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Background: Peripheral pulmonary lesions (PPLs) in tuberculous endemic regions present a unique
diagnostic challenge, as tuberculous PPL can mimic malignancy and potentially delay diagnosis for both
conditions without a confirmatory investigation. While bronchoscopic biopsy using radial endobronchial
ultrasound (rEBUS) guidance is becoming more common among pulmonologists, it is often performed with
additional automation technology such as virtual bronchoscopic and electromagnetic navigation. This study
aimed to evaluate the performance of rEBUS without such automation technology over a 6-year period in
our institution.

Methods: Retrospective chart review of all adult patients undergoing rEBUS-guided transbronchial biopsy
for PPL in our institution over 6 years duration (October 2016 to December 2022).

Results: A total of 551 PPLs were included with median target lesion size of 2.70 (interquartile range,
2.10-3.70) cm. In total, 84.2% of lesion demonstrated direct bronchus sign with 46.3% demonstrating
concentric rEBUS orientation. The overall diagnostic yield was 78.8% [95% confidence interval (CI): 75.1-
82.1%], with 1.1% rate of pneumothorax. Among the conclusive cases, 62.7% were malignant while 37.3%
were tuberculous. Bronchus sign [adjusted odds ratio (adj. OR): 2.268] and concentric rEBUS orientation (adj.
OR: 3.426) are independent predictors for conclusive procedure. The sensitivity of rEBUS for malignant and
tuberculous disease was 85.27% (95% CI: 80.89-88.97%) and 71.77% (95% CI: 62.99-79.49%) respectively.
A significant improving trend of diagnostic yield over time with reduction of median PPL size was observed
with introduction of cryobiopsy and thin bronchoscopy into rEBUS service.

Conclusions: rEBUS without automation technology remains relevant and useful in this era. rEBUS

provides a rapid and safe diagnosis of PPL which may translate into better patient care.
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Introduction

Peripheral pulmonary lesions (PPLs) can result from
various causes, ranging from benign to malignant causes.
Major guidelines recommend tissue sampling to establish
a diagnosis for PPL with indeterminate to high risk for
malignancy, as early detection of lung cancer is associated
with better overall survival rates (1-3). Moreover, in
regions with high tuberculosis incidence, PPL caused by
tuberculosis presents a significant diagnostic challenge, as
it can be difficult to distinguish from malignant nodules
using conventional imaging alone (4,5). In the absence
of positive sputum examination for Mycobacterium, many
patients may receive empirical tuberculosis treatment
since early diagnosis and treatment of tuberculosis is
critical for preventing disease spread from a public health
perspective—however, this may potentially also result
in delay lung cancer diagnosis (4). Therefore, biopsy
is essential in our region, to accurately determine the
underlying cause of PPL to allow prompt initiation of
appropriate treatment, particularly for tuberculosis and
lung cancer.

In our region, the transthoracic approach via computed
tomography (CT) thorax guidance is the most commonly

Highlight box

Key findings

® The diagnostic yield of radial endobronchial ultrasound (rEBUS)
without advanced automation technology in a real-world setting
was 78.8% [95% confidence interval (CI): 75.1-82.1%] with direct
bronchus sign and concentric orientation being the independent
predictors for conclusive procedure.

* The overall diagnostic accuracy of rEBUS for malignant and
tuberculous disease was 90.64% (95% CI: 87.74-93.04%) and
93.03% (95% CI: 90.44-95.10%) respectively.

What is known and what is new?

e rEBUS procedure is commonly performed with automation
technology, such as virtual bronchoscopic navigation,
electromagnetic navigational bronchoscopy and most recently,
robotic bronchoscopy systems.

e In this study, we demonstrate that rEBUS without advanced
automation technology is still feasible with equivalent diagnostic
yield.

What is the implication and what should change now?

e rEBUS without automation technology remains relevant and
useful in this era.

¢ In tuberculous endemic regions, rEBUS provides a rapid and safe
histological and microbiological proof of disease.
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used method for PPL biopsy which has a high diagnostic
yield. However, meta-analyses have shown that it comes
at the expense of a higher complication rate when
compared to bronchoscopic biopsy (6). In contrast, radial
endobronchial ultrasound (rEBUS) is a minimally invasive
guided bronchoscopic technique that provides real-time
verification of PPL location, allowing for accurate and
precise biopsy without additional risk when compared to
conventional bronchoscopy. Meta-analyses have revealed
a diagnostic yield of approximately 70.6% for the rEBUS
procedure, accompanied by a very low overall complication
rate of only 2.8% (7). Over the years, rEBUS procedure has
continued to evolve with the addition of more automation
technology to enhance its performance, such as virtual
bronchoscopic navigation (VBN) for pre-procedural
planning, electromagnetic navigational bronchoscopy
(ENB) for real-time tracking, and most recently, the use
of robotic bronchoscopy systems (8-10). However, these
advanced technologies are not readily available in all parts
of the world.

