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a b s t r a c t 

Objectives: to evaluate the diagnostic accuracy of lung ultrasound (LUS) for pulmonary tuberculosis (PTB) 

in Papua New Guinea (PNG). 

Methods: Prospective observational study including outpatients with presumptive PTB (cough ≥2 weeks) 

attending a TB clinic in Port Moresby, PNG. Participants underwent clinical assessment, GeneXpert Ultra- 

MTB/RIF, chest X-ray (CXR), and LUS. Diagnostic accuracy of LUS findings was assessed using GeneXpert 

as reference standard. Accuracy of CXR and agreement with LUS were also evaluated. A LUS scoring sys- 

tem was developed using LASSO logistic regression. 

Results: Between May 2022 and May 2023, 512 participants were enrolled, and 488 with GeneXpert were 

included in the analyses. Median age was 30 [inter-quartile range 23-44], and 55% were male. GeneXpert 

was positive in 149 (30.5%). Combined LUS findings sensitivity was 92.6% (95% confidence intervals [CI] 

90.1-95.1) and specificity 46.8% (95% CI: 42.1-51.5). CXR sensitivity was 91.3% (95% CI: 86.6-93.9) and 

specificity 65.1% (95% CI: 60.7-69.6). Agreement between LUS and CXR was moderate (kappa = 0.48). The 

LUS score achieved 82.8% sensitivity and 84.2% specificity. 

Conclusion: LUS demonstrates high sensitivity for detecting PTB, equivalent to CXR, but low specificity. 

LUS may have diagnostic value, particularly where radiography is unavailable. The scoring system that 

showed higher specificity should be validated in future studies. 

© 2025 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Tuberculosis (TB) remains one of the most devastating infec- 

ious diseases globally, ranking as the leading cause of death from 

 single pathogen. In 2023, the World Health Organization (WHO) 

stimated 10.8 million new TB cases and 1.25 million TB-related 

eaths worldwide. Notably, only 8.2 million of these cases were of- 

cially diagnosed, underscoring a substantial gap in case detection 

nd access to diagnostic services [ 1 ]. 
∗ Corresponding author: Maria Lightowler, 34 Avenue Jean Jaurès, 70519 Paris, 
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Papua New Guinea (PNG) bears a substantial high TB burden, 

ncluding multidrug and rifampicin-resistant TB. In 2022, PNG re- 

orted an estimated TB incidence of 424 cases per 10 0,0 0 0 popu- 

ation, one of the highest in the Western Pacific region [ 1 ]. Oper-

tional challenges in achieving bacteriological confirmation, partic- 

larly in rural and remote regions, contribute to delayed or missed 

iagnoses [ 2 ]. 

Effective TB diagnosis is essential to closing the current detec- 

ion gap. Diagnostic innovations in recent years include the devel- 

pment of WHO-endorsed rapid molecular assays that can simul- 

aneously detect Mycobacterium tuberculosis and resistance to key 

rugs [ 3 ]. Chest X-ray (CXR) is recommended by WHO as screen- 

ng and diagnostic tool and is particularly useful when bacteri- 
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logical confirmation is lacking and in children [ 4 ]. CXR is also 

ecommended for TB screening and has a higher sensitivity than 

ymptom screening alone. Despite its utility, CXR deployment in 

igh-burden, resource-limited settings is often constrained by high 

osts, limited infrastructure, and shortage of trained radiologists 

 5 ]. While artificial intelligence (AI)-driven software for automated 

XR interpretation has been recommended by WHO for TB screen- 

ng [ 6 ], its widespread implementation remains limited by cost and 

ogistical barriers in low-resource settings [ 7 ]. 

Ultrasound (US) offers several advantages, including lower cost 

 8 ], safety profile and radiation-free [ 9 ], and minimal infrastruc- 

ure [ 10 ]. Advances in portability, image resolution, and affordabil- 

ty have facilitated the use as a point-of-care modality performed 

irectly by clinicians (i.e., point-of-care US or POCUS) [ 11 ]. US is in-

reasingly being used to support the detection of extrapulmonary 

B (EPTB) in people living with HIV [ 12 ]. It aids in identifying pleu-

al and pericardial effusions, abdominal lymphadenopathy, and le- 

ions in the liver, spleen, and kidneys suggestive of TB [ 13–15 ] and

as also shown utility in detecting mediastinal lymphadenopathy 

n paediatric TB [ 16 ]. Some studies have reported lung US (LUS) 

bnormalities in patients diagnosed with pulmonary TB (PTB) [ 17–

9 ] and have proposed LUS as a potential triage tool for PTB [ 20 ]. 

Despite these promising findings, the evidence regarding the 

iagnostic accuracy of LUS for PTB remains limited and hetero- 

eneous. A 2021 systematic review of six studies (five in adults, 

ne in children) reported variable sensitivity using different ref- 

rence standards and high risk of bias. In adults, subpleural nod- 

les (SUNs) and lung consolidation emerged as the most sensitive 

ndings, although specificity data was scarce [ 21 ]. In a paediatric 

tudy from a high TB/HIV burden setting, LUS sensitivity was 64% 

nd specificity 42.7% using CXR as the reference standard [ 22 ], and 

 proof-of-concept study in adults reported LUS sensitivity of 91% 

nd specificity of 46% against bacteriological confirmation [ 23 ]. 

