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Diagnostic performance and safety for
robotic-assisted bronchoscopy in pulmonary
nodules: a systematic review and

meta-analysis
Xiaoyan Li, MD?, Jingmin Bai, MM®, Xin Zhou, MM#¢, Ting Wang, MM¢, Yuning Zhang, MM?, Yi Hu, MD#*

Background: Robotic-assisted bronchoscopy (RAB) is an emerging diagnostic tool that combines robotics and bronchoso@
This meta-analysis aimed to comprehensively evaluate the performance and safety of RAB for pulmonary nodule diagnosis.
Methods: PubMed, Embase, Cochrane Library, and Web of Science were searched from their inception up to 4 November 2024.
The quality of the studies was assessed by the Quality Assessment of Diagnostic Accuracy Studies-2. Random and fixed effects
models were used to estimate the pooled diagnosis yield in strict or intermediate criteria, sensitivity for malignancy, and
complication rate of RAB in pulmonary nodule diagnosis, with rates (%) and 95% confidence intervals (Cls).

Results: In total, 27 cohort studies were included. The pooled diagnostic yields of RAB for pulmonary nodules were 69.6% (95%Cl:
61.8%—76.8%) for strict criteria and 86.6% (95%Cl: 83.7%-89.2%) for intermediate criteria, with a sensitivity for malignancy of 85.4%
(95%Cl: 83.0%-87.7%). The pooled complication rate was estimated to be 3.0% (total pneumothorax, 2.0%; pneumothorax that
required intervention, 0.5%; bleeding, 0.1%). The diagnostic yields were different (P < 0.05) among subgroups of patients based on total
number of biopsies (<100 vs. >100; 83.6% vs. 69.6%), prevalence for malignancy (<60% vs. >60%; 66.6% vs. 83.1%), radial
endobronchial ultrasound view (concentric vs. eccentric vs. invisible; 88.6% vs. 84.5% vs. 46.0%). A difference (P = 0.005) in sensitivity for
malignancy was observed between the group with average lesion sizes <20 mm and the group with sizes >20 mm (86.4% vs. 77.5%).
Conclusion: RAB may be effective and safe in pulmonary nodule diagnosis, offering promising prospects for clinical application.

The heterogeneity of diagnostic yield may be driven by different diagnostic criteria. Moreover, the current studies of RAB in
pulmonary nodule diagnosis are single-arm studies, and more large-scale randomized controlled trials are needed.
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Introduction

With the widespread application of diagnostic computed tomo-
graphy (CT) scans and lung cancer screening programs, the
detection rate of pulmonary nodules increases yearly!". More
than 4.8 million Americans have undergone chest CT scans,
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HIGHLIGHTS

o This study explored the diagnostic yield under different
criteria in the diagnosis of pulmonary nodules with RAB.

e The influencing factors of the diagnosis yield, the sensi-
tivity for malignancy as well as complications of RAB for
pulmonary nodule diagnosis were also summarized.

o Our results not only demonstrate the efficacy and safety of
RAB in the diagnosis of pulmonary nodules but also empha-
size the importance of different diagnostic criteria (especially
strict criteria) for the assessment of RAB performance.

with about 1.6 million diagnosed with pulmonary nodules
(over 60 000 diagnosed with lung cancer within 2 years)?!,
Pulmonary nodules are defined as focal, rounded opacities
with a diameter of <3 cm observed on imaging tiny abnormal
areasl®, which may be associated with the development of lung
cancer!*!. According to global epidemiological data from 2022,
lung cancer persists as the predominant contributor to world-
wide cancer burden, with approximately 2.5 million new cases
(12.4% of total cancer diagnoses), and over 1.8 million deaths
(18.7% of all cancer-related fatalities)!®!. The $-year survival
rate for lung cancer patients is only 25%, mainly because most
cases are diagnosed at an advanced stage!®”!. Screening has been
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found to effectively detect asymptomatic tumors in high-risk
groups and reduce mortality!®’],