Our center started performing rEBUS procedures
in 2016 without advanced automation technology,
particularly employing manual bronchial branch tracing
for navigation and airway maneuvring using conventional
flexible bronchoscopy. In this study, our main objectives
are to evaluate the overall diagnostic yield and
complication rate of our rEBUS procedures over 6 years
and to identify factors associated with a better diagnostic
yield. Additionally, as a subset analysis, we aim to describe
the diagnostic accuracy (sensitivity, specificity, and
predictive values) of rEBUS in malignant and tuberculous
PPL and assess the impact of changes in rEBUS practices
on service delivery during the study period. We present
this article in accordance with the STROBE reporting
checklist (available at https://jtd.amegroups.com/article/
view/10.21037/jtd-23-979/rc).

Methods
Study design & setting

This is a retrospective chart review of all adult patients
undergoing rEBUS-guided transbronchial biopsy for PPL
in the respiratory care unit in Sarawak General Hospital,
Malaysia over 6 years duration (October 1, 2016 to
December 31, 2022). Patients with endobronchial lesions
during initial airway examination were excluded. The
study was conducted in accordance with the Declaration of
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Helsinki (as revised in 2013) (11). The study protocol was
approved by the medical research and ethics committee of
Ministry of Health Malaysia [NMRR-ID-23-00520-LMM
(IIR)] and individual consent for this retrospective analysis
was waived. In Malaysia, the estimated incidence rate of
tuberculosis is 97 per 100,000 population, with a mortality
rate of 6 per 100,000 population (12).

rEBUS procedure

Pre-procedural planning

CT scan of at least 2 mm thickness and below were
performed for all patients from our center. Manual
bronchial branch tracing method is then performed by
analyzing subsegmental airway anatomy in multiplanar
reconstruction from the CT scan in axial, coronal, and
sagittal planes. The bronchus sign and bifurcations that
led into the target lesion were analyzed meticulously. The
classification of the bronchus sign is as follows: type A,
when the airway is observed to lead directly into the target;
type B, when the airway is located adjacent to the target;
and type C, for target lesions devoid of a leading airway (13).
Based on this analysis, we drew schematic diagrams of the
planned road map representing the actual bronchoscopic
vision of the segmental airway leading into the target lesion
by hand. No additional navigational software was used
in this study to assist with procedural planning (14). The
characteristics and measurements of the target lesion were
recorded by assessing the largest diameter of the target
PPL on axial CT scan in lung window reconstruction. The
target-to-pleural distance was determined by measuring
the distance from the center of the target to the closest
point on the parietal or visceral pleura in the direction of

the biopsy (15).

Bronchoscopy and rEBUS procedure
The procedures were performed either by consultant
pulmonologists with experience of flexible and rigid
bronchoscopy, or by pulmonology fellows under direct
supervision. Flexible bronchoscopies were performed under
conscious sedation or total intravenous anesthesia as per
unit protocol. Decision for advanced airways (i.e., rigid
bronchoscope, endotracheal intubation, and laryngeal mask
airway) was at the discretion of the bronchoscopist after
considering the risk and benefit of the procedure to the
patient. All patients had signed and dated informed consent
prior to procedures.

Various flexible conventional (BF-1TH190, BF-H190,
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Olympus Medical, Tokyo, Japan) and thin bronchoscopes
(BF-P190, BF-MP190-F; Olympus Medical) were used for
the procedures. Olympus rEBUS system (EU-ME2 Premier
Plus) was used in all cases. After ruling out endobronchial
lesions, the 20 Hz 2.0- or 1.7-mm rEBUS probe (UM-S20-
20R, UM-S20-17S; Olympus Medical) with or without
a guide sheath (SG-201C, SG-200C; Olympus Medical)
was inserted into the pre-planned target segment via the
bronchoscope working channel. Upon identification of the
lesion via rEBUS, the guide sheath was locked and rEBUS
probe was removed. In selected cases, the guide sheath was
not used, and subsequent placement of biopsy tools was
guided by single planar fluoroscopy.

For transbronchial forceps biopsy, a standard fenestrated
cup flexible forceps (FB231-D, FB233-D; Olympus
Medical) was introduced into the guide sheath, and 5-10
biopsies were taken during each round of the procedure. For
cryobiopsy, either the 1,050 mm 1.9 mm reusable cryoprobe
or the single-used flexible cryoprobe (1.1 or 1.7 mm) was
used in conjunction with the ERBECRYO®2 system (ERBE,
Medizintechnik, Tubingen, Germany). An endobronchial
balloon (B5-2C; Olympus Medical) was placed at the target
segmental bronchi if advanced airways were used during the
procedure. The cryoprobe was subsequently inserted into
the guide sheath, activated and removed en bloc with the
bronchoscope from the patient. The pre-placed balloon was
inflated immediately upon removal of bronchoscope. Tissue
from cryobiopsy was thawed and retrieved in normal saline
from the cryoprobe. After biopsy, normal saline was instilled
into the target segment via guide sheath and aspirated for
microbiological or cytological examination in cases where
infective causes were suspected. Rapid on-site examination
services were not available in our institution. Chest
radiographs were performed to look for pneumothorax
2 hours post-procedure. Figure I summarizes our work
procedures.