This study aims to expand the limited evidence regarding the 

ole of LUS in TB diagnosis and its potential use as an accessi- 

le, point-of-care imaging modality, particularly when CXR is un- 

vailable. We evaluated the diagnostic accuracy of LUS for PTB us- 

ng bacteriological TB confirmation as reference standard in outpa- 

ients with presumed PTB in PNG. We also assessed the diagnos- 

ic accuracy of CXR using the same reference standard, as well as 

he agreement between LUS and CXR in identifying TB. Further- 

ore, we developed a novel diagnostic scoring system to enhance 

he performance of LUS for PTB diagnosis. 

. Methods 

.1. Study setting and design 

This prospective observational diagnostic study was conducted 

n the TB clinic at the Gerehu Hospital in Port Moresby, PNG. 

he TB clinic is an outpatient Ministry of Health facility that has 

een supported by Médecins Sans Frontières (MSF) since 2016. The 

linic provides diagnostic and treatment services for both drug- 

usceptible TB and drug-resistant TB. 

.2. Study population 

The study population consisted of individuals aged 10 years and 

lder who presented to the Gerehu TB clinic for evaluation and TB 

are. Inclusion criteria were: (1) presumptive PTB (defined as self- 

eported cough lasting 2 weeks or more) or clinician referral for 

XR. Exclusion criteria were: (1) patients requiring inpatient man- 

gement; and (2) individuals already receiving TB treatment at the 

ime of screening. All adult participants provided written informed 

onsent (or written informed parental consent and child assent if 

 18 years). 
2

Participants were mostly enrolled consecutively among eligible 

atients. However, on days when the number of eligible patients 

xceeded US capacity, a maximum of four participants were ran- 

omly selected to maintain imaging quality. 

.3. Study procedures 

All consenting participants underwent an initial clinical assess- 

ent, including medical history, evaluation of TB exposure, physi- 

al examination, and sputum collection for Xpert MTB/RIF Ultra as- 

ay (Cepheid, Sunnyvale, CA, USA). All participants underwent both 

XR at an accredited radiology facility and LUS conducted on-site 

ither on the same or following day by a study-trained clinician. 

.3.1. Ultrasound 

.3.1.1. Scanning technique. US was performed by two newly 

rained clinicians who completed a 10-hour introductory POCUS 

ourse led by a certified instructor, followed by a 2-week, 50- 

our hands-on training. Competency was demonstrated through 25 

igh-quality scans covering the full protocol, reviewed with feed- 

ack by the instructor, followed by 25 additional scans indepen- 

ently reviewed remotely. After meeting these requirements, both 

linicians jointly performed all study US, each contributing approx- 

mately 50% of scans. 

A portable M-Turbo US machine (Sonosite, Fujifilm) with a 6.0- 

3.0 MHz linear transducer (“Small Parts” preset, 4 cm depth) was 

sed for initial scans. For deeper structures or study participants 

ith a larger body habitus, a 2.0-5.0 mHz curvilinear transducer 

abdominal preset) was used. Scans were conducted with patients 

n supine or seated positions (pleural effusion measurements, pos- 

erior views). 

Sixteen lung zones were systematically examined ( Figure 1 ). In 

ach zone, longitudinal and transverse scans were performed, with 

t least one 10-second longitudinal video clip recorded. Pathologi- 

al findings (e.g., consolidation, cavity, effusion) were documented 

ith images and measured, and mapped to specific zones to en- 

ble separate tracking of overlapping pathologies. 

Additionally, a subxiphoid view was obtained in the supine po- 

ition to assess and measure for pericardial effusion, using a low- 

requency probe angled cranially. Alternatively, a parasternal long- 

xis view was used. For consistency, we refer to the entire proce- 

ure (including pleural and pericardial scans) as LUS throughout 

his manuscript. 

.3.1.2. LUS interpretation. Pseudonymized LUS images and clips 

ere remotely reviewed by POCUS experts (experienced re- 

earchers in TB-specific US interpretation) and findings docu- 

ented in standardized electronic case report forms (CRFs). Based 

n the combination of these findings, three nonexclusive diagnos- 

ic categories were predefined per-protocol for TB detection, one 

ain and two alternative definitions ( Table 1 ; Figure 2 ). 

Definitions were adapted from prior studies [ 18 , 19 ] and refined 

hrough research expert discussions to reach consensus. 

Consolidation was subcategorized as ≤1 or > 1 cm. To reduce 

ariability in interpretation between SUN and small consolidations, 

etailed classification criteria were standardized (Supplementary 

able 1). 

.3.2. Chest X-ray 

Pseudonymized DICOM CXR images were remotely interpreted 

y an expert radiologist (15 years of experience in TB CXR inter- 

retation) for the presence of cavities, miliary pattern, reticulon- 

dular infiltrates, lobar or segmental consolidation, nodular lesions, 

ntrathoracic lymphadenopathy, pleural effusion, and an enlarged 

ardiac silhouette with a “water-bottle” configuration (Supplemen- 

ary Table 2). Finding location was specified (apical, upper, or lower 
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Figure 1. Lung zones and apical sweep zones (16 zones): anterior (mid-clavicular), lateral (mid-axillary), and posterior (mid-scapular) zones on both sides, each divided into 

upper (3, 1, 5, 7, 11 and 9) and lower zones (4, 2, 6, 8, 12 and 10), plus bilateral apical sweeps (1a, 5a, 9a, 10a). Scanning began in the supine position (zones 1-8), followed 

by seated posterior views (zones 9-16). X: Subxiphoid view. 

Table 1 

Definitions of individual ultrasound findings and predefined combination of ultrasound and chest X-ray findings for detecting TB. 