Surgical resection, transthoracic needle biopsy (TTNB), and
bronchoscopy are common biopsy techniques for lung lesions!'!.
TTNB has a good diagnostic yield for pulmonary nodules ranging
from 88% to 93%, with the occurrence of complications!''™*3],
while traditional bronchoscopy, primarily indicated for central
lesions, has a lower success rate for peripheral nodules smaller
than 2 cm (over 70% of pulmonary nodules are located in the
peripheral lung)"*'*!. Bronchoscopy has made rapid progress in
the diagnosis of pulmonary nodules in the past decade with new
navigation techniques that utilize different techniques and tools!®!.
A meta-analysis conducted on the guided-bronchoscope including
electromagnetic navigation bronchoscopy (ENB), virtual broncho-
scopy (VB), radial endobronchial ultrasound (r-EBUS), ultrathin
bronchoscope, and guide sheath, reported a pooled diagnostic yield
of 70%, with a pneumothorax rate of 1.5%!"”!. Recently, the
emergence of robot-assisted bronchoscopy (RAB)!"! has brought
new possibilities for the safety and efficacy of interventional diag-
nosis and treatment of pulmonary nodules which provide a biopsy
technique with superior maneuverability, stability, and further
reach. Using a robotic arm to guide a catheter with a camera,
light source, and biopsy tools, RAB expands access to pulmonary
nodules through the patient’s airway!'®l. Low et al®®! reported
a 77% diagnostic yield in patients who underwent biopsy for
peripheral pulmonary lesions, significantly improving the diagnos-
tic performance of conventional bronchopulmonary!*., In another
multicenter retrospective evaluation of consecutive patients with
pulmonary nodules, RAB achieved an overall diagnostic yield of
87.6%, which was even comparable to that of TTNB!],

The current published evidence on RAB in the diagnosis of
pulmonary nodules indicates diagnostic yields varied from studies
and ranged between 55.7% and 96.6%!*>**. Different diagnostic
yield criteria may have an impact on diagnostic yield. Saghaie
et al®¥ reported a diagnostic yield of 89.5% (strict criteria) to
94.7% (intermediate criteria) in patients with moderate-risk per-
ipheral pulmonary nodules [nodule size of 1-3 cm (largest diameter
in either axial, coronal or sagittal planes) and located in the outer
third of the lung]. To date, only two meta-analysis articles have
evaluated the efficacy of RAB in the diagnosis of peripheral pul-
monary lesions®*?®1, A meta-analysis conducted by Zhang et al*®!
reconstructed the diagnostic yield based on the intermediate criteria
of definition. Another meta-analysis reported the pooled diagnostic
yield and the complications for RAB**!. However, these studies
primarily focused on the diagnostic yield without considering dif-
ferences in diagnostic criteria. Our research not only updates the
latest findings but also distinguishes diagnostic yields under differ-
ent definitions while accounting for prevalence rates for malig-
nancy. This meta-analysis aims to comprehensively evaluate the
diagnostic yield in different criteria, sensitivity for malignancy, and
complications of RAB in pulmonary nodule diagnosis. Subgroups
in pulmonary nodule patients with various features were further
assessed, which may expand the applications of RAB.

Methods

Search strategy

Based on the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement!?”)] the Cochrane Handbook
of Systematic Reviews?®! and the assessing the methodological

quality of systematic reviews (AMSTAR)??’! guidelines,
a comprehensive literature review was conducted. Up to
4 November 2024, PubMed, Embase, Cochrane Library, and
Web of Science were extensively searched. The search formula
of PubMed were (((Robotic-Assisted Bronchoscopy|[Title/
Abstract]) OR (robotic bronchoscopy|[Title/Abstract])) OR
(robotic bronchoscope[Title/Abstract])) AND ((pulmonary
nodule[Title/Abstract]) OR (pulmonary nodules|[Title/Abstract])).
All records related to the diagnosis of pulmonary nodules using
RAB were retrieved, and duplicate literature was removed.
Subsequently, two independent authors excluded unrelated litera-
ture by title and abstract screening. Finally, the full text of the
remaining articles was downloaded and further evaluated. Any
discrepancies were addressed by discussion until a consensus was
achieved. This meta-analysis registered at https://www.crd.york.ac.
uk/prospero/.