Definition

The procedure was considered to be conclusive if
histological, microbiological, or cytological studies
provided definitive results, allowing implementation of
specific treatment. Lesions with inflammatory findings on
biopsy would be considered as conclusive only if the lesion
demonstrated radiological stability for at least 6 months
during CT surveillance. Procedures were considered to
be inconclusive if results failed to provide a definitive
answer to the presenting clinical problem, requiring further
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Figure 1 A case of left upper lobe 2.1 cm x 1.9 cm solitary pulmonary nodule in the target segment of LB1+2-b-ii. (A) Manual bronchial
branch tracing technique by drawing the airway branching (red arrowheads) from an axial CT scan in 90° clockwise rotation onto a schematic
drawing. The segment of interest was marked with “*” to guide the actual bronchoscopic procedure using a 4.0 mm bronchoscope in this case
from LB1+2 to target LB1+2-b-ii. The “X” means the final bronchus sign leading into the target lesion. rEBUS examination at target segment
confirmed a concentric lesion (B) in which the location was marked on fluoroscopy (C). Forceps biopsy under fluoroscopic guidance confirmed

adenocarcinoma lung (D, x20 magnification, hematoxylin & eosin). CT, computed tomography; rEBUS, radial endobronchial ultrasound.
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intervention or biopsy.

Statistical analysis

SPSS (version 20; Chicago, IL, USA) was used for data
analysis. Normality was assessed with the Shapiro-Wilk
test. Results were presented as mean = standard deviation
(SD) for normally distributed variables, and as median and
interquartile range (IQR) for non-normally distributed
variables. Categorical data were expressed as absolute
numbers and percentages, and compared using Pearson’s
Chi-squared test or Fisher’s exact test. Independent sample
t-tests and Mann-Whitney tests were used to compare
normally and non-normally distributed variables between
groups, respectively. The overall diagnostic yield for rEBUS
is determined by dividing the total number of conclusive
procedures by the total number of rEBUS procedures,
with the result expressed as a percentage along with a 95%
confidence interval (CI). Predictive factors for conclusive
rEBUS results were assessed using multivariate logistic
regression with variables having P<0.20 on univariate
analysis. In a subgroup analysis, we assess the diagnostic
accuracy (sensitivity, specificity, and predictive values)
of rEBUS in malignant and tuberculous PPLs. Subjects
without follow-up data will be excluded for a more lenient
diagnostic accuracy analysis. To establish a stricter and more
rigorous minimum sensitivity threshold, we conducted a
diagnostic accuracy analysis encompassing all subjects, with
those lacking follow-up data classified as “false negatives”.
Conversely, to determine the maximum sensitivity
threshold, we classified subjects without follow-up data
as “true negatives” (16). Diagnostic accuracy, sensitivity,
specificity, and predictive values were then calculated based
on standard definitions. A P value of <0.05 was considered
significant.

Results

During the study period, a total of 558 procedures were
performed. Seven cases were excluded due to the presence
of visible endobronchial lesions during initial scouting
bronchoscopy. Hence, the final number of procedures
available for analysis was 551.

Baseline demographic and target lesions characteristic

In our study, the majority (65.0%) of subjects were male,
with an overall median age of 62.0 (IQR, 54.0-70.0) years.

© Journal of Thoracic Disease. All rights reserved.
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The median target lesion size was 2.70 IQR, 2.10-3.70) cm,
and the median target to pleural distance was 2.30 (IQR,
1.64-3.25) cm. The majority of lesions (57.7%) were
located in the upper lobes of the lung. Approximately 8 out
of 10 lesions (84.2%) were recorded as having a “within”
rEBUS orientation (Table 1).

Baseline procedural characteristic

The median procedural duration was 40.0 (IQR, 30.0-
50.0) minutes, determined from the initiation of anesthetic
sedation to the conclusion of the procedure. Almost two-
thirds of the procedures were performed without an
artificial airway under conscious sedation. Fluoroscopy
was utilized in the majority (82.8%) of cases. Standard
bronchoscope with guide sheath was used in majority of
procedures. Cryobiopsy was employed in 24.5% of cases.

Overall diagnostic yield & complication rate

In our cohort, 434 out of 551 cases attained a conclusive
diagnosis, resulting in an overall diagnostic yield of 78.8%
(95% CI: 75.1-82.1%). Six pneumothoraxes (1.1%) were
recorded. Mild bleeding occurred in 22.1% cases, while
moderate bleeding occurred in 5.3%. Cryobiopsy was
associated with a higher frequency of bleeding episodes
than conventional sampling methods (41.5% vs. 22.8%,
P<0.001). However, there were no severe bleeding episodes
recorded in our cohort.

Almost two-thirds of conclusive cases were malignant—
the commonest being adenocarcinoma lung at 42.4%
followed by squamous cell carcinoma of lung at 6.9%.
The remaining were benign in nature with 24.7% being
tuberculous. The complete histopathological analyses can

be found in Tables S1,S2.

