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Background Diagnosing pneumonia in intensive care unit (ICU) patients is challenging. Chest X-ray (CXR) is widely
used, whereas lung ultrasound (LUS) is increasingly applied at the bedside. Their comparative accuracy vs computed
tomography (CT), the reference standard, is uncertain.

Methods We performed a systematic review and Bayesian hierarchical network meta-analysis of prospective diagnostic
accuracy studies. PubMed, CINAHL, Scopus, and Web of Science were searched to May 15, 2025. Eligible studies
enrolled ICU adults with LUS and/or CXR vs CT. Exclusions were retrospective designs, case series, non-ICU settings,
and studies without CT. Risk of bias was assessed with QUADAS-C. Primary outcomes were sensitivity, specificity, log
diagnostic odds ratio (logDOR), and hierarchical summary receiver operating characteristic [HSROC] area under the
curve (AUC). Bayesian models accounted for heterogeneity. Sensitivity, calibration, and meta-regressions (posterior
lung zones and sample size) were conducted. This study is registered with PROSPERO, CRD420251081853.

Findings Of 3080 records, nine studies with 746 patients were included. Risk of bias was generally low for patient se-
lection and flow/timing but high for index test blinding. Grading of Recommendations, Assessment, Development and
Evaluation [GRADE] certainty was moderate for LUS and low for CXR. LUS showed higher sensitivity (0.93, 95%
credible interval [CrI] 0.91-0.95) than CXR (0.65, 95% CrI 0.62-0.68), comparable specificity (0.83, 95% CrI 0.81-0.85 vs
0.81, 95% CrI 0.79-0.83), higher accuracy (AUC 0.88, 95% Crl 0.77-0.95 vs 0.76, 95% CrlI 0.60-0.88), and greater
logDOR (4.17, 95% CrI 2.53-6.64 vs 1.43, 95% CrlI 0.22-2.86). Between-study heterogeneity was moderate to substantial.
For LUS, t was 0.99 (95% CrI 0.23-3.04) for sensitivity, 0.68 (95% CrI 0.18-2.06) for specificity, 1.66 (95% CrI 1.08-2.84)
for logDOR, and 0.086 (95% CrI 0.046-0.156) for AUC. For CXR, t was 0.89 (95% CrI 0.25-2.43) for sensitivity, 0.26
(95% CrI 0.05-1.05) for specificity, 2.32 (95% Crl 1.39-4.77) for logDOR, and 0.175 (95% CrI 0.117-0.231) for AUC.

Interpretation LUS shows higher sensitivity and accuracy than CXR in ICU pneumonia, particularly when dorsal
zones are assessed. Moderate specificity, operator dependence, and bias require caution in interpreting the results.
Randomised trials should determine whether broader LUS use improves antibiotic stewardship and ICU outcomes.

Funding There was no funding source for this study. Open access publication fees are supported by institutional
funds from the University of Udine.
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Introduction multiple advantages over traditional imaging modal-

Lung ultrasound (LUS) has become an increasingly ities, particularly in critically ill patients. Several meta-
popular diagnostic tool for pneumonia, providing ~ analyses have demonstrated that LUS has high
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Research in context

Evidence before this study

We systematically searched PubMed, Embase, Scopus, and
the Cochrane Central Register of Controlled Trials (CENTRAL)
for studies comparing the diagnostic accuracy of lung
ultrasound (LUS) and chest X-ray (CXR) against computed
tomography (CT) as the reference standard for pneumonia in
critically ill adult patients admitted to the intensive care unit
(ICU). The search included all articles published from
database inception to May 15, 2025, without language
restrictions. Search terms included combinations of “lung
ultrasound”, “chest X-ray”, “computed tomography”,
“pneumonia”, “diagnostic accuracy”, “ICU", and “critical care”.
Additional references were identified by manual screening of
bibliographies of relevant reviews. We included studies that
assessed LUS or CXR against CT in adult ICU patients with
suspected pneumonia. Pediatric studies or those without
stratified adult ICU data were excluded. We identified nine
eligible studies enrolling a total of 746 critically ill patients.
Most were observational, with high or unclear risk of bias
due to lack of blinding and inconsistent evaluation of
posterior lung zones. Previous meta-analyses have not
conducted a formal network meta-analysis under a Bayesian
framework in ICU populations with CT as the common
reference standard.

sensitivity/specificity for diagnosing pneumonia in
adults'” and performs particularly well in settings such
as emergency departments (ED).*

However, the diagnostic landscape significantly
changes in the intensive care unit (ICU). The condi-
tions of patients who are not ambulatory, frequently
sedated, intubated, or on non-invasive ventilation have
a significant impact on both image acquisition and
interpretation. Portable chest X-rays (CXRs), despite
being widely used, suffer from limitations in image
quality and positioning, resulting in decreased sensi-
tivity compared to computed tomography (CT) scans.**
Some studies have highlighted the reduced diagnostic
accuracy of CXR in the ICU, with particularly poor
sensitivity in early or subtle cases.”®

LUS is an alternative option that can be carried out
at the bedside, avoids radiation, and allows for real-time
dynamic evaluation, which is crucial for monitoring
changes over time. It has been suggested that LUS can
still perform well in the ICU, but the performance may
differ from ED settings.”'

