioritized; otherwise, in-
hospital all-cause mortality was used. Secondary 
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outcomes included 30-day all-cause mortality and in-
hospital all-cause mortality analyzed separately.

Statistical analysis
This NMA was performed within a frequentist frame-
work using a random-effects model in Stata (net-
work and mvmeta packages) [15]. Mortality risk was 
estimated as relative risk (RR) with 95% confidence 
intervals (CIs), and results were visualized using for-
est plots and league tables. Treatment rankings for 
each outcome were determined by the surface under 
the cumulative ranking curve (SUCRA), where higher 
SUCRA values indicate better rankings [16]. To ensure 
result robustness, we evaluated inconsistency and het-
erogeneity [17]. Both overall and loop inconsistencies 
were assessed [15, 18], and heterogeneity was quanti-
fied using the restricted maximum likelihood method. 
A τ² value < 0.1 indicated low heterogeneity, 0.1–0.5 
indicated moderate heterogeneity, and > 0.5 indicated 
high heterogeneity [19]. Small-study effects were 
examined via funnel plots, with Egger’s test applied to 
detect publication bias. Statistical significance was set 
at P < 0.05.

Results
Characteristics of the studies
The flowchart of study selection for this network 
meta-analysis is shown in Fig. 1. In total, 1RCT and 13 
observational studies with 8142 patients were included 
[9, 20–32], including 5 groups: β-lactam antibiotics, 
β-lactam antibiotics plus doxycycline, β-lactam antibi-
otics plus fluoroquinolones, β-lactam antibiotics plus 
macrolides, and fluoroquinolones alone. The basic 
characteristics of the included studies are summarized 
in Table  1. The quality of studies included is summa-
rized in eTable 3 and eFigure 1.

Network geometry and synthesis of results
The network geometry for mortality is shown in Fig. 2. 
5 studies reported 30-day mortality, 4 studies reported 
in-hospital mortality, and 7 studies reported both.

The SUCRA values and treatment ranks for overall 
mortality are presented in Fig.  3A. β-lactam antibi-
otics plus macrolides had the highest rank (SUCRA, 
91.0%; mean rank, 1.3), followed by fluoroquinolones 
(SUCRA, 53.7%; mean rank, 2.9), β-lactam antibiotics 
plus doxycycline (SUCRA, 42.1%; mean rank, 3.3) and 
β-lactam antibiotics plus doxycycline (SUCRA, 41.6%; 
mean rank, 3.3). β-lactam antibiotics plus fluoroquino-
lones had the lowest rank.

β-lactam antibiotics plus macrolides didn’t show 
a significant reducing mortality compared to fluo-
roquinolones (RR, 0.86; 95% CI, 0.66–1.44) and 
β-lactam antibiotics plus doxycycline (RR, 0.80; 95% 

CI, 0.43–1.48). β-lactam antibiotics plus macrolides 
was associated with a significant reduction in mortal-
ity compared to β-lactam antibiotics (RR, 0.79; 95% CI, 
0.64–0.96) and β-lactam antibiotics plus fluoroquino-
lones (RR, 0.67; 95% CI, 0.64–0.82). The difference was 
not significant among other comparisons (Table 2A).

Secondary outcomes
To assess the effect of different antibiotic regimens on 
mortality over time, we evaluated both 30-day mor-
tality (Table 2B) and in-hospital mortality (Table 2C). 
β-lactam antibiotics plus macrolides and fluoroquino-
lones ranked first and second for both 30-day mortal-
ity and in-hospital mortality (Fig. 3B and C). β-lactam 
antibiotics plus fluoroquinolones ranked the lowest.

For 30-day mortality, β-lactam antibiotics plus mac-
rolides significantly reduced mortality compared to 
β-lactam antibiotics plus fluoroquinolones (RR, 0.73; 
95% CI, 0.58–0.91) but not compared to β-lactam anti-
biotics alone (RR, 0.77; 95% CI, 0.59–1.01) (Table 2B).

For in-hospital mortality, β-lactam antibiotics plus 
macrolides also showed a better mortality compared to 
β-lactam antibiotics plus fluoroquinolones (RR, 0.67; 
95% CI, 0.54–0.82) and β-lactam antibiotics alone (RR, 
0.78; 95% CI, 0.64–0.96) (Table 2C).

Heterogeneity, inconsistency, and small-study effects
Heterogeneity and inconsistency are shown in Table 3. 
Heterogeneity was low for all outcomes. Loop incon-
sistency for β-lactam antibiotics, β-lactam antibiotics 
plus fluoroquinolones, and β-lactam antibiotics plus 
macrolides was found for overall mortality (indirect 
effect estimate, 0.42; 95% CI, 0.03–0.81; P = 0.011) and 
30-day mortality (indirect effect estimate, 0.53; 95% 
CI, 0.14–0.91; P = 0.000) (eFigure 2 in the Supplement). 
A funnel plot was used to demonstrate small-study 
effects, revealing no publication bias visually (eFigure 
3 in the Supplement).