Diagnostic accuracy of rEBUS for malignant and
tuberculous disease

Among the 117/551 (21.2%) of cases with inconclusive
histology, 68 had complete follow-up data while 49 had
incomplete follow-up data for final diagnosis conclusion.
Hence, a total number of 502 subjects were available for the
more lenient diagnostic accuracy analysis (Tables S3-S6).
The prevalence of malignant disease in our cohort was
63.5% (319/502). The sensitivity of rEBUS for malignant
disease was 85.27% (95% CI: 80.89-88.97%) with a
negative predictive value of 79.57% (95% CI: 74.94-
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Table 1 Characteristics of patients, target lesions and procedures 83,53%)_thi5 translates to an overall diagnostjc accuracy
(n=551) of 90.64% (95% CI: 87.74-93.04%) for malignant diseases.
Characteristics Value When encompassing all subjects, the minimum diagnostic
Patient accuracy, sensitivity, and negative predictive value of rEBUS
Age (years) 62.0 (54.0~70.0) for malignant disease was 82.58% (95% CI: 79.15-85.65%),
Gender 73.91% (95% CI: 69.11-78.33%), and 65.59% (95% CI:
Male 358 (65.0) 61.61-69.36%), respectively. .
For tuberculous disease, the prevalence in our cohort
Female 193 (35.0) was 24.7%. The overall diagnostic accuracy of rEBUS
Target lesions for tuberculous disease was 93.03% (95% CI: 90.44-
Size (cm) 2.70(2.10-3.70) 95.10%). The sensitivity and negative predictive value
Target to pleural distance (cm) 2.30 (1.64-3.25) were 71.77% (95% CI: 62.99-79.49%) and 91.53% (95%
Bronchus sign 464 (84.2) CI: 89.08-93.46%), respectively. When encompassing all
Location subjects, the minimum diagnostic accuracy, sensitivity, and
Right upper lobe 188 (34.1) negative predictive value of rEBUS for tuberculous disease
Right middle lobe 4308 was 84.75% (95% CI: 81.48-87.65%), 51.45% (95% CI:
43.74-59.10%), and 81.82% (95% CI: 79.42-83.99%),
Right lower lobe 97 (17.6) respectively.
Left upper lobe 130 (23.6)
Lingular 35 (6.4) L. . . -
Factors predicting conclusive diagnostic yield
Left lower lobe 58 (10.5)
YEBUS orientation In our cohort, female gender was associated with higher
Concentric 255 (46.3) diagnostic yield (83.9% vs. 76.0%, P=0.029) along with
_ type A bronchus sign and a concentric rEBUS orientation
Non-concentric 296 (53.7) . .. . .
(Table S7). However, in multivariate analysis, only direct
Procedure bronchus sign [adjusted odds ratio (adj. OR): 2.268;
Procedural time (min) 40.0 (30.0-50.0) 95% CI: 1.335-3.850; P=0.002] and concentric rEBUS
Access orientation [adj. OR: 3.426; 95% CI: 2.081-5.641; P<0.001]
Natural airway 335 (60.8) were independent factors predicting higher diagnostic yield
Artificial airway 216 (39.2) (Table 2).
Sedation
Conscious sedation 323 (58.6) Changes of rEBUS performance and practice over time
Total intravenous anesthesia 228 (41.4) Dividing our overall cohort (n=551) into five batches
Fluoroscopy 456 (82.8) (n=110/batch), a significant improving trend of diagnostic
Bronchoscope yield was found over the years (P<0.001). Median procedure
Conventional 492 (89.3) time also reduced over the years significantly [Batch
Thin 59 (10.7) 1: 40.0 (IQR, 30.0-45.0) vs. Batch 5: 35 (IQR, 30.0-
Guide sheath 448 (81.3) 45.0) minutes, P=0.015]. Cryobiopsy service was introduced

) into our service starting Batch 2 onwards while thin
Biopsy method . . )
bronchoscope was introduced in Batch 5 (Table 3, Figure 2).

Conventional 416 (75.5)
Cryobiopsy 135 (24.5) Changes in target lesion characteristic
Number of forceps pass 10.0 (9.0-10.0) Opver the years, we have been able to access smaller lesions,
Number of cryobiopsy pass 2.0 (1.0-3.0) with significantly decreasing median target size of 3.4 (IQR,
Cryobiopsy activation (s) 5.5 (4.0-8.0) 2.69-4.52) cm in first batch, to 2.13 (IQR, 1.78-2.80) cm
Data are presented as median (IQR) or n (%). rEBUS, radial in fifth batch, P<0.001. Accessed target PPL have also been
endobronchial ultrasound; IQR, interquartile range. more peripherally situated over the years with median
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Table 2 Univariate and multivariate logistic regression to predict diagnostic procedure
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Variables

OR (95% Cl), P value

Adj. OR (95% ClI), P value

Female
Artificial airway

Total intravenous anesthesia

Less than 5 airway generation

Upper lobe target
Target less than 2 cm
Bronchus sign A
Solid target
Fluoroscopy
Concentric rEBUS
Cryobiopsy

Thin bronchoscope

Guide sheath

1.652 (1.049-2.603), 0.030
1.141 (0.748-1.740), 0.541
1.066 (0.703-1.615), 0.765
1.334 (0.730-2.434), 0.349
1.221 (0.810-1.841), 0.340
0.832 (0.502-1.377), 0.474