Inclusion and exclusion criteria

The inclusion criteria were as follows: (1) population: patients
with pulmonary nodules that were deemed suspicious for cancer
by a pulmonologist or surgeon; (2) intervention: RAB; (3) out-
comes: diagnostic yield, sensitivity for malignancy, and compli-
cation rate (pneumothorax, pneumothorax that required
intervention, and bleeding); (4) study design: cohort study.

The diagnostic yield proposed by Vachani et al** was defined
as the proportion of accurate diagnoses produced, including true
positive (TP) and true negative (TN) of malignant tumors.
Negative cases of malignancy were defined as specific benign
(SPB) diagnoses (infection, granuloma, etc.), nonspecific benign
(NSB) findings (inflammation, etc.), or nondiagnostic (ND) find-
ings (atypical cells, normal alveoli, etc.). The diagnostic yield
calculations based on strict criteria were derived from contem-
poraneous data obtained during the bronchoscopy procedure;
an approach that did not include longitudinal follow-up data.
The diagnostic yields were calculated with the use of strict
criteria: (TP + SPB)/total procedures. Under intermediate cri-
teria, the diagnostic yield calculations were restricted the inclu-
sion of follow-up data for cases with an NSB finding at
bronchoscopy. Longitudinal assessment of NSB cases required
subsequent histopathological confirmation through biopsy or
radiographic evidence of nonmalignant etiology to qualify as
true negative (NSBTN). Cases lacking definitive diagnostic con-
firmation due to lack of follow-up were systematically classified
as ND. ND cases maintained their nondiagnostic status in final
diagnostic yield calculations irrespective of subsequent investi-
gative results, as these were excluded from TN classification.
Cases with SPB diagnoses established at bronchoscopy were
designated as TN. The diagnostic yield (intermediate criteria)
was calculated as (TP + SPB + NSBTN)/total procedures.
Sensitivity for malignancy was defined as the ratio of true malig-
nancy diagnosed by RAB and the final malignant diagnosis by
subsequent biopsy or imaging confirms®*!l, Prevalence for malig-
nancy was defined as the proportion of malignant diagnoses in
the population sampled.

We excluded studies that were animal trials, studies that were
conducted on cadaveric models, studies that were not published
in English, studies that reported insufficient or unextractable
data, or subjects not meeting the requirements. Case reports,
conference abstracts, letters, reviews, or meta-analyses were also
excluded.
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Data extraction

The extracted information was as follows: first author, publi-
cation year, study design, study platform, number of lesions, pro-
cedure time, successful navigation rate, sensitivity for malignancy,
prevalence for malignancy, diagnostic yield, complication rate, key
elements of literature quality assessment, r-EBUS use (lesion locali-
zation: concentric, eccentric, and invisible), and cone beam com-
puted tomography (CBCT) use. Two authors independently
performed the process of literature screening and data extraction.

Quality assessment

The Quality Assessment of Diagnostic Accuracy Studies-2
(QUADAS-2) tool™?! was used to evaluate the quality of the
included studies. The quality of each literature was evaluated
by the risk of bias and applicability. Applicability included
patient selection, index test, and reference standard. Risk of
bias included these factors as well as flow and timing. Each
outcome was classified as high risk, low risk, or unclear risk.