Despite this growing body of evidence, few studies
have directly compared the diagnostic accuracy of LUS
and CXR for pneumonia in critically ill adults admitted
to the ICU.” The aggregation of data from heteroge-
neous clinical environments is a limitation of many
existing meta-analyses, which limits generalizability to
ICU patients. A focused diagnostic network meta-

Added value of this study

To our knowledge, this is the first Bayesian hierarchical
network meta-analysis comparing LUS and CXR for
pneumonia diagnosis specifically in ICU patients, using CT as
the reference standard. This approach enabled us to integrate
direct and indirect evidence under a unified Bayesian
framework and to explore methodological sources of
heterogeneity. We observed that LUS consistently
outperformed CXR in terms of diagnostic accuracy. Meta-
regression suggested that omission of dorsal lung zones may
reduce diagnostic performance. Calibration analyses and
Bayesian assessments of small-study effects supported the
robustness of the findings.

Implications of all the available evidence

In the context of critically ill ICU patients, LUS appears to
offer a more sensitive and clinically useful alternative to CXR
for pneumonia diagnosis, while maintaining comparable
specificity. These findings, together with the practical
advantages of LUS at the bedside, support its consideration
as a valuable diagnostic tool in this setting. However, further
studies are needed to assess its impact on clinical
management and outcomes, and to better clarify its role in
pneumonia subtypes (CAP, HAP, VAP) across diverse ICU
populations.

analysis comparing LUS and CXR in ICU patients is
necessary due to the unique clinical and technical
challenges in intensive care. This approach enables
the integration of direct and indirect comparisons of
treatment efficacy while accounting for study-level
heterogeneity, in order to support evidence-based de-
cision-making in this high-risk patient population.

The present review specifically addressed pneu-
monia, as an umbrella term encompassing hospital-
acquired pneumonia (HAP), ventilator-associated
pneumonia (VAP), and severe community-acquired
pneumonia (severe-CAP), as the target condition for
diagnostic accuracy evaluation in critically ill adults.
The aim of this study was to evaluate, using a Bayesian
network meta-analysis, the comparative diagnostic ac-
curacy of LUS and CXR vs CT in the diagnosis of
pneumonia in ICU patients.

Methods

Search strategy and selection criteria

A systematic review with a Bayesian network diagnostic
meta-analysis was performed and reported in accor-
dance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses of Diagnostic Test Accuracy
Studies (PRISMA-DTA) guidelines."” The systematic
review’s protocol was prospectively registered in the
International Prospective Register of Systematic
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Reviews (PROSPERO 2025: CRD420251081853. Avail-
able from https://www.crd.york.ac.uk/PROSPERO/
view/CRD420251081853).

We included all prospective diagnostic accuracy
studies comparing LUS and/or CXR against CT as the
reference standard for the diagnosis of pneumonia in
adult patients admitted in the ICU setting. For the re-
view’s purposes, “pneumonia” was intended as an
umbrella term including hospital-acquired pneumonia
(HAP), ventilator-associated pneumonia (VAP), and
severe community-acquired pneumonia (CAP) treated
in the ICU.

We included three types of comparisons:

e LUS vs CT;

e CXR vs CT;

e LUS vs CXR vs CT (triangular comparison with CT
as the common reference standard).

Studies were considered eligible if they reported
sufficient data to construct 2 x 2 contingency tables
(true positives, false positives, true negatives, false
negatives). Studies were also excluded if they: (a) did
not use CT as the reference standard; (b) included only
paediatric populations or mixed cohorts without strati-
fied adult data; (c) were retrospective studies, case re-
ports/series, editorials, reviews, or conference abstracts
without full text; (d) were in other languages than En-
glish. Sex and/or gender of participants were reported
as available in the included studies. When data were not
stratified by sex or gender, we extracted overall study-
level results. No reclassification of sex or gender was
attempted.

We systematically searched the biomedical data-
bases PubMed, Cumulative Index to Nursing and Allied
Health Literature (CINAHL), Scopus, and Web of Sci-
ence from inception to May 15, 2025. Search strings
were initially developed for the PubMed database by
one researcher (FF), and consecutively peer-reviewed by
a senior researcher (DO) following the Peer Review of
Electronic Search Strategies (PRESS) guidelines
checklist.”” The terms “lung ultrasound”, “thoracic ul-
trasound”, “chest x-ray”, “pneumonia”, and “intensive
care unit” were combined using the AND/OR Boolean
operators. We included the term “pneumonitis” to
capture a broader spectrum of radiological terminology
potentially applied to infectious lung infiltrates in ICU
settings. During screening, we excluded studies that
clearly focused on non-infectious inflammatory condi-
tions. Search strings were translated for the CINAHL,
Scopus and Web of Science databases using the Poly-
glot Search Translator'*'* and consecutively adapted. No
restrictions were applied to the search queries. The
complete search strings are available in Table S1 in the
Supplementary Material.