Definition 

Individual ultrasound findings 

Subpleural nodule (SUN) • Well-defined, round or oval nodule immediately beneath the pleura 
• Vertical diameter < 1 cm (measured from the pleural line) 
• Hypoechoic interior with no internal echoes 
• Clear hyperechoic posterior wall 
• Posterior acoustic enhancement 

Consolidation • Hypoechoic area within lung parenchyma 
• Ill-defined margins with irregular, ragged posterior border 

◦ Speckled internal appearance, possibly with hyperechoic punctate or linear foci 

(air bronchograms) 
• Posterior acoustic enhancement inconsistent 

Cavity • Consolidation containing a central hypoechoic, avascular area (no flow on color Doppler) 

Miliary pattern • Diffuse subpleural granular appearance with multiple B-lines originating from subpleural 

granules in at least one lung zone 

Pleural effusion • Fluid in the pleural space (between the parietal and visceral pleura) 
• Measured > 0.5 cm in depth (the diaphragm to lung) in seated position if feasible 
• Simple effusion: entirely anechoic and free-flowing 
• Complex effusion: contains echogenic debris (e.g., fibrin strands) or is loculated and not 

entirely anechoic 

Pericardial effusion • Fluid in the pericardial space, measured > 0.3 cm between the right ventricle and parietal 

pericardium 

◦ Simple effusion: is entirely anechoic 

◦ Complex effusion contains echogenic material or is loculated, not free-flowing 

Predefined combination of ultrasound findings for detecting TB 

Highly suggestive of TB (main definition) • Presence of any of the following findings on US—SUN in ≥2 zones (with at least one in the 

apical or upper zone), consolidation > 1 cm in any region, miliary pattern, cavity, pleural 

effusion or pericardial effusion > 1 cm 

Highly suggestive (alternative definition 1) • SUN in ≥2 zones (with at least one in the apical zone), consolidation > 1 cm in apical region, 

miliary pattern, cavity or pericardial effusion > 1 cm 

Highly suggestive (alternative definition 2) SUN in ≥2 zones (with at least one in the apical or upper zone), consolidation > 1 cm in apical 

region; miliary pattern, cavity or pericardial effusion > 1 cm 

Predefined combination of chest X-ray findings for detecting TB 

Highly suggestive of TB (main definition) • Presence of any of the following findings on CXR—reticulonodular infiltrates in any lung zone, 

lobar or segmental consolidation, nodular lesion, intrathoracic lymphadenopathy, pleural 

effusion, or an enlarged cardiac silhouette with a “water-bottle” configuration 

Highly suggestive (alternative definition 1) • Presence of reticulonodular infiltrates in any lung zone, cavities, or a miliary pattern 

Highly suggestive (alternative definition 2) • Presence of reticulonodular infiltrates localized to the apical or upper lung zones, cavities, or 

a miliary pattern 

3
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Figure 2. Typical thoracic ultrasound findings in tuberculosis. (a) Subpleural nodule: Subpleural round hypoechoic nodule measuring less than 1 cm and demonstrating 

posterior acoustic enhancement. (b) Consolidation: Hypoechoic area within lung parenchyma. (c) Cavity: Hypoechoic area with ill-defined margins and an avascular center 

(no flow on color Doppler). (d) Miliary pattern: Subpleural granular appearance with diffuse B-lines that appear to emanate from the subpleural granules. (e) Pleural effusion: 

anechoic fluid collection in the pleural space. (f) Pericardial effusion: anechoic fluid surrounding the heart. This image is used for illustration purposes only and should not be 

reproduced by others. 

l

i

d

t

t

w

m

P

d

i

2

p

s

p

2

u

(

t

d

o

fi

i

n

a

a

b

ung zones; right or left). Based on the combination of these find- 

ngs, three nonexclusive diagnostic categories were predefined for 

etecting TB. 

To reduce interpretation bias, all image reviewers were blinded 

o clinical and laboratory data, including GeneXpert results and 

reatment decisions. The experts interpreting the CXR and LUS 

ere additionally blinded to the results of the other imaging 

odality. 

To enhance consistency across LUS expert interpretations, the 

OCUS experts initially reviewed a common set of 20 LUS scans, 

iscussed the findings, and aligned on study definitions prior to 

nitiating formal image review. 

.4. Data collection and management 

Clinical, laboratory, and treatment data were recorded on 

aper-based CRF and secondarily on REDCAP [ 24 ] by local study 
4

taff, overseen by the principal investigator. Remote imaging inter- 

retation was also documented in standardized REDCap CRFs. 

.5. Study outcomes and data analyses 

The primary outcome was the diagnostic accuracy of individ- 

al and a predefined combination of LUS findings for detecting TB 

main definition), assessed against the reference standard. Addi- 

ionally, diagnostic accuracy was estimated using two alternative 

efinitions for predefined combined LUS findings highly suggestive 

f TB. LUS was considered not highly suggestive of TB when the 

ndings did not fulfil the definition. Diagnostic accuracy metrics—

ncluding sensitivity, specificity, positive predictive value (PPV), and 

egative predictive value (NPV)—were calculated. The diagnostic 

ccuracy of individual and predefined combined CXR findings was 

lso evaluated using the same metrics. Additionally, the agreement 

etween LUS and CXR in identifying cases classified as “Highly sug- 
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Figure 3. Study flowchart. 
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estive of TB” (main definition) was assessed using Cohen’s kappa 

 κ) coefficient. 