3.136 (1.920-5.120), <0.001
0.907 (0.556-1.477), 0.694
0.843 (0.482-1.475), 0.549

3.910 (2.432-6.286), <0.001
1.422 (0.859-2.353), 0.171
2.139 (0.945-4.843), 0.068
0.632 (0.355-1.126), 0.119

1.587 (0.987-2.551), 0.057

2.268 (1.335-3.850), 0.002

3.426 (2.081-5.641), <0.001
1.465 (0.845-2.540), 0.174
1.237 (0.436-3.507), 0.689
0.618 (0.295-1.293), 0.202

OR, odds ratio; Cl, confidence interval; adj. OR, adjusted OR; rEBUS, radial endobronchial ultrasound.

Table 3 Changes of rEBUS performance and practice over time

Variables

Batch

Changes in target lesion characteristic
Target size (cm) 3.4 (2.69-4.52)
Target to pleural distance (cm) 3.17 (2.30-3.61)
Changes in overall diagnostic yield (n=551)
Diagnostic yield (%) 61.8
Changes in rEBUS performance for malignancy (n=502)

Sensitivity for malignancy 69.49
(56.13-80.81)

Diagnostic accuracy for malignancy 81.63
(72.53-88.74)

Changes in rEBUS performance for tuberculosis (n=502)

Sensitivity for tuberculosis 46.67
(28.34-65.67)

Diagnostic accuracy for tuberculosis 83.67
(74.84-90.37)

Method of tuberculosis diagnosis

Histology 19 (63.3)
Microbiology 3(10.0
Empirical 8(26.7)

2.89 (2.30-3.70)
2.33 (1.86-3.41)

81.8

89.06
(78.75-95.49)

93.14
(86.37-97.20)

62.96
(42.37-80.60)

90.20
(82.71-95.20)

16 (59.3)
1(3.7)
10 (37.0)

2.62 (2.08-3.37)
2.31 (1.70-3.09)

81.8

92.31
(82.95-97.46)

94.85
(88.38-98.31)

71.43
(47.82-88.72)

93.81
(87.02-97.70)

14 (66.7)
2(9.5)
5 (23.8)

2.90 (2.10-4.21)
2.40 (1.50-3.67)

81.8

87.93
(76.70-95.01)

92.86
(85.84-97.08)

91.67
(73.00-98.97)

97.96
(92.82-99.75)

14 (58.3)
8 (33.3)
2(8.3)

2.13 (1.78-2.80)
2.08 (1.27-2.75)

86.5

86.30
(76.25-93.23)

90.65
(83.48-95.43)

98.45
(77.16-99.88)

99.07
(94.9-99.98)

17 (77.3)
5(22.7)
0(0.0)

Data are presented as median (IQR), % (95% ClI), or n (%). rEBUS, radial endobronchial ultrasound; IQR, interquartile range; Cl, confidence interval.
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Figure 2 Diagnostic yield, sensitivity for malignancy, sensitivity for tuberculosis (primary left axis), median size of target lesion and median

target to pleural distance (secondary right axis) over time. Each batch consisted of 110 target lesions.

target-to-pleural distance of 3.17 (IQR, 2.30-3.61) cm in
Batch 1, to 2.08 (IQR, 1.27-2.75) cm in Batch 5, P<0.001.

Changes in overall diagnostic yield

Introduction of cryobiopsy into rEBUS services increased
the diagnostic yield significantly (Batch 1 vs. Batch 2
onwards, 61.8% vs. 83.0%, P<0.001). However, the
diagnostic yield then plateaued at 81.8% across the later
three batches (Batch 2, 3, 4) with cryobiopsy services
having become routine. Introduction of thin bronchoscope
in Batch 5 service was associated with a non-significant
increase of diagnostic yield from 81.8% to 86.5% (P=0.257).

Changes in rEBUS performance for malignant and
tuberculous PPL

Across the five batches, neither sensitivity (r=0.57, P=0.313)
nor diagnostic accuracy (r=0.53, P=0.353) of rEBUS for
malignant PPL shown a positive correlation.

However, rTEBUS demonstrated a positive correlation
of diagnostic accuracy (r=0.97, P<0.01 and sensitivity
(r=0.99, P<0.01) over the years. The method of tuberculous
PPL diagnosis in the cohort also evolved over the years,

© Journal of Thoracic Disease. All rights reserved.

with more cases diagnosed based on histological and
microbiological criteria in Batch 5, rather than through
empirical treatment response in Batch 1 (P<0.05).

Discussion

The diagnostic yield of rEBUS for PPL biopsy in our
study was consistent with previously reported values,
with an overall yield of 78.8% (7,8). In line with previous
studies, the presence of a direct (type A) bronchus sign and
a concentric rEBUS orientation were strong independent
predictors of a successful rEBUS procedure (7,17).
Fluoroscopy is a modality frequently employed to assist in
rEBUS procedures. Our study revealed that there was no
significant association between the use of fluoroscopy and
the overall diagnostic yield. This finding aligns with a recent
meta-analysis which also indicated no association between
the usage of fluoroscopy and the overall performance of
rEBUS procedures (18). Additionally, a recent study by
Zheng et al. demonstrated the non-inferiority diagnostic
yield of rEBUS (coupled with VBN and guide sheath)
without fluoroscopy in target PPL with a direct bronchus
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sign (19).