Discussion
To the best of our knowledge, we are the first to com-
bine both direct and indirect evidence to compare 
initial antibiotic options for patients with SCAP. Our 
analysis provides important insights to guide clinical 
decision-making regarding antibiotic choice for these 
patients. From our analysis, we derived several key 
findings: β-lactam plus macrolide emerged as the best 
choice for patients with SCAP, in alignment with inter-
national guidelines [6, 7] Fluoroquinolone monother-
apy can be considered a reasonable alternative when 
β-lactam plus macrolide is not appropriate. However, 
β-lactam plus fluoroquinolone should be avoided.

Early antibiotic therapy has been shown to reduce 
mortality in patients with SCAP [33]. Although 
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atypical microorganisms are responsible for 8–20% 
of SCAP cases, their role in the disease process is sig-
nificant [5, 34]. Therefore, empiric antibiotic treat-
ment targeting atypical pathogens is associated with a 
reduction in clinical failure rates among hospitalized 
adults with CAP [35, 36]. In addition to their antibac-
terial effects, macrolides possess broad anti-inflamma-
tory properties [37]. When combined with β-lactams, 
macrolides improve early clinical responses, reduce 

inflammation, enhance gas exchange, alleviate sepsis 
and organ failure, and lower mortality risk [38, 39]. 
Consistent with the result of a previous study [10], we 
recommend β-lactam plus macrolide as the preferred 
empirical antibiotic therapy for hospitalized patients 
with SCAP.

However, due to the increasing development of anti-
biotic resistance, especially to macrolides in countries 
with high prevalence of macrolides resistance [40, 41], 

Fig. 1  PRISMA flowchart
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the use of macrolides in combination with β-lactams 
may no longer be a rational choice. While previous 
studies have suggested that β-lactam plus macrolide 
is more effective than β-lactam plus fluoroquino-
lone in reducing mortality and length of hospital stay 
in SCAP [10], this does not mean that β-lactam plus 
fluoroquinolone is an appropriate alternative. No 
studies have directly compared β-lactam plus fluo-
roquinolone with fluoroquinolone monotherapy or 
β-lactam combined with other antibiotics (e.g., doxy-
cycline) targeting atypical microorganisms. Previous 
studies have reported that β-lactam plus macrolide, 
compared to fluoroquinolone or β-lactam plus doxy-
cycline, results in similar in-hospital mortality rates 
for patients with non-severe CAP [8, 11, 42–44]. One 
prospective observational cohort study also found no 
significant differences in in-hospital and 30-day mor-
tality between SCAP patients treated with β-lactam 
plus doxycycline or β-lactam plus azithromycin [9]. 
Our NMA results indicate that fluoroquinolone or 
β-lactam plus doxycycline may reduce mortality com-
pared to β-lactam plus fluoroquinolone, although this 
difference was not statistically significant. Importantly, 
the evidence for β-lactam plus doxycycline comes from 
a single observational study [9], and further research is 
needed to confirm this finding. Therefore, if β-lactam 
plus macrolide is not the first choice due to high resis-
tance, fluoroquinolone monotherapy could be a ratio-
nal alternative.

Our results also showed that β-lactam plus fluoro-
quinolone did not significantly differ from β-lactam 
monotherapy in mortality outcomes. Several studies 
suggest that β-lactam monotherapy is associated with 
worse outcomes, including higher mortality and lon-
ger hospital stays [45–48]. However, this may be due to 
the lack of direct comparisons between β-lactam plus 
fluoroquinolone and other guideline-concordant treat-
ments [22, 25, 49]. Given that β-lactam plus fluoroqui-
nolone provides similar bacterial coverage to β-lactam 
plus macrolide, no significant question has been raised 
about the recommendation of using β-lactam plus flu-
oroquinolone in patients with SCAP. Our NAM results 
indicate that β-lactam plus fluoroquinolone may be 
associated with lower efficacy compared to fluoro-
quinolone monotherapy (RR,1.30; 95% CI, 0.99–1.70). 
The exact reasons for this reduced efficacy remain 
unclear. One possibility is that the combination does 
not provide broader coverage of pathogens compared 
to fluoroquinolone monotherapy. Additionally, over-
use of antibiotics may lead to secondary infections, 
and disruption of the normal microbiota could exacer-
bate the inflammatory response, leading to worse out-
comes [50, 51]. Therefore, based on our findings, we 
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recommend against using β-lactam plus fluoroquino-
lone as the treatment for SCAP.

In recent years, novel antibiotics such as delafloxa-
cin and omadacycline have shown promising efficacy 
in treating CAP [52, 53]. However, these antibiotics 
should not be used as empirical treatments for SCAP 
in the initial stages due to insufficient clinical data sup-
porting their effectiveness in severe cases. They should 
be reserved for situations with relevant risk factors or 
well-defined pathogen and resistance patterns.