Search results were imported into the Covidence
platform by Veritas Health Innovation Ltd," licensed to
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the Residency Program in Anaesthesia and Intensive
Care Medicine of the University of Udine. Duplicates
were automatically removed by the platform. All the
remaining records were independently screened by two
reviewers (DO, FF) in two distinct phases: (a) title/ab-
stract screening and (b) full-text assessment. Any
disagreement was resolved by discussion until
consensus was reached, involving a third researcher
(TB). Data were extracted in duplicate using a pre-tested
standardised form which included data regarding the
study design, population, setting, index tests, diagnostic
target condition, and contingency data.

Data analysis

The quality of each study was assessed using the
Quality Assessment of Diagnostic Accuracy Studies—
Comparative [QUADAS-C] tool."* Two reviewers (DO,
TB) evaluated risk of bias and applicability concerns
across four domains. Also in this phase, any disagree-
ments were resolved through discussion, with a third
researcher available for consultation (FF).

To synthesize comparative accuracy across tests, we
implemented a Bayesian network meta-analysis (NMA)
using a hierarchical model for diagnostic test accuracy.
Posterior estimates for logit-transformed sensitivity and
specificity were generated via Markov chain Monte
Carlo (MCMC) sampling in JAGS (Just Another Gibbs
Sampler) through the rjags package in R,” using three
chains of 30,000 iterations each (10,000 burn-in, thin-
ning = 1); convergence was confirmed by trace plots
and Gelman—Rubin statistics (R < 1.05) and effective
sample size. We employed Normal (0, 0.01) priors on
the logit scale for sensitivity and specificity parameters.
Sensitivity analyses using broader priors (Normal [0,1])
and prior predictive checks confirmed the robustness
of estimates. Between-study heterogeneity was esti-
mated using standard deviation parameters on the logit
scale ().

We applied a bivariate random-effects model and a
hierarchical summary receiver operating characteristic
(HSROC) model to estimate pooled sensitivity, speci-
ficity, likelihood ratios (LHR), and logarithmic diag-
nostic odds ratio (logDOR), with corresponding 95%
credibility intervals. Although data were categorized by
comparison type (LUS vs CT, CXR vs CT), all analyses
were conducted using a hierarchical Bayesian network
meta-analytic framework integrating both direct and
indirect comparisons. Stratified analyses by comparison
type were not feasible due to the absence of direct head-
to-head studies. We estimated positive and negative
predictive values (PPV and NPV) assuming a fixed pre-
test probability of 40%, as used in the Fagan nomogram
analysis. This approach allows indirect estimation of
post-test probabilities in a clinically relevant setting.

We calculated Surface Under the Cumulative
Ranking Curve [SUCRA] values for each diagnostic
metric (sensitivity, specificity, area under the curve
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[AUC], and logDOR). Rankings were derived from the
cumulative distribution of each test’s performance
across posterior samples.

To further enhance the capability of the meta-
analysis to translate the diagnostic accuracy into clin-
ical decision-making, we applied Fagan nomograms
considering VAP, severe CAP and HAP, given their
high clinical relevance in the ICU, and using a pre-test
probability consistent with published estimates of the
prevalence of VAP, severe CAP and HAP in ICU
patients.'*!

Leave-one-out sensitivity analyses and influence di-
agnostics were performed to assess the robustness of
pooled estimates. We assessed potential publication
bias through visual inspection of funnel plots and
performed Egger’s regression test to quantify small-
study effects. A p-value <0.10 on Egger’'s test was
considered indicative of asymmetry and potential pub-
lication bias. These analyses were conducted separately
for sensitivity, specificity, and logDOR estimates.

Two separate meta-regression models were run to
evaluate the effect of (i) sample size, and (ii) the
omission of dorsal lung zones by the individual studies,
respectively. For each model, the slope coefficient rep-
resents the estimated change in logDOR associated
with the covariate of interest.

Statistical analyses were performed in R version
4.5.0 (R Foundation for Statistical Computing, Vienna,
Austria). Bayesian hierarchical network meta-analyses
of diagnostic test accuracy were implemented in JAGS
(via the rjags package in R) using a hierarchical sum-
mary receiver operating characteristic (HSROC)
framework. Additional Bayesian regression and cali-
bration models were conducted using Stan (via the
brms and rstanarm/stan_glm packages), while funnel
plots and frequentist Egger’s tests were generated with
base R functions.

Role of the funding source

There was no funding source for this study. DO and FF
have full access to all the data in the study and take
responsibility for the integrity of the data and the ac-
curacy of the data analysis. Both authors are responsible
for the decision to submit the manuscript for
publication.