Statistical analysis

All analyses were conducted using Stata 15.1 and R 4.1.3 software.
Data transformation was performed using the Freeman-Tukey dou-
ble arcsine transformation. The pooled diagnostic yield, sensitivity
for malignancy, and complication rate were estimated with 95%
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confidence intervals (CIs). The random-effects model was used if
the heterogeneity statistic I* >50%, otherwise the fixed-effects
model was used. Subgroup analyses were conducted by included
articles based on total number of biopsies (<100 vs. >100), study
design (prospective cohorts vs. retrospective cohorts), platform
(Monarch vs. Ion vs. Galaxy), average lesion size (<20 mm
vs. 220 mm), prevalence for malignancy (<60% vs. 260%), cone
beam computed tomography (CBCT) use (yes vs. no), combinations
of localization tool [r-EBUS or CBCT vs. r-EBUS + CBCT], year of
publication (earlier than 2022 vs. 2022 vs. 2023 vs. 2024), r-EBUS
view (concentric vs. eccentric vs. invisible) and bronchial signs
(present vs. absent). The subgroup results from these individual
studies were aggregated and compared. For studies with 10 or
more included articles, the “Begg” test was used to assess publica-
tion bias. P <0.05 was considered statistically significant.

Results

Characteristics of the included studies

Figure 1 shows the flowchart of the article screening in this
meta-analysis. A total of 328 records were obtained according
to the search strategy. After excluding the articles which were
not met the inclusion criteria, 27 articles were finally included.
Table 1 summarizes the basic information of the included stu-
dies. There were 2,463 nodules involved, with a mean/median
size range from 12.0 mm to 26.0 mm. The reported successful

Records identified through database
searching (n=321)
PubMed (n=64)

Embase (n=106)

Web of Science (n=151)
Cochrane Library (n=0)

Studies

review (n=7)

through  relevant

Records after duplicates removed
(n=234)

Y

Titles and abstracts screened for
eligibility (n=59)

Number of studies excluded (n=175)
Reviewsor meta-analyses(n=53)

Conference abstracts (n=63)

Animal experiments (n=7)

Case reports (n=13)

Letters (n=5)

Non-English literature (n=2)

Subjects not meeting the requirements (n=32)

\ 4

Full-text articles screened for
eligibility (n=27)

Studies included in quantitative
synthesis (n=27)

Figure 1. Flow chart of eligible studies.

Number of studies excluded (n=31)
Unable to extract data (n=1)
Subjects not meeting the requirements (n=30)
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Table 1

(Continued).

Prevalence

for

Sensitivity

for

Procedure
time

Diagnostic

Successful
navigation

Bronchus
sign

Lesion

Study

malignancy r-EBUS CBCT

Complication rate

malignancy yield

(minutes)

Patients (n) Lesions (n) size (mm)

design Platform

Year Country

2023 US

Author

No

Yes

NR

Pneumothorax (1.5%); pneumothorax

143 17.0 (12.0, 27.0) 40% NR NR NR 77%(strict)

133

lon

Retrospective

Low

that required intervention (1.5%)

Pneumothorax (1.1%)

No

Yes

90.0%

87.70% 87.8%
(intermediate)

46.0 (34.0,

90%

75.6%
(68/90)
73.90%

19.4 (19.3, 24.6)

90

90

Prospective

2024 China

Xie

73.3)

No

Yes

69.6%

88.90% 87.0% 0%
(intermediate)

72 (57.5,

NR

23 18

22

lon

Retrospective

2023 US

Abia-Truji

104)
93 (70-114)

No

54.3% Yes

1),

Overall: 9%, pneumothorax (n

87.0%
(intermediate)

100%

91.30%

82.60%

14

46

22

Retrospective lon

2024 US

Fernandez-

pneumothorax that required

Bussy

intervention (n = 1); bleeding

(n
Overall: 7.4%, pneumothorax that

1)

Yes

Yes

67.9%

72 (57.0, 86.40% 89.3%
(intermediate)

112.0)
69 (46, 100)

28 15 NR

27

lon

Retrospective

2024 US

Fernandez-

2)

required intervention (n
Pneumothorax (4%), pneumothorax

Bussy

Abia-

Yes

Yes

60.9%

85.4%
(intermediate)
86.6% (strict)

82.10%

192 12 50% NR

173

lon

Retrospective

2024 US

2)

that required intervention (n

0.0%

Truijillo
Bashour

Yes

No

88.1%

88.10%

0

51
(21.0-127.0)

37.30% NR

17.0 (9.0-30.0)

67

67

lon

Prospective

2024 US

Yes No

Pneumothorax: 11%, pneumothorax 73.7%

37% 89.50% NR 92.90% 89.50%
(strict), 94.7%
(intermediate)