Notably, our study reinforces the safety of rEBUS-
guided biopsy, with a reported pneumothorax rate of only
1.1%, consistent with the literature. In our region, CT-
guided transthoracic biopsy is the most common method for
PPL biopsy. However, despite its higher diagnostic yield,
it also carries a higher risk of complications, particularly
pneumothorax, which can be as high as 25.5%, with 5.6%
requiring percutaneous drainage (20). Recent data also
suggests a potentially higher risk of ipsilateral pleural
contamination, leading to an increased risk of subsequent
ipsilateral pleural recurrence in malignant diseases (21).
Therefore, proper patient selection for mode of biopsy is
crucial to ensure patient safety, particularly for those who
would benefit from the minimal risk of rEBUS-guided
biopsy.

Our study also demonstrates that rEBUS without
advanced automation technology is still feasible and
relevant with equivalent diagnostic yield even in this
era where guided bronchoscopy for PPL is frequently
performed with the aid of VBN, catheter or robotic-based
ENB systems, etc. Although VBN is commonly used in
pre-procedural planning to create a virtual pathway to
the target, the automation algorithm of VBN pathway
creation can fail due to poor quality of pre-procedural
CT scans, such as due to mucous impaction, as well as the
innate inefficiency of automated algorithms in small airway
identification in the extreme peripheral regions of the
lung—these issues can frequently result in an incomplete
or inaccurate navigational pathway creation (22,23). In
contrast, manual airway mapping through bronchial
branch tracing remains an effective navigation method
for rEBUS navigation (14,24,25). When comparing the
creation of a complete navigational road map using solely a
VBN approach vs. a manual tracing method, Miyake et 4.
found that the manual tracing method outperformed
the use of two commercially available VBN platforms in
creating an accurate and complete navigational route to the
target. This was observed as the manual method effectively
reached the target in a higher proportion of cases (94%),
while only around half of the cases accurately reached the
target when using the VBN platforms (49% and 62%) (26).
This technique has also been shown to improve
bronchoscopic brushing sensitivity for malignant nodules in
a large cohort of patients (27). Our previous experience also
demonstrated the feasibility of this technique employing a
larger caliber bronchoscope, with a navigation success rate

of 98.9% and a histological diagnostic yield of 88.8% (14).
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Therefore, although automation technology may simplify
the procedure, in regions where such technology is not
available, a proper understanding of airway anatomy and
manual navigation remains feasible and relevant to drive the
rEBUS procedure with almost equivalent diagnostic yield.

According to the World Health Organization (WHO),
tuberculosis affected 10.6 million people globally, with 45%
of cases originating from the South-East Asia region (12).
Given the high prevalence of tuberculosis in our region,
rEBUS of PPL poses a unique challenge, as almost 2 in
10 of our cohort turned out to be tuberculous nodule,
consistent with other reported series in the region (4,12). We
have demonstrated that rEBUS can expedite tuberculosis
diagnosis by providing histological and microbiological
proof of disease, as rEBUS was performed only when
initial sputum smears were negative for Mycobacterium.
Over the years, the sensitivity of rEBUS for tuberculous
PPL had increased in our study—this is likely attributable
to the increasing use of rapid nucleic acid amplification
tests in lavage specimens, such as Xpert® MTB/RIF
and Mycobacterium culture which increase the diagnostic
sensitivity. Recently, another study has also demonstrated
higher detection rates for tuberculous nodule when
bronchoalveolar lavage was performed in a more targeted
manner using thin bronchoscope guided by VBN (28).
This is important because it provides clinicians with the
confidence to proceed with appropriate management, rather
than empirical tuberculosis treatment which may lead to a
delayed diagnosis of other equally serious causes, such as
malignancy.

Over the years, introduction of two key changes in
rEBUS practice have led to an improvement of overall
performance. The introduction of cryobiopsy service
significantly increased the overall diagnostic yield from
61.8% to 81.8%. This improvement could be multifactorial,
including the learning curve effect, but is more likely due
to an improvement in the biopsy method of eccentric and
adjacently orientated lesions by cryobiopsy. In lesions with
eccentric and adjacent orientations, cryobiopsy with its
capability for circumferential biopsy, provides significantly
better diagnostic yield than conventional forceps biopsy
(29,30). More data on cryobiopsy in PPL has since emerged
with an excellent diagnostic yield ranging 89.2-91.0%
with acceptable complication rates (31,32). Secondly, the
introduction of thin bronchoscope service has allowed
us to access smaller and more peripherally lesions while
maintaining overall diagnostic yield. Historically, thin
bronchoscopes with small working channels had hindered
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rEBUS insertion, which led to unsatisfactory diagnostic
yield (33). Improvement of thin bronchoscope design with
larger working channel can now allow insertion of rEBUS
for verification purpose which translates to better diagnostic
yield (33). Interestingly, the combination of these two
technologies (thin bronchoscope and cryobiopsy) has also
recently been demonstrated in the literature to have a high
diagnostic yield (74%) for small target lesions (34).