Results

A total of 3080 records were screened after removal of
duplicates, of which nine studies comprising 746 criti-
cally ill adult patients met the inclusion criteria for the
Bayesian hierarchical diagnostic network meta-
analysis®* (Fig. 1). All studies compared LUS and/or
CXR against CT scan, which served as the reference
standard”**° (Table 1). The studies were conducted
across multiple countries, including France, Egypt,
Kuwait, and China, and primarily involved patients with

suspected pneumonia (i.e., CAP, VAP or HAP) or
suspected VAP. Most studies used consecutive sam-
pling and were single-centred in design. None of the
studies reported blinded interpretation of index tests.
Operator expertise varied, with LUS being performed
by intensivists alone or in combination with radiolo-
gists (Table S2 in the Supplementary Material). The
scanning of dorsal lung zones was inconsistently re-
ported (3 studies), and in some studies explicitly
omitted (3 studies). Definitions of pneumonia diag-
nosis via LUS and CXR were heterogeneous across
studies, ranging from alveolar consolidation patterns,
dynamic air bronchograms and B-lines for LUS, to
lobar opacities or infiltrates on CXR, though definitions
were not fully standardized across studies (Table 1).
Among the included studies, 8 arms evaluated the
diagnostic performance of LUS against CT, and 6 arms
assessed CXR against CT; however, no study directly
compared LUS and CXR within the same population
(Figure S1 in the Supplementary Material). Among
included studies, most did not stratify diagnostic per-
formance by sex or gender; therefore, our pooled ana-
lyses represent overall populations without sex- or
gender-specific estimates.

Most studies (6/9 studies; 67%) demonstrated low
risk of bias in the patient selection domain, suggesting
appropriate inclusion criteria and enrolment procedures
(Table 2). However, a consistent concern across multiple
studies (8/9 studies; 89%) was the absence of blinding
between index tests and reference standards, resulting in
frequent high-risk assessments for the index test
domain. Furthermore, several studies (8/9 studies; 89%)
did not explicitly state whether the reference standard
was interpreted independently, leading to “unclear”
judgments in that domain. Flow and timing were
generally well documented, with many studies per-
forming diagnostic tests within a 24-h window (7/9
studies; 78%), supporting low risk assessments. Overall,
while the included studies provide valuable diagnostic
insights, methodological improvements in blinding
procedures would significantly enhance internal validity
(Figure S2 in the Supplementary Material).

LUS demonstrated superior diagnostic accuracy
with a posterior sensitivity of 0.93 (95% credible interval
[CrI] 0.91-0.95), specificity of 0.83 (95% CrI 0.81-0.85),
and an area under the HSROC curve (AUC) of 0.88
(95% Crl: 0.77-0.95) (Fig. 2 and Figure S3 in the
Supplementary Material). In contrast, CXR showed
lower sensitivity at 0.65 (95% CrI 0.62-0.68), compa-
rable specificity at 0.81 (95% CrI 0.79-0.83), and an
AUC of 0.76 (95% CrlI 0.60-0.88). LUS showed an
LHR" of 5.45 (95% Crl 4.72-6.28), LHR™ of 0.08 (95%
Crl: 0.06-0.11) and a logDOR of 4.17 (95% Crl
2.53-6.64). In comparison, CXR showed an LHR" of
3.42 (95% Crl 2.81-4.11), LHR™ of 0.43 (95% Crl
0.35-0.53), and a logDOR of 1.43 (95% Crl 0.22-2.86).
Assuming a pre-test probability of 40%, the posterior

www.thelancet.com Vol 89 November, 2025



Articles

Identification of studies via databases and registers
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Fig. 1: PRISMA flow diagram of study selection. Flow chart summarising the identification, screening, eligibility assessment, and inclusion
of studies in the diagnostic network meta-analysis comparing lung ultrasound (LUS) and chest X-ray (CXR) for pneumonia detection in
intensive care unit (ICU) patients. Of the several thousand records initially retrieved, nine studies met the predefined eligibility criteria and

were included in the final analysis.

predictive values were: for LUS, PPV 0.78 (95% Crl
0.75-0.82) and NPV 0.96 (95% CrI 0.94-0.97); for CXR,
PPV 0.71 (95% Crl 0.68-0.75) and NPV 0.87 (95% CrI
0.83-0.89). Posterior HSROC plots revealed minimal
overlap between LUS and CXR AUC distributions
(Fig. 3), visually confirming the superior accuracy of
LUS. All monitored parameters showed excellent
convergence, with R-hat values of 1.00. The effective
sample size (ESS) was adequate for all key parameters,
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with values ranging from 457 to 7545 (Table S3 in the
Supplementary Material).

Posterior estimates of between-study heterogeneity
(t, on the logit scale) were consistent with moderate to
substantial variability across studies. For LUS, © was
0.99 (95% Crl 0.23-3.04) for sensitivity, 0.68 (95% CrI
0.18-2.06) for specificity, 1.66 (95% Crl 1.08-2.84) for
logDOR, and 0.086 (95% CrI 0.046-0.156) for AUC. For
CXR, t was 0.89 (95% Crl 0.25-2.43) for sensitivity,
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First author Country Inclusion criteria Index tests Operator  Sample size  Posterior Diagnostic criteria
evaluated field explored

Beydon_1992 France Post-surgery acute hypoxic respiratory failure ~ CXR na 19 na Consolidation

Elmahalawy_2017  Egypt Suspected pneumonia CXR, LUS intensivist 130 no Consolidation

Bitar_2018 Kuwait Suspected pneumonia CXR, LUS intensivist 38 yes Consolidation + Air bronchogram

Haggag_2019 Egypt Suspected CAP CXR, LUS intensivist 100 na Consolidation + Air bronchogram