20.0

19

Galaxy

2024 Australia Prospective

Saghaie

that required intervention (5%),

pneumonia (5%)

SPB, specific

Data were represented as mean + standard deviation, median (P?°, P’%), mean (range), mean, or range. US, the United States of America; NR: not reported; r-EBUS, radial endobronchial ultrasound; CBCT, cone beam computed tomography; TP, true positive;

benign; NSBTN, true negative nonspecific benign.
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navigation rate ranged from 87.6% to 100.00%, and the mean/
median procedure time ranged from 36.4 to 93.0 minutes.

Diagnostic yield for RAB in the diagnosis of pulmonary
nodules

Using a strict definition of diagnostic yield, 17 studies were
included in the random effects model (I> = 83.2%). The
comparative diagnostic yields under strict [77.8% (95%CI:
71.8%-83.2%), Fig. 2A] and intermediate [86.6% (95%CI:
83.7%-89.2%), Fig. 2B] criteria were statistical differences
(P = 0.004). Further exploration of factors that may affect the
diagnostic yield is presented in Table 2. Based on the strict
criteria, the pooled diagnostic yield of total number of biopsies
<100 lesions group, and > 100 lesions group were 83.6% (95%
Cl: 77.1%-89.4%), and 69.6% (95%CIL: 62.3%-776.3%),
respectively (P = 0.006). Subgroups patients with a prevalence
for malignancy (<60%, > 60%), the pooled diagnostic yield
(strict) was observed to be 66.6% (95%CI: 53.4%-78.5%),
and 83.1% (95%Cl: 76.6%-88.8%), respectively (P = 0.020).
Additionally, subgroup patients as concentric (88.6 %), eccentric
(79.8%), and invisible (46.0%), a difference in diagnostic yield
(intermediate) between groups can be found (P < 0.001).

Sensitivity for malignancy for RAB in the diagnosis of
pulmonary nodules

Figure 2C exhibits the results of 20 studies that reported the
sensitivity for malignancy. With an I* value of 48.4% from the
heterogeneity test, a fixed-effects model was utilized. The pooled
sensitivity for malignancy of RAB in the diagnosis of pulmonary
nodules was 85.4% (95%CI: 83.0%-87.7%). Table 3 exhibits the
further exploration of factors that may affect the sensitivity for
malignancy. The polled sensitivity for malignancy of Monarch,
Ion, and Galaxy were 80.3%, 87.6%, and 92.9%, respectively
(P = 0.008). The average lesion size <20 mm group had a different
pooled sensitivity for malignancy compared to the average lesion
size 220 mm group (average lesion size <20 mm group vs. average
lesion size >20 mm, 86.4% vs. 77.5%, P = 0.005).

Compilications for RAB in the diagnosis of pulmonary
nodules

The assessment of complication rates for RAB included 26 stu-
dies. The pooled overall complication rate was 3.0% (1*=42.1%,
95%CI: 2.3%-3.9%) (Fig. 2D). Fig. 3A, 3B, and 3C shows the
pooled incidence of pneumothorax, pneumothorax that required
intervention, and bleeding were 2.0% (I> = 22.3%; 95%CI:
1.3%-2.7%), 0.5% (I* = 18.8%; 95%CI: 0.2%-1.0%), and
0.1% (I* = 1.1%; 95%CI: 0.0%-0.4%), respectively.

Publication bias

The funnel plots for diagnostic yield (intermediate criteria),
sensitivity for malignancy, and complication rates were sym-
metric (Begg’s test, P < 0.05), indicating the absence of publica-
tion bias (Table S1, available at: http://links.lww.com/]JS9/
E117). The diagnostic yield defined by strict criteria was
adjusted to 69.6% (95%CI: 61.8%—76.8%) after addressing
publication bias (P = 0.018).

This study showed that RAB achieved a diagnostic yield of
69.6% under strict criteria and 88.6% under intermediate cri-
teria. Furthermore, RAB demonstrated good sensitivity for
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malignancy and significantly better safety compared to conven-
tional methods.