Our study is not without limitations. First, the
retrospective and single institution design is associated
with significant biases. However, we believe that this large
cohort of real-world practice experience from the Southeast
Asia region, which represents a unique cohort of patients,
will be beneficial to clinicians when planning their approach
to PPL diagnosis. Secondly, the high diagnostic yield
reported in our cohort may be due to selection bias towards
lesions with only visible bronchus sign on pre-procedural
CT scans, as those deemed not feasible for rEBUS by the
managing team were excluded from the procedure. Access
into targets without bronchus sign remains a challenge,
and although advanced transbronchial access tools are
available in the market, they are not readily accessible
worldwide (35,36). Moreover, the small proportion of
ground-glass opacity (GGO) nodules in our cohort may
have biased to the high overall diagnostic yield. Although
GGO nodules can be localized by rEBUS through the
identification of blizzard sign, it requires training and
experience (37). Advancement in real-time imaging systems
such as C-arm-based digital tomosynthesis and cone-beam
CT may complement rEBUS in localizing GGO in the
future (38,39). Thirdly, our study had a 6-month follow-
up period for subjects with inflammatory biopsy result
to establish a definitive diagnosis. This duration may be
insufficient, as the literature typically considers a 12-month
period of radiological stability as the standard (16). Lastly,
we observed a longer total procedural duration in our study
compared to what has been reported in the literature (24).
Nevertheless, as our technique matured, we demonstrated
a significant reduction in the overall procedural time.
Furthermore, we did not explicitly present the duration
required for bronchial branch tracing planning; however,
it’s worth noting that manual mapping typically takes only
around 2 to 5 min (24,26).

Conclusions

In conclusion, rEBUS without automation technology
remains relevant and useful in this era. Its performance
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will be enhanced by advancements in guided bronchoscopy
technology, including better navigation, steering tools,
verification, and biopsy methods. In regions where
tuberculosis is endemic, rEBUS provides a rapid and safe
histological and microbiological proof of disease, reducing
the risk of empirical treatment and improving patient care.
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Supplementary

Table S1 Histopathological diagnosis for clinically conclusive cases (n=434)

Histopathological finding N (%)
Malignant 272 (62.7)
Primary lung 223 (51.4)
Adenocarcinoma lung 184 (42.4)
Squamous cell carcinoma lung 30 (6.9)
Small cell carcinoma lung 5(1.2)
Adeno-squamous lung 2 (0.5)
Lymphoepithelioma like carcinoma 1(0.2)
Mucoepidermoid carcinoma of lung 1(0.2)
Metastatic lung 49 (11.3)
Metastatic adenocarcinoma of gastrointestinal tract 17 (3.9)
Metastatic adenocarcinoma breast 7 (1.6)
Metastatic clear cell renal cell carcinoma 5(1.2)
Metastatic adenocarcinoma 5(1.2)
Metastatic squamous cell carcinoma of head and neck cancer 3(0.7)
Metastatic adenoid cystic carcinoma 2 (0.5)
Metastatic melanoma 2 (0.5)
Metastatic sarcoma 2 (0.5)
Metastatic diffuse large B cell ymphoma 1(0.2)
Metastatic mucoepidermoid carcinoma 1(0.2)
Metastatic adenocarcinoma endometrial 1(0.2)
Metastatic adenocarcinoma cervix 1(0.2)
Metastatic adenocarcinoma pancreas 1(0.2)
Metastatic adenocarcinoma prostate 1(0.2)
Benign 162 (37.3)
Tuberculosis 107 (24.7)
Chronic granulomatous inflammation 36 (8.3)
Chronic granulomatous inflammation with caseation necrosis 33 (7.6)
Chronic inflammation with treatment response to anti-tuberculous drugs 15 (3.5)
Chronic inflammation with positive Xpert MTB/RIF 11 (2.5)
Chronic inflammation with culture positive of Mycobacterium tuberculosis complex 4(0.9)
Necrotic tissue with treatment response to anti-tuberculous drugs 3(0.7)
Atypia with positive Xpert MTB/RIF 2(0.5)
Necrotic tissue with positive Xpert MTB/RIF 2(0.5)
Necrotic tissue with culture positive of Mycobacterium tuberculosis complex 1(0.2)
Infection or inflammatory 50 (11.5)
Inflammatory lesion resolved or stable on radiological surveillance 24 (5.5)
Inflammatory lesion with response to antimicrobial therapy 6 (1.4)
Focal organizing pneumonia 6 (1.4)
Fungal infection (fungal hyphae on histology) 5(1.2)
Radiation pneumonitis 3(0.7)
Aspergillus infection 3(0.7)
Penicillium infection 2 (0.5)
Cryptococcal infection 1(0.2)
Benign tumor 5(1.1)
Sclerosing pneumocytoma 2 (0.5)
Nodular lymphoid hyperplasia 1(0.2)
Pulmonary paraganglioma 1(0.2)
Pulmonary hamartoma 1(0.2)
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Table S2 Histopathological diagnosis for clinically inconclusive

cases (n=117)