Limitations
Our study has several limitations. Firstly, we included 
patients who were admitted to the ICU. Although the 
IDSA/ATS guidelines recommend that SCAP patients 
meet the criteria for severe pneumonia when admit-
ted to the ICU, the studies included in our review did 
not explicitly state that the patients adhered to this 
specific recommendation. Instead, most of the ICU-
admitted patients in these studies were included based 
on clinical judgment rather than strictly following 
the IDSA/ATS guidelines. Furthermore, some studies 

conducted subgroup analyses, which could introduce 
inconsistencies in baseline characteristics and poten-
tial bias. Secondly, 13 of the 14 studies included were 
observational, limiting our ability to draw definitive 
causal conclusions. Given the susceptibility of obser-
vational studies to confounding factors, future large-
scale RCTs are needed to strengthen the evidence base 
and reduce bias. Thirdly, although guidelines recom-
mend specific β-lactam antibioticss (e.g., cefotaxime, 
ceftriaxone) for ICU patients without high-risk drug-
resistant pathogens, several studies used β-lactam 
antibioticss outside these recommended classes or did 
not specify the β-lactam antibiotics used. This incon-
sistency may have affected treatment efficacy. Lastly, 
the rising antimicrobial resistance, particularly to mac-
rolidess, is a concern in treating SCAP. Unfortunately, 
none of the studies included provided data on macro-
lides resistance, preventing subgroup analyses based 
on resistance patterns. This data gap limits our ability 
to assess the real-world effectiveness of macrolidess in 
the context of resistance. Given these limitations, cau-
tion should be exercised in interpreting our findings, 

Fig. 2  Network diagrams of the network meta-analysis
Legend: BL, β-lactam antibiotics; D, doxycycline; M, macrolides; F, fluoroquinolones
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Table 2  League tables of all outcomes
Panel A. Overall mortality
LB + M 1.16 (0.88,1.53) 1.26 (0.67,2.34) 1.28 (1.05,1.57) 1.50 (1.22,1.84)
0.86 (0.66,1.14) F 1.09 (0.55,2.14) 1.11 (0.83,1.48) 1.30 (0.99,1.70)
0.80 (0.43,1.48) 0.92 (0.47,1.82) BL + D 1.02 (0.53,1.96) 1.20 (0.62,2.30)
0.78 (0.64,0.96) 0.90 (0.68,1.21) 0.98 (0.51,1.89) BL 1.17 (0.94,1.47)
0.67 (0.54,0.82) 0.77 (0.59,1.01) 0.84 (0.43,1.61) 0.85 (0.68,1.07) BL + F
Panel B. 30-day mortality
BL + M 1.31 (0.99,1.73) 1.26 (0.65,2.43) 1.30 (0.99,1.70) 1.37 (1.10,1.72)
0.76 (0.58,1.01) F 0.96 (0.47,1.97) 0.99 (0.73,1.34) 1.05 (0.79,1.40)
0.80 (0.41,1.54) 1.04 (0.51,2.13) BL + D 1.03 (0.50,2.11) 1.09 (0.54,2.20)
0.77 (0.59,1.01) 1.01 (0.75,1.37) 0.97 (0.47,1.98) BL 1.06 (0.79,1.43)
0.73 (0.58,0.91) 0.95 (0.71,1.27) 0.91 (0.45,1.84) 0.94 (0.70,1.27) BL + F
Panel C. In-hospital mortality
BL + M 1.16 (0.88,1.53) 1.26 (0.67,2.34) 1.28 (1.05,1.57) 1.50 (1.22,1.84)
0.86 (0.66,1.14) F 1.09 (0.55,2.14) 1.11 (0.83,1.48) 1.30 (0.99,1.70)
0.80 (0.43,1.48) 0.92 (0.47,1.82) BL + D 1.02 (0.53,1.96) 1.20 (0.62,2.30)
0.78 (0.64,0.96) 0.90 (0.68,1.21) 0.98 (0.51,1.89) BL 1.17 (0.94,1.47)
0.67 (0.54,0.82) 0.77 (0.59,1.01) 0.84 (0.43,1.61) 0.85 (0.68,1.07) BL + F
Legend: BL, β-lactam antibiotics; D, doxycycline; M, macrolides; F, fluoroquinolones. Significant results are indicated in bold

Fig. 3  SUCRA values and mean rank for each agent of each outcome
Legend: A-C: overall mortality, 30-day mortality, in-hospital mortaliy. BL, β-lactam antibiotics; D, doxycycline; M, macrolides; F, fluoroquinolones
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and further research is necessary to address these gaps 
and refine SCAP treatment strategies.

Conclusions
Our NMA suggests that β-lactam antibiotics plus mac-
rolides may be the most effective treatment option for 
SCAP. The use of β-lactam antibiotics monotherapy 
and β-lactam antibiotics plus fluoroquinolones should 
be avoided, as these regimens demonstrated inferior 
efficacy in our analysis. However, the methodologi-
cal limitations of the included studies and the limited 
availability of relevant clinical data preclude a defini-
tive conclusion. Therefore, large-scale, well-designed 
RCTs are necessary to determine the most effective 
regimen for SCAP.
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