The Xpert MTB/RIF Ultra assay result was used as the refer- 

nce standard for TB diagnosis. Participants were classified as ei- 

her having confirmed TB or non-TB based on the assay positive or 

egative results, respectively. Those without bacteriological confir- 

ation but treated based on clinical assessment were categorized 

s “unconfirmed TB” and were excluded from the diagnostic pri- 

ary accuracy analyses. 

Additionally, two secondary analyses were conducted: one in- 

luding patients with unconfirmed TB and another excluding par- 

icipant under 15 years of age. 

Baseline demographic and clinical characteristics were pre- 

ented for the entire cohort and stratified by diagnostic categories. 

Mean and standard deviation were used for normally dis- 

ributed numerical data, and median and inter-quartile range (IQR) 

or non-normally distributed data. Categorical variables were sum- 

arized as frequencies and proportions. 

To explore combinations of LUS findings beyond predefined 

ombinations with potentially increased diagnostic accuracy and 

evelop a clinically applicable diagnostic score, we used logistic re- 

ression with least absolute shrinkage and selection operator (LR- 

ASSO). The dataset was randomly divided into a training set (70%) 

nd a test set (30%). Model generalizability was optimized using k- 

old cross-validation on the training set to select the most suitable 

uning parameter ( λ). The model was then retrained on the full 

raining set with this λ, and the resulting coefficients were scaled 

nto a simplified point-based score. Risk scores were generated 

or the test set, and an optimal cut-off was determined via ROC 

nalysis to dichotomize PTB status. Diagnostic metrics (sensitiv- 

ty, specificity, accuracy) were derived from the resulting confusion 

atrix. 

All estimates are reported with 95% confidence intervals (CI). 

ost statistical analyses were performed using Stata version 15.1 

StataCorp LLC, College Station, TX, USA). Analyses involving LR- 

ASSO modelling, data splitting, cross-validation, and diagnostic 

etric calculations were conducted in R (version 4.4.2; R Founda- 

ion for Statistical Computing, Vienna, Austria). 
5

.6. Ethical considerations 

The study was approved by the Medical Research Advi- 

ory Committee of PNG (No. 19.01) and the MSF Ethical Re- 

iew Board (ID: 1976). The study was conducted in accordance 

ith the Declaration of Helsinki [ 25 ] and the International Eth- 

cal Guidelines for Health-Related Research Involving Humans by 

IOMS [ 26 ]. 

. Results 

.1. Participants’ characteristics 

Between May 16, 2022, and May 8, 2023, 1503 patients were 

creened at the Gerehu TB clinic. Of these, 512 were enrolled in 

he study, and 488 were tested with GeneXpert MTB/RIF and in- 

luded in the analyses ( Figure 3 ). Participants were predominantly 

ale (270, 55.3%), and median age was 30 years [IQR: 23-44]. HIV 

revalence was 2.0%. Approximately 50% reported contact with a 

B case, primarily within the household, and 21% had a history of 

revious TB treatment ( Table 2 ). 

The 488 participants tested with GeneXpert MTB/RIF ultra- 

ssay were classified as follows: 149 (30.5%) confirmed TB, 55 

11.3%) unconfirmed TB, and 284 (58.2%) as non-TB. In total, 433 

articipants with confirmed TB and non-TB were included in the 

ccuracy analyses. Among the confirmed TB patients, 129 (86.6%) 

ere classified as only PTB, and 20 (13.4%) had both pulmonary 

nd extrapulmonary involvement. Rifampicin resistance was iden- 

ified in two participants. 

Among the 55 individuals excluded from the primary accuracy 

nalyses, a higher proportion were male and slightly older com- 

ared to the included population ( Table 2 ). 

.2. LUS findings 

The average duration of the LUS examination performed by the 

rained clinician was 39 minutes (range: 20-69 minutes). Image 
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Table 2 

Demographic and clinical characteristics at baseline, stratified by TB diagnosis ( N = 488). 

Non-TB (284) Confirmed TB (149) Unconfirmed TB (55) Total (488) 

n (%) n (%) n (%) n (%) 

Gender 

Female 141 (49.6) 57 (38.3) 20 (36.4) 218 (44.7) 

Male 143 (50.4) 92 (61.7) 35 (63.6) 270 (55.3) 

Age, median [IQR] 30.5 [23-44] 26 [22-36] 34 [26-43] 30 [23-41] 

Age group categories (years) 

10 to ≤11 8 (2.8) 1 (0.7) 0 (0.0) 9 (1.8) 

12 to ≤14 8 (2.8) 3 (2.0) 2 (3.6) 13 (2.7) 

15 to ≤20 33 (11.6) 24 (16.1) 7 (12.7) 64 (13.1) 

21 to ≤30 93 (32.7) 66 (44.3) 14 (25.5) 173 (35.5) 

31 to ≤40 61 (21.5) 27 (18.1) 15 (27.3) 103 (21.1) 

> 40 81 (28.5) 28 (18.8) 17 (30.9) 126 (25.8) 

Known TB contact 141 (49.8) 80 (53.7) 27 (49.1) 248 (50.9) 

Household TB contact 128 (92.1) 71 (88.8) 26 (96.3) 225 (91.5) 

Past Tuberculosis treatment 71 (25) 20 (13.4) 11 (20) 102 (20.9) 

Previous treatment outcome ( n = 102) 

Cured or completed 42 (59.1) 11 (57.9) 4 (36.4) 57 (56.5) 

Interrupted or failure 4 (5.6) 1 (5.3) 1 (9.1) 6 (5.9) 