Zhou_2019 China Suspected VAP LUS intensivist 124 no Consolidation + Air bronchogram

Gaber_2020 Egypt Suspected VAP CXR, LUS intensivist 80 na na

Haaksma_2021 Netherlands ~ Suspected pneumonia LUS researcher 120 yes Consolidation + Air bronchogram

Dhawan_2022 India Suspected pneumonia CXR, LUS intensivist 85 yes Consolidation + Air bronchogram

Babu_2025 India Suspected VAP LUS resident 50 no LUS score
Summary of the nine studies comparing lung ultrasound (LUS) and chest X-ray (CXR) for pneumonia diagnosis in critically ill patients. The table reports country of origin, inclusion criteria, index tests
evaluated, operator expertise, and sample size. Posterior field exploration indicates whether dorsal lung zones were systematically assessed. Diagnostic criteria (e.g., consolidation, air bronchogram),
where available, are also shown. When studies refer to “pneumonia,” this typically encompasses a mix of community-acquired pneumonia (CAP), hospital-acquired pneumonia (HAP), or ventilator-
associated pneumonia (VAP), without systematic distinction. Abbreviations: ICU, intensive care unit; LUS, lung ultrasound; CXR, chest X-ray; AUC, area under the ROC curve; na, not available.
Table 1: Characteristics of included studies.

0.26 (95% Crl 0.05-1.05) for specificity, 2.32 (95% Crl
1.39-4.77) for logDOR, and 0.175 (95% Crl
0.117-0.231) for AUC.

A prior sensitivity analysis comparing weakly infor-
mative Normal (0, 0.01) and broader Normal (0, 1)
priors revealed minimal qualitative differences in the
ranking of LUS vs CXR, although some posterior esti-
mates shifted slightly. Notably, LUS sensitivity and
specificity increased under broader priors, while CXR
estimates remained less stable (Table S5 in the
Supplementary Material).

SUCRA-based rankings consistently favoured LUS
across all key metrics (Figure S4 in the Supplementary
Material). The SUCRA analysis for logDOR confirmed

Test Patient Index test  Reference Flow and
comparison  selection bias standard bias timing
Babu_2025 LUS vs CT Unclear High risk Unclear Unclear
Beydon_1992 CXR vs CT Unclear High risk Unclear Unclear
Bitar_2018 CXR vs CT Low risk High risk Unclear Low risk
Bitar_2018 LUS vs CT Low risk High risk Unclear Low risk
Dhawan_2022 CXR vs CT Unclear High risk Unclear Low risk
Dhawan_2022 LUS vs CT Unclear High risk Unclear Low risk
Elmahalawy_2017 CXR vs CT Low risk High risk Unclear Low risk
Elmahalawy_2017  LUS vs CT Low risk High risk Unclear Low risk
Gaber_2020 CXR vs CT Low risk High risk Unclear Low risk
Gaber_2020 LUS vs CT Low risk High risk Unclear Low risk
Haaksma_2021 LUS vs CT Low risk Low risk Unclear Low risk
Haggag_2019 CXR vs CT Low risk High risk Unclear Low risk
Haggag_2019 LUS vs CT Low risk High risk Unclear Low risk
Zhou_2019 LUS vs CT Low risk High risk Low risk Low risk
The risk of bias assessment for each diagnostic accuracy study included in the network meta-analysis, using
the QUADAS-C tool. The evaluation covered four domains: patient selection, index test bias, reference
standard bias, and flow and timing. Each domain was graded as ‘Low risk’, ‘High risk’, or ‘Unclear’, according to
the criteria set by the QUADAS-C framework. A study was considered at high risk of bias if at least one domain
was judged to be at high risk. LUS: lung ultrasound; CXR: Chest X-ray; CT: Chest Tomography.
Table 2: Risk of bias assessment using QUADAS-C.

that LUS ranked first in virtually all posterior samples.
The estimated SUCRA was 99.9% (95% Crl 99.7%—
100.0%) for LUS and 0.10% (95% CrI 0.00%-0.30%) for
CXR, indicating that LUS consistently outperformed
CXR in overall diagnostic efficiency (Tables S4 and S5
in the Supplementary Material).

Calibration plots showed close agreement between
model-predicted and observed values (Figures S5-S10
in the Supplementary Material). For LUS, the calibra-
tion slope for sensitivity was 1.47 (95% Crl 1.33-1.61)
with an intercept of —-0.44 (95% Crl -0.57 to -0.31),
indicating a modest, systematic under-prediction of
study-level sensitivity. The specificity slope was 1.19
(95% Crl 0.76-1.62) with an intercept of —0.15 (95%
Crl -0.52 to 0.22); although the point estimate also
suggested mild under-prediction, the wide CrI denotes
substantial uncertainty. For CXR, calibration was
satisfactory: the sensitivity slope was 1.10 (95% Crl
1.04-1.15) and intercept —0.06 (95% CrI —0.10 to —0.02),
while the specificity slope was 1.24 (95% CrI 0.81-1.63)
with an intercept of -0.21 (95% Crl —0.47 to 0.09).
Taken together, these analyses indicate that the
HSROC model slightly underestimates the accuracy of
LUS, particularly its sensitivity, whereas predictions for
CXR are well aligned with the observed data.