Histology finding N (%)
Bronchial epithelium 45 (38.5)
Chronic inflammation 28 (23.9)
Collapse alveolar tissue 18 (15.4)
Non-representative tissue 10 (8.5)
Fibrotic alveolar septa 8 (6.8)
Atypical cells 4 (3.4)
Necrotic tissue 4 (3.4)

Table S3 rEBUS diagnosis compared to final diagnosis of malignant disease’

Final diagnosis

rEBUS diagnosis

Final diagnosis malignant Final diagnosis not malignant Total
rEBUS malignant 272 0 272
rEBUS not malignant 47 183 230
Total 319 183 502

Data are presented as number. ', patient without follow up data excluded, hence n=502. rEBUS, radial endobronchial ultrasound.

Table S4 Performance of rEBUS in diagnosis of malignant PPLs

Diagnostic performance threshold

Diagnostic performance

Liberal' Minimum?* Maximum?®
Diagnostic accuracy (%) 90.64 (87.74-93.04) 82.58 (79.15-85.65) 91.47 (88.82-93.67)
Sensitivity (%) 85.27 (80.89-88.97) 73.91 (69.11-78.33) 85.27 (80.89-88.97)
Specificity (%) 100.00 100.00 100.00
PPV (%) 100.00 100.00 100.00
NPV (%) 79.57 (74.94-83.53) 65.59 (61.61-69.36) 83.15 (79.13-86.54)

Data are presented as % (95% CI). T, patient without follow up data excluded, hence n=502; ¥, minimum sensitivity was based on the
assumption that all patients without follow up data (n=49) actually had malignancy (i.e., were false negative), hence n=551; S, maximum
sensitivity was based on the assumption that all patients without follow up data (n=49) actually did not have malignancy (i.e., were true
negative), hence n=551. rEBUS, radial endobronchial ultrasound; PPLs, peripheral pulmonary lesions; PPV, positive predictive value; NPV,

negative predictive value; Cl, confidence interval.

Table S5 rEBUS diagnosis compared to final diagnosis of tuberculous disease’

Final diagnosis

rEBUS diagnosis

Final diagnosis tuberculosis Final diagnosis not tuberculosis Total
rEBUS tuberculosis 89 0 89
rEBUS not tuberculosis 35 378 413
Total 124 378 502

Data are presented as number. ', patient without follow up data excluded, hence n=502. rEBUS, radial endobronchial ultrasound.
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Table S6 Performance of rEBUS in diagnosis of tuberculous PPLs

Diagnostic performance threshold

Diagnostic performance

Liberal'

Minimum®* Maximum?

Diagnostic accuracy (%)

Sensitivity (%)

93.03 (90.44-95.10)
71.77 (62.99-79.49)

Specificity (%) 100.00
PPV (%) 100.00
NPV (%) 91.53 (89.08-93.46)

84.75 (81.48-87.65)
51.45 (43.74-59.10)

81.82 (79.42-83.99)

93.65 (91.28-95.54)
71.77 (62.99-79.49)
100.00 100.00
100.00 100.00
92.42 (90.21-94.17)

Data are presented as % (95% Cl). T, patient without follow up data excluded, hence n=502; ¥, minimum sensitivity was based on the
assumption that all patients without follow up data (n=49) actually had tuberculosis (i.e., were false negative), hence n=551; §, maximum
sensitivity was based on the assumption that all patients without follow up data (n=49) actually did not have tuberculosis (i.e., were true
negative), hence n=551. rEBUS, radial endobronchial ultrasound; PPLs, peripheral pulmonary lesions; PPV, positive predictive value; NPV,

negative predictive value; Cl, confidence interval.

Table S7 Factors associated with better diagnostic yield

Variables Conclusive (%) P value

Gender 0.029
Male 76.0
Female 83.9

Airway generation 0.348
Less than 5 airway generation 84.9
5 airway generation or more 80.9

Target location 0.340
Upper lobe 80.2
Non upper lobe 76.8

Target size (cm) 0.473
Less than 2 cm 76.2
2 cm or more 79.4

Bronchus sign <0.001
Bronchus sign A 82.3
Non bronchus sign A 59.8

Target nature 0.694
Solid 78.4
Non-solid 80.0

Target orientation <0.001
Concentric 89.8
Non-concentric 69.3

Access 0.541
Natural airway 77.9
Artificial airway 80.1

Sedation 0.765
Conscious sedation 78.3
Total intravenous anesthesia 79.4

Fluoroscopy 0.549
With fluoroscopy 78.3
Without fluoroscopy 81.1

Biopsy methods 0.170
Conventional sampling 77.4
Cryobiopsy 83.0

Bronchoscope 0.063
Conventional bronchoscope 77.6
Thin bronchoscope 88.1

Guide sheath 0.114
With guide sheath 77.5
Without guide sheath 84.5
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