Unknown 25 (35.3) 8 (36.8) 6 (54.5) 38 (37.6) 

Cough 289 (100) 149 (100) 55 (100) 496 (100) 

Production of sputum 253 (89.1) 131 (87.9) 50 (90.9) 434 (88.9) 

Weight loss 242 (85.2) 145 (97.3) 49 (89.1) 436 (89.3) 

Weakness 240 (84.5) 129 (86.6) 51 (92.7) 420 (86.1) 

Fever 194 (68.3) 123 (82.6) 46 (83.6) 363 (74.4) 

Difficulty to breath 195 (68.7) 115 (77.2) 50 (90.9) 360 (73.8) 

Night sweats 193 (68) 121 (81.2) 42 (76.4) 356 (73) 

Chest pain 194 (68.3) 114 (76.5) 47 (85.5) 355 (72.7) 

Loss of appetite 139 (49.1) 92 (61.7) 40 (72.7) 271 (55.6) 

Other symptoms 58 (20.9) 37 (25.2) 16 (29.6) 111 (23.2) 

Hemoptysis 63 (22.2) 34 (22.8) 9 (16.4) 106 (21.7) 

Lymph nodes 57 (20.1) 47 (31.5) 13 (23.6) 117 (24) 

Cervical/supraclavicular 46 (80.7) 45 (95.7) 11 (84.6) 102 (87.2) 

Other 11 (19.3) 2 (4.2) 2 (15.4) 15 (12.8) 

Ascites 4 (1.4) 2 (1.3) 6 (10.9) 12 (2.5) 

Other signs 11 (4.0) 7 (4.7) 0 (0.0) 18 (3.7) 

Diabetes 2 (0.7) 2 (1.3) 1 (1.8) 5 (1) 

HIV status 

Positive 5 (1.8) 1 (0.7) 2 (3.6) 8 (1.6) 

Negative 6 (2.1) 9 (6.1) 2 (3.6) 17 (3.5) 

Unknown 271 (96.1) 138 (93.2) 51 (92.7) 460 (94.8) 

Place of residency 

Northwest province resident 192 (67.6) 89 (59.7) 36 (65.5) 317 (65.0) 

Northwest province suburb 

Gerehu 100 (52.1) 51 (57.3) 19 (52.8) 170 (53.6) 

Other suburbs 92 (47.9) 38 (42.7) 17 (47.2) 147 (46.4) 
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uality was rated by the POCUS experts as “good” in 225 partic- 

pants (46.5%), “adequate” in 246 (50.8%), and “poor” in 13 (2.7%). 

The most common LUS findings among participants were small 

onsolidations < 1 cm (67%), SUNs (48%), and larger consolidations 

 1 cm (46%). Less frequent findings were miliary pattern (11%), 

ericardial effusion (9%), and cavities (3%). All LUS findings were 

bserved more frequently in participants with TB compared to 

hose without TB ( Table 3 ). Full details of LUS findings by diag-

ostic group are provided in the Supplementary Material (Supple- 

entary Table 3). 

Diagnostic performance varied among the different LUS find- 

ngs. SUNs showed moderate accuracy, with a sensitivity of 64% 

nd specificity of 60%. Small consolidations demonstrated higher 

ensitivity (79%) but lower specificity (39%), whereas larger con- 

olidations showed slightly lower sensitivity (76%) and moderate 

pecificity (69%) ( Table 3 ). 

The diagnostic accuracy of SUN varied depending on the spec- 

fications of the SUN characteristics. Restricting SUN finding to a 

uantity of more than 5 or a size of more than 5 mm increased

he specificity to 92% and 95% respectively, while decreasing the 

ensitivity to 20% and 21%, respectively ( Table 3 ). 
6

.3. CXR findings 

CXR image quality, as assessed by the expert radiologist, was 

ated as “good” for 153 CXR (31.4%), “adequate” for 286 (58.7%), 

nd “poor” for 48 (9.9%). 

The most common CXR findings among confirmed TB partic- 

pants were reticulonodular infiltrates (70%) and cavities (23%) 

 Table 4 ). Cavities were often multiple and > 1 cm (Supplementary 

able 4). 

CXR findings showed variable diagnostic accuracy for TB. Retic- 

lonodular infiltrates and cavities had the highest sensitivities, 70% 

nd 54%, respectively, and lymphadenopathy and miliary pattern 

ad the highest specificities, 97% and 100%, respectively. Other 

ndings demonstrated lower sensitivity despite high specificity. 

.4. Diagnostic accuracy of combined imaging findings for TB 

etection 

Using a predefined combination of imaging findings for “Highly 

uggestive of TB” (main definition), LUS demonstrated a sensitivity 

f 92.6% (95% CI: 90.1-95.1) and specificity of 46.8% (95% CI: 42.1- 
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Table 3 

Distribution of lung ultrasound findings among non-TB ( n = 284) and confirmed TB ( n = 149) participants and diagnostic accuracy measures (sensitivity, specificity, PPV, 

NPV) ( N = 433). 