Because no study reported a direct comparison be-
tween LUS and CXR, inconsistency could be assessed
only at the global level with the design-by-treatment
interaction. This test showed significant incoherence
(Q = 8.51; df = 3; p = 0.037). Leave-one-out analysis
indicated that removing the study by Elmahalawy et al.
reduced the statistic to Q = 4.69 (df = 2; p = 0.096) and
removing the study by Bitar et al. reduced it further to
Q =2.28 (df = 2; p = 0.32); exclusion of any other single
study left the network inconsistent (p < 0.05). Thus, the
trials by Elmahalawy and by Bitar each account for the
observed incoherence. Updated pooled estimates of
sensitivity, specificity, AUC, and logDOR after omitting
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Posterior means with 95% credible intervals and distributions
Method - CXR - LUS

LUS Sensitivity —@—i 0.93[0.91-0.95]
LUS Specificity —&— 0.83[0.81-0.85]
CXR Sensitivity 0 0.65[0.62-0.68]
CXR Specificity =—0— 0.81[0.79-0.83]
0.5 0.6 0.7 0.8 0.9 1.0
Value

Fig. 2: Posterior distributions of sensitivity and specificity for LUS and CXR. Posterior distributions and 95% credible intervals for
sensitivity and specificity of lung ultrasound (LUS) and chest X-ray (CXR) in the diagnosis of pneumonia in ICU patients. Coloured densities
(light blue for LUS, orange for CXR) represent the Bayesian posterior distributions. Dots indicate posterior means, with horizontal bars
denoting 95% credible intervals.

1.00

0.75
Test
0.50 - CXR
- |LUS

0.25 -1LUS AUC = 0.88 [0.77-0.95]

.~ |CXR AUC = 0.76 [0.6-0.88]

True Positive Rate (Sensitivity)
o

0.00 0.25 0.50 0.75 1.00
False Positive Rate (1 - Specificity)

Fig. 3: Summary HSROC curves with 95% credible intervals for LUS and CXR. Hierarchical summary receiver operating characteristic
(HSROC) curves comparing lung ultrasound (LUS) and chest X-ray (CXR) for the diagnosis of pneumonia in ICU patients. Solid lines represent
the mean posterior curves for each test, while shaded areas denote the 95% Bayesian credible regions. No individual study estimates are
shown. LUS demonstrated higher diagnostic accuracy with an area under the curve (AUC) of 0.88 (95% Crl: 0.77-0.95), compared to 0.76
(95% Crl: 0.60-0.88) for CXR.
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these two studies are provided in Supplementary
Table S6.

Bayesian Egger’s regression revealed strong asym-
metry for both index tests (Fig. 4). The slope was —25.2
(95% CrI —-25.35 to —25.05) for LUS and -25.75 (95%
CrI -25.98 to —25.52) for CXR. The Bayesian p-value for
the null hypothesis of slope >0 was <0.00001 in both
cases, suggesting substantial small-study effects. The
posterior distribution of the precision coefficient
(Figure S11 in the Supplementary Material) further
supported these findings, showing a markedly asym-
metric and narrow distribution centred far below zero
for both index tests, reinforcing the evidence of small-
study effects.

The probability of post-test was shown through
Fagan’s nomograms for VAP, severe CAP, and HAP
(Fig. 5). In all three clinical scenarios, LUS consistently
produced a greater shift in diagnostic probability
compared to CXR. For VAP, with an assumed pre-test
probability of 20%, LUS increased the post-test proba-
bility to 58% after a positive result and reduced it to
1.8% after a negative result. In contrast, CXR yielded a
post-test probability of 46% (positive) and 9.8% (nega-
tive). In severe CAP requiring ICU admission (pre-test
50%), LUS resulted in a post-test probability of 85%
with a positive test and 7.7% with a negative test, while
CXR yielded 77% and 30%, respectively. For HAP in
ICU (pre-test 30%), LUS generated post-test probabili-
ties of 70% (positive) and 3% (negative), compared to
58% and 16% with CXR.

Two univariable meta-regressions were conducted,
both using logDOR as the outcome. The first assessed
whether study sample size influenced diagnostic per-
formance and found no consistent association (poste-
rior slope = 0.75; 95% Crl —-0.92 to 2.40). The second
evaluated whether omission of dorsal lung zones
affected accuracy; studies that did not assess dorsal
lung zones showed a lower logDOR (B = -3.55; 95%
Crl -7.14 to 0.07), although this association did not
reach statistical credibility. These analyses are illus-
trated in Figure S12.

Based on GRADE criteria,’ the certainty of evidence
was rated as moderate for LUS and low for CXR
(Table 3). The diagnostic accuracy of LUS was sup-
ported by high sensitivity and good specificity, but the
overall rating was downgraded due to risk of bias (pri-
marily related to dorsal lung zones protocols and lack of
blinding) and some concerns about indirectness
(Table S7 in the Supplementary Material). For CXR, the
evidence was downgraded for imprecision—given the
relatively wide credible intervals—and inconsistency in
sensitivity estimates across studies.