Ultrasound finding Non-TB 

( N = 284) 

Confirmed TB 

( N = 149) 

Total 

( N = 433) 

Sensitivity Specificity PPV NPV 

n % n % n % (95% CI) (95% CI) (95% CI) (95% CI) 

Subpleural nodules (SUN) 113 39.8 95 63.8 208 48 63.8 (59.2-68.3) 60.2 (55.6-64.8) 45.7 (41.0-50.4) 76.0 (72.0-80.0) 

Consolidation ≤1 cm 174 61.3 117 78.5 291 67.2 78.5 (74.6-82.4) 38.7 (34.1-43.3) 40.2 (35.6-44.8) 77.5 (73.5-81.4) 

Consolidation > 1 cm 89 31.3 112 75.2 201 46.4 75.7 (71.6-79.7) 68.7 (64.3-73.0) 55.7 (51.0-60.4) 84.4 (81.0-87.8) 

Cavity 4 1.4 9 6.0 13 3.0 6.0 (3.8-8.3) 98.6 (97.5-99.7) 69.2 (64.9-73.6) 66.7 (62.2-71.1) 

Miliary pattern 17 6.0 29 19.5 46 10.6 19.5 (15.7-23.2) 94.0 (91.8-96.3) 63.0 (58.5-67.6) 69.0 (64.6-73.4) 

Pleural effusion 39 13.7 60 40.3 99 22.9 40.5 (35.9-45.1) 86.3 (83.0-89.5) 60.6 (56.0-65.2) 73.6 (69.4-77.7) 

Pericardial effusion 18 6.3 19 12.8 37 8.5 12.7 (9.6-16.0) 93.7 (91.4-96.0) 51.4 (46.6-56.1) 67.2 (62.8-71.6) 

SUN quantity > 5a 24 8.5 29 19.5 53 12.2 19.5 (15.7-23.2) 91.6 (89.0-94.2) 54.7 (50.0-59.4) 68.4 (64.0-72.8) 

SUN size > 5 mm 13 4.6 31 20.8 44 10.2 20.8 (17.0-24.6) 95.4 (93.5-97.4) 70.5 (66.2-74.8) 69.7 (65.3-74.0) 

SUN in apical 34 12 49 32.9 83 19.2 32.9 (28.5-37.3) 88.0 (85.0-91.1) 59.0 (54.4-63.7) 71.4 (67.2-75.7) 

SUN apical or upper 99 34.9 83 55.7 182 42 55.7 (51.0-60.4) 65.1 (60.7-69.6) 45.6 (40.9-50.3) 73.7 (69.6-77.9) 

SUN at least in 2 zones 77 27.1 60 40.3 137 31.6 40.3 (35.7-44.9) 72.9 (68.7-77.1) 43.8 (39.1-48.5) 69.9 (65.6-74.3) 

a “Quantity > 5” refers to the total number of SUNs observed across all lung zones. 

Table 4 

Distribution of chest X-ray findings among non-TB ( n = 284) and confirmed TB ( n = 149) participants and diagnostic accuracy measures (sensitivity, specificity, PPV, NPV) 

( N = 433). 

Non-TB 

( N = 284) 

Confirmed TB 

( N = 149) 

Total 

( N = 433) 

Sensitivity Specificity PPV NPV 

CXR findings n (%) n (%) n (%) (95% CI) (95% CI) (95% CI) (95% CI) 

Reticulonodular infiltrates 60 21.1 104 69.8 164 37.9 69.8 (65.5-74.1) 78.9 (75.0-82.7) 63.4 (58.9-68.0) 83.3 (79.8-86.8) 

Lobar or segmental 

consolidation 

9 3.2 13 8.7 22 5.1 8.7 (6.1-11.4) 96.8 (95.1-98.5) 59.1 (54.5-63.7) 66.9 (54.5-63.7) 

Cavity 17 6 81 54.4 98 22.6 54.4 (49.7 59.1) 94 (91.8-96.3) 82.7 (79.1-86.2) 79.7 (75.9-83.5) 

Nodular lesion 25 8.8 15 10.1 40 9.2 10.1 (7.2-12.9) 91.2 (88.5-93.8) 37.5 (32.9-42.1) 65.9 (61.4-70.4) 

Miliary pattern 0 0 8 5.4 8 1.8 5.3 (3.3-7.5) 100 (100.0-100.0) 100 (100.0-100.0) 66.8 (62.4-71.3) 

Pleural effusion 22 7.7 41 27.5 63 14.5 27.5 (23.3-31.7) 92.3 (89.7-94.8) 65.1 (60.6-69.6) 70.8 (66.5-75.1) 

Lymphadenopathy 8 2.8 22 14.8 30 6.9 14.8 (11.4-18.1) 97.2 (95.6-98.7) 73.3 (69.2-77.5) 68.5 (69.2-77.5) 

Enlarged cardiac silhouette 22 7.7 5 3.4 27 6.2 3.4 (1.7-5.1) 92.3 (89.7-94.8) 18.5 14.9-22.2) 64.5 (60.0-69.0) 

Apical pleural thickening 21 7.4 18 12.1 39 9 12.1 (9.0-15.2) 92.6 (90.1-95.1) 46.2 (41.5-50.9) 66.8 (62.3-71.2) 

Fibrosis/scarring 24 8.5 10 6.7 34 7.9 6.7 (4.3-9.1) 91.6 (89.3-94.2) 29.4 (25.1-33.7) 65.2 (60.7-69.7) 

Table 5 

Diagnostic accuracy of lung ultrasound (LUS) and chest X-ray (CXR) for tuberculosis diagnosis: Sensitivity, specificity, positive predictive value (PPV), and negative predictive 

value (NPV) using main and alternative definitions. 

Sensitivity Specificity PPV NPV 

(95% CI) (95% CI) (95% CI) (95% CI) 

Main definition 

LUS a 92.6 (90.1-95.1) 46.8 (42.1-51.5) 47.8 (43.1-52.5) 92.3 (89.9-94.9) 

CXR b 91.3 (88.6-93.9) 65.1 (60.7-69.6) 57.9 (53.2-62.5) 93.4 (91.1-95.8) 

Alternative definitions 

LUS definition 1 c 69.1 (64.8-73.5) 63.7 (59.2-68.3) 50.0 (45.3-54.7) 79.7 (76.0-83.5) 

LUS definition 2 d 65.1 (60.6-69.5) 74.3 (70.2-78.4) 57.1 (52.4-61.7) 80.2 (76.5-84.0) 

CXR definition 1 e 74.5 (70.4-78.6) 77.5 (73.5-81.4) 63.4 (58.9-68.0) 85.3 (81.9-88.6) 

CXR definition 2 f 71.1 (66.9-75.4) 88.0 (85.0-91.1) 75.7 (71.7-79.8) 85.3 (82.05-88.7) 

a Highly suggestive of TB (LUS main definition): Presence of SUN in ≥2 zones (with at least one in the apical or upper), consolidation > 1 cm, a miliary pattern, cavities, 

pleural effusion or pericardial effusion > 1 cm. Not suggestive of TB: all others. 
b Highly suggestive of TB (CXR main definition): Presence of reticulonodular infiltrates in any lung region, lobar or segmental consolidation, nodular lesions, lymphadenopa- 

thy, pleural effusion, or an enlarged cardiac silhouette with a “water-bottle” shape. Not suggestive of TB: all others. 
c Highly suggestive of TB: Presence of SUN in ≥2 zones (with at least one in the apical region), consolidation > 1 cm, a miliary pattern or cavities or pericardial effusion 

> 1 cm. Not suggestive of TB: all others. 
d Highly suggestive of TB: Presence of SUN in ≥2 zones (with at least one in the apical or upper), consolidation > 1 cm; a miliary pattern or cavities or pericardial effusion 

> 1 cm. Not suggestive of TB: all others. 
e Highly suggestive of TB: Presence of reticulonodular infiltrates in any lung zone, cavities, or a miliary pattern. Not suggestive of TB: all others. 
f Highly suggestive of TB: Presence of reticulonodular infiltrates localized to the apical or upper lung zones, cavities, or a miliary pattern. Not suggestive of TB: all others. 
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1.5). The PPV was 47.8% (95% CI 43.1-52.5), and the NPV was 92.3% 

95% CI 89.9-94.9). CXR showed a sensitivity of 91.3% (95% CI: 86.6- 

3.9) and specificity of 65.1% (95% CI: 60.7-69.6) ( Table 5 ). 

Using alternative definitions for “highly suggestive of TB”, LUS 

ensitivity decreased, 69% and 65% using alternative definitions 1 

nd 2, respectively, while the specificity increased, 64% and 74%, 

espectively ( Table 5 ). 

Secondary analysis showed that including unconfirmed TB 

ielded a sensitivity of 91.7% (95% CI: 89.2-94.1; Supplementary 
7

able 5), while excluding participants < 15 years produced similar 

esults than the primary analyses (Supplementary Table 6). 

.5. Agreement between CXR and LUS 

The agreement between CXR and LUS in categorizing partici- 

ants as “Highly suggestive of TB” using the main definition was 

oderate with a Cohen’s kappa of 0.48 (95% CI 0.40-0.56). This 
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a

t

ndicates that the two imaging modalities often identify different 

ubsets of patients with TB (Supplementary File, Table 7). 

.6. LUS-based diagnostic score 

The final LR-LASSO model selected several LUS findings as pre- 

ictors of PTB, which were incorporated into a point-based scor- 

ng system ranging from 0 to 6 points: miliary pattern in ≥2 lung 

ones (2 points), consolidation > 1 cm in apical or upper zones (2 

oints), pleural effusion (1 point), and SUN or consolidation ≤1 cm 

n the apical zone (1 point) (Supplementary File, Table 8). Using a 

hreshold of 1.5, individuals with scores of 2 or higher were classi- 

ed as PTB positive. The score demonstrated a sensitivity of 82.8% 

95% CI: 64.2-94.2) and a specificity of 84.2% (95% CI: 72.1-92.5) 

Supplementary File, Table 9 and Figure 1 ). 

. Discussion 

This study provides evidence regarding the potential of LUS as 

 diagnostic tool for PTB in outpatients aged over 10 years, partic- 

larly in settings without access to CXR. Our findings suggest that 

US has high sensitivity and low specificity for PTB. The LUS has 

 comparable sensitivity to that of CXR but lower specificity. Both 

odalities have similar performance in ruling out PTB. 

.1. Study findings 

Our study findings align with previous studies. A proof-of- 

oncept study in South Africa reported 85% sensitivity and 52% 

pecificity for LUS in detecting thoracic abnormalities (consolida- 

ion, subpleural pathology, cavity, any B-patterns, pleural line ir- 

egularities, or pleural effusion) using bacteriologically confirmed 

B as the reference standard [23] . Montuori et al. found a sensitiv- 

ty of 86% and specificity of 63% using a combination of SUNs and 

pical consolidation, though 14% of TB cases lacked bacteriological 

onfirmation [19] . The slightly higher specificity reported in studies 

y Montuori et al. [19] and Fentress et al. [23] may be influenced 

y differences in how LUS findings were defined and applied. They 

ay have applied stricter criteria for lesion size, location, or pat- 

ern recognition, which could reduce false positives. Additionally, 

ifferences in real-time image acquisition vs interpretation from 

ecorded clips, as well as variations in study populations, may also 

ontribute to these discrepancies. 