Discussion

Our Bayesian network meta-analysis shows that, in
critically ill patients, LUS outperforms CXR in terms of
sensitivity for pneumonia diagnosis, while maintaining
comparable specificity. The inclusion of dorsal lung
zones could affect diagnostic performance. LUS was

Bayesian Funnel Plot (posterior logDOR vs Precision)

== CXR == LUS

log Diagnostic Odds Ratio

0.1 0.2
Precision (1 / SE of logDOR)

0.3

Fig. 4: Bayesian funnel plots assessing small-study effects for LUS and CXR. Bayesian funnel plots showing the relationship between study
precision and log diagnostic odds ratio (logDOR) for LUS and CXR. Visual asymmetry was observed for LUS, consistent with potential small-
study effects or publication bias. Dots represent individual studies; lines correspond to posterior regression estimates.
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Fig. 5: Fagan nomograms based on posterior estimates for LUS and CXR. Each panel shows a Fagan nomogram comparing lung ultrasound
(LUS, blue) and chest X-ray (CXR, orange) for pneumonia diagnosis in ICU patients with VAP (top-left), severe CAP (top-right), and HAP
(bottom-left). Solid lines represent post-test probability after a positive result; dashed lines after a negative result. Vertical dotted lines
indicate pre-test probabilities based on available epidemiologic estimates (20% for VAP, 50% for severe CAP, 30% for HAP). Posterior

probabilities are derived from the Bayesian HSROC model.

able to detect approximately 12-25% more cases of
pneumonia than CXR when using chest CT as the
reference standard.”” Correspondingly, the posterior
estimates from our analysis indicate that LUS offers
substantially higher sensitivity (on the order of ~90% vs
~60% for CXR) while maintaining similar or only
slightly higher specificity. This translates into a better
overall diagnostic performance for LUS confirmed by
the literature: in one large series the area under the
receiver operating characteristic curve was 0.97 for LUS
compared to 0.87 for CXR." Consistently, LUS ranked
as the top diagnostic modality in our network meta-
analysis (with a nearly maximal SUCRA value, indi-
cating the highest probability of being the best test), far
outpacing the performance of CXR.

As shown in Figure S13, our pooled AUC estimate
for LUS aligns closely with prior meta-analyses, rein-
forcing its high overall diagnostic accuracy. In contrast,
the AUC for CXR in our analysis is substantially lower,
largely due to decreased specificity. These differences
may be attributed to stricter inclusion criteria, the use
of CT as a consistent reference standard, and a Bayesian
hierarchical modelling approach that accounts for
study-level heterogeneity. Compared to previous meta-
analyses conducted in ED or general acute settings—
such as those by Chavez et al.,” Long et al.,’ and Orso
et al.“—our analysis reports slightly lower specificity for
LUS. For example, Orso et al. reported a pooled speci-
ficity of 90%, while our results are lower.” This
discrepancy likely reflects the greater diagnostic chal-
lenge in ICU patients, where posterior lung zones are
often not fully assessed due to patient instability, supine
positioning, or mechanical ventilation. Our meta-
regression further supports this explanation, showing
a trend toward reduced diagnostic accuracy in studies
that omitted dorsal lung zones evaluation. These
methodological differences highlight the importance of
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setting-specific evaluations and may explain why LUS
performs differently in ICU vs ED populations.

In the ICU, diagnostic imaging is constrained by
patient instability and limited access to advanced
scanners. Bedside CXR is usually restricted to a single
supine projection, resulting in sub-optimal sensitivity,
whereas transporting patients receiving mechanical
ventilation to CT carries logistic cost, radiation expo-
sure, and a well-documented risk of cardiorespiratory
deterioration.”** LUS can be performed at the bedside
in minutes, requires no ionising radiation, and provides
dynamic, repeatable information that is immediately
actionable.” Our findings therefore suggest that LUS
may be considered the preferred first-line imaging test
when pneumonia is suspected in critically ill adults,
reserving CT for equivocal or complex cases.

Hansell and colleagues performed a meta-analysis
in ICU patients that compared LUS and CXR for the
generic finding of lung consolidation, irrespective of
aetiology.” Their pooled estimates (sensitivity 0.91 and
specificity 0.77) are numerically close to the values we
report, but the two reviews draw on mutually exclusive
primary studies because of different eligibility criteria.
We included only studies in which pneumonia was
clinically adjudicated and CT-confirmed, whereas
Hansell et al. accepted any parenchymal consolidation.
Owing to this definitional gap, their dataset is not
shown in Figure S13, which is limited to pneumonia-
specific evidence. Nonetheless, both reviews converge
on the same message: bedside LUS is substantially
more sensitive than portable CXR in the intensive-care
setting, emphasising the need to interpret imaging
findings within the clinical context.