Importantly, the most frequent LUS findings present in con- 

rmed TB cases were consolidations ≤1 cm (78.5%), consolidations 

 1 cm (75.2%), and SUNs (63.8%). Findings with the highest speci- 

city were SUNs > 5 mm (95.4%), SUNs located in the apical zones 

88%), and pericardial effusion (93.7%). These results align with 

revious studies, such as Montuori et al. [19] , which reported a 

pecificity of 66.7% for SUN, and Fentress et al. [23] . Cavities were 

arely detected in our study, corroborating known limitations of 

US in identifying cavitations [18] . 

Most of our lung imaging was performed using a linear probe 

ith 4 cm starting depth, likely improving detection of subtle find- 

ngs, such as small SUNs, compared to a curvilinear probe on an 

bdominal preset. This approach may have increased sensitivity 

ut reduced specificity. 

We developed an LR-LASSO-derived 6-point scoring model in- 

orporating key LUS findings—miliary pattern in at least 2 lung 

ones, consolidation > 1 cm in the apical or upper lung zone, pleu- 

al effusion, and either SUN or small consolidations ( ≤1 cm) in the 

pical lung zone. At a threshold of 2 points, the model showed 

ood diagnostic performance of the score (sensitivity 82.8%, speci- 

city 84.2%). The scoring model simplifies interpretation by group- 

ng together SUN and small consolidations, which are intrinsically 

ifficult to differentiate. It also streamlines image acquisition by 
8

xcluding pericardial effusion. These advantages may further facil- 

tate the implementation use of LUS in resource-limited settings. 

Training nonspecialist clinicians to perform LUS using a stan- 

ardized acquisition protocol was successful, with Health Exten- 

ion Officers consistently obtaining high-quality US images. This 

ligns with evidence from the Focused Assessment with Sonog- 

aphy for HIV-associated TB (FASH) protocol, which demonstrated 

hat novice clinicians can be trained not only to acquire but also to 

nterpret sonographic findings for EPTB [27] . Unlike other POCUS 

odules that are typically performed and interpreted immediately 

y performing clinicians, our study focused solely on image ac- 

uisition, with expert reviewers interpreting LUS exams remotely. 

owever, the time required for LUS image acquisition followed by 

xternal interpretation may limit practical implementation of this 

pproach in busy clinical settings. Nevertheless, this time is ex- 

ected to be reduced following the training and implementation 

hase. 

.2. Strengths and limitations 

The strengths of this study include the use of a robust refer- 

nce standard (bacteriologically confirmed TB), a large outpatient 

ample that addresses limitations of previous studies [21] , and 

 standardized image acquisition protocol Importantly, we report 

oth sensitivity and specificity for individual and combined imag- 

ng findings, and diagnostic accuracy estimates remained consis- 

ent when including patients with unconfirmed TB, reinforcing our 

rimary results. LUS and CXR images were interpreted by blinded 

xperts, minimizing the risk of bias. Furthermore, LUS acquisition 

y trained clinicians on-site supports the applicability of our re- 

ults to real-world, low-resource settings. 

Our study has also limitations. It was conducted in a high TB 

urden setting, where lung sequelae from previous TB may have 

ffected image interpretation. Therefore, generalizability to low- 

urden TB settings may be limited. Inter-reader interpretation vari- 

bility may have occurred, as four POCUS experts reviewed sub- 

ets of US examinations. Ideally, each exam would have been re- 

iewed by multiple readers, but this was not possible due to 

ime constraints and expert reviewer availability. Additionally, sub- 

entimeter findings such as SUNs are difficult to identify and dis- 

inguish on recorded clips without hands-on manipulation of the 

S transducer and real-time evaluation of the images. Operator de- 

endency remains a notable limitation of US in general [ 28 , 29 ].

lthough image acquisition was relatively standardized, interpre- 

ation is prone to inter-reader variability and subjectivity. This is 

articularly relevant when distinguishing SUN from small consoli- 

ations, which often share overlapping features. Despite efforts to 

pply consistent distinguishing criteria, a degree of subjectivity re- 

ains. Similarly, differentiating cavities from consolidation remains 

ifficult; however, given the rarity of cavities in our dataset, this 

ad minimal practical impact on our results. Emerging AI solu- 

ions have potential to increase objectivity and reduce inter-reader 

ariability. Deep-learning approaches are showing promise in au- 

omating US image interpretation and improving diagnostic accu- 

acy [ 30 ]. Specific analysis in age subgroups, particularly those un- 

er 15 years—who more frequently present with EPTB and lymph 

ode involvement [ 31 ]—was not possible due to the small sample 

ize in this group. While the model-derived scoring system showed 

romising results, prospective validation will be required to assess 

ts diagnostic value. 

. Conclusions 

In summary, LUS demonstrates a high sensitivity for PTB, equiv- 

lent to CXR, although the specificity is low. LUS may have poten- 

ial for PTB diagnosis as an imaging modality, particularly when 
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XR is unavailable. We did not identify a combination of LUS find- 

ngs providing an optimal balance of sensitivity and specificity for 

TB diagnosis. However, our diagnostic scoring system offers a 

ragmatic alternative, with notably higher specificity. Future stud- 

es are needed to externally validate the proposed score and to ex- 

lore whether integrating the FASH protocol for extra-PTB, enhance 

iagnostic yield. 
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