Despite the well-defined sonographic features of
pneumonia, real-time recognition can be challenging
for less experienced operators.***” Mechanically venti-
lated patients have a high incidence of atelectasis,
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Reason for downgrade

Certainty of evidence

Specificity AUC (95% Crl) logDOR LHR+ (95% Crl) LHR-(95% Crl) PPV (95% Crl) NPV (95% Crl)

(95% Crl)

Test Sensitivity (95%

(95% Crl)

Crl)

0.78 [0.75-0.82] 0.96 [0.94-0.97] @@ @ (Moderate) Risk of bias (posterior),

4.17 [2.53-6.64] 5.45 [4.72-6.28] 0.08 [0.06-0.11]

0.83 [0.81-0.85] 0.88 [0.77-0.95]

0.93 [0.91-0.95]

LUS

indirectness

Imprecision, inconsistency

0.43 [0.38-0.49] 0.71 [0.68-0.75] 0.87 [0.83-0.89] @@ OO (Low)

0.76 [0.60-0.88] 1.43 [0.22-2.86] 3.42 [2.81-4.11]

0.81 [0.79-0.83]

0.65 [0.62-0.68]

CXR

Lung ultrasound (LUS) shows high sensitivity and good specificity in identifying the target condition. Chest X-ray (CXR) demonstrates moderate diagnostic performance, particularly with lower sensitivity. Computed tomography (CT) was used as

the reference standard across all included studies.

Table 3: GRADE summary of findings — diagnostic accuracy NMA.

which is both frequent and multifactorial.*® Extrinsic
compression caused by prolonged supine positioning
or obstructive causes like mucus plugging or impaired
bronchial clearance can cause atelectasis. The distinc-
tion between pneumonia and atelectasis is based on the
presence of dynamic air bronchograms (associated with
alveolar filling) vs static or fluid bronchograms (more
indicative of passive collapse or obstruction).”**** This
distinction, though diagnostically critical, may be subtle
and technically demanding, and it requires sufficient
skill in acquiring and interpreting LUS images. The
importance of thorough scanning, including dorsal
lung zones, and interpretative expertise cannot be
underestimated when LUS findings can resemble
pneumonia. This is necessary to avoid false positives,
which could result in unnecessary antibiotic treatment
or delayed recognition of other causes of respiratory
failure.

Despite the clear benefits of LUS over CXR in this
and other studies, CXR remains deeply entrenched in
ICU practice as the first-line imaging for suspected
pneumonia.” This persistent reliance on CXR, despite
its lower diagnostic performance, may stem from both
historical practice patterns and a training gap among
providers. Many intensivists and acute care physicians
have not had formal training in LUS, or lack experi-
enced mentors to develop this skill, as surveys consis-
tently highlight a lack of trained faculty and structured
curricula as barriers to LUS adoption.”” Without suffi-
cient training and confidence in using ultrasound, cli-
nicians may default to the familiarity of CXR even when
evidence suggests this one it is inferior to the LUS.
Additionally, institutional protocols and ingrained cul-
ture change slowly—CXR has been a cornerstone of
pneumonia diagnosis for decades, and current guide-
lines have been slow to catch up with emerging evi-
dence. Notably, some guidelines still do not formally
recommend LUS as an alternative to CXR or CT for
pneumonia diagnosis.” This cautious stance likely re-
flects the need for more widespread expertise and
standardization in LUS.*

This meta-analysis has several limitations. First, the
evidence base is small, so pooled estimates remain
imprecise and vulnerable to small-study effects. Sec-
ond, all trials were observational and at high or unclear
risk of bias, chiefly because blinding of the index tests
to the reference standard was rarely reported and dorsal
zones were inconsistently scanned. Third, methodo-
logical heterogeneity (patient mix, imaging protocols,
and non-standardised definitions of pneumonia) may
undermine comparability across studies. Specifically,
our network meta-analysis assumes transitivity—that
is, that patients in studies comparing LUS to CT are
sufficiently similar to those comparing CXR to CT.
While all studies were conducted in ICU populations
using CT as the reference standard, we acknowledge
that clinical and methodological differences may limit
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exchangeability between study arms. We were unable to
perform subtype analyses for VAP, HAP, or severe-CAP
pneumonia because stratified data were sparse. In
addition, the meta-regression exploring omission of
dorsal zones was based on few studies and its associa-
tion did not reach statistical credibility. Finally, LUS
cannot visualise consolidations that spare the pleural
surface, although such lesions are uncommon in adult
infectious pneumonia and therefore unlikely to have
materially altered our conclusions.*

However, it is reassuring that the central qualitative
finding—the superiority of LUS over CXR—was
consistent across diverse studies and analytic methods.
In this regard, a key strength of our study lies in the use
of a hierarchical Bayesian multilevel framework, which
accounts for both within- and between-study variability
and mitigates the impact of attribution bias. This
approach enhances the robustness of diagnostic accu-
racy estimates and allows for a more reliable synthesis
across heterogeneous studies.

In conclusion, LUS demonstrates substantially higher
diagnostic sensitivity and overall accuracy than CXR for
pneumonia in critically ill ICU patients, with superiority
in logDOR particularly when dorsal lung zones are
assessed. Nevertheless, its moderate specificity, operator
dependence, and the risk of bias in primary studies mean
that these findings should be interpreted cautiously and
support, rather than dictate, clinical protocols. Adequately
powered randomised trials are still required to determine
whether wider adoption of LUS improves antibiotic
stewardship and clinical outcomes in the ICU.
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