Discussion

In this meta-analysis, the pooled diagnostic yield varied
between groups, with strict criteria yielding 69.6% and inter-
mediate criteria yielding 86.6%. Factors influencing diagnostic
yield included total number of biopsies (<100 vs. >100; 83.6%
vs. 69.6%), the prevalence of malignancy (<60% vs. 260%;
66.6% vs. 83.1%), and r-EBUS view (concentric vs. eccentric
vs. invisible; 88.6% vs. 84.5% vs. 46.0%). The pooled sensi-
tivity for malignancy of RAB in pulmonary nodule diagnosis

was 85.4%, which may be affected by the platform (Monarch
vs. Ion vs. Galaxy; 80.3% vs. 87.6% vs. 92.9%) used and the
average lesion size (<20 mm vs. 220 mm; 86.4% vs. 77.5%).
Additionally, the overall complication rate was 3.0%, with the
incidence of pneumothorax requiring intervention at 0.5%.
Our findings suggest that the RAB is a novel navigational
bronchoscope that combines diagnostic capability and safety
for pulmonary nodules.

Apart from central pulmonary nodules, a considerable num-
ber of pulmonary nodules are located in the outer third of the
lung, making them difficult to access with traditional navigation
endoscopy!'®!. The interventional diagnosis and treatment tech-
niques for peripheral pulmonary nodules need to be balanced

a Weight Weight
Study Events Total Proportion 95%-Cl (fixed) (random)
Chaddha 2019 114 165 —-—: 0.69 [0.61; 0.76] 12.1% 7.3%
Chen 2021 36 54 — 0.67 [0.53; 0.79] 4.0% 6.1%
Ekeke 2021 20 25 —:—-—-— 0.80 [0.59; 0.93] 1.9% 4.8%
Cumbo-Nacheli 2022 13 20 — 0.65 [0.41; 0.85] 1.5% 4.3%
Khan 2023 147 264 —_— 1o 0.56 [0.49; 0.62] 19.3% 7.6%
lwamoto 2023 64 68 : — 0.94 [0.86; 0.98] 5.0% 6.4%
Manley 2022 16 20 —_— 0.80 [0.56; 0.94] 1.5% 4.3%
Agrawal 2023 95 124 —l—-— 0.77 [0.68; 0.84] 9.1% 71%
Fielding 2019 23 29 —:——-— 0.79 [0.60; 0.92] 2.1% 5.1%
Kalcheim-Dekel 2022 101 159 — 0.64 [0.56; 0.71] 11.6% 7.3%
Oberg 2022 91 120 —:-'— 0.76 [0.67; 0.83] 8.8% 7.1%
Reisenauer 2022 28 30 [ 0.93 [0.78; 0.99] 2.2% 5.1%
Hammad-Altaq 2023 37 42 :—-—-— 0.88 [0.74; 0.96] 3.1% 5.7%
Low 2023 110 143 —&— 0.77 [0.69; 0.84] 10.5% 7.2%
Saghaie 2024 17 19 —_— 0.89 [0.67; 0.99] 1.4% 4.2%
Rojas-Solano 2018 12 15 : 0.80 [0.52; 0.96] 1.1% 3.8%
Bashour 2024 58 67 | — 0.87 [0.76; 0.94] 4.9% 6.4%
1o
Fixed effect model 1364 <O 0.73 [0.71; 0.75] 100.0% .
Random effects model = 0.78 [0.72; 0.83] 100.0%
Heterogeneity: 12 = 83%,t2=0.0141,P<001 I T T T 1
05 06 0.7 0.8 0.9

b

Weight Weight
Study Events Total Proportion 95%-ClI (fixed) (random)
Chaddha 2019 127 165 —_— { 0.77 [0.70; 0.83] 10.2% 8.6%
Chen 2021 40 54 —_—— 0.74 [0.60; 0.85] 3.4% 5.1%
Ekeke 2021 24 25 —{—-— 0.96 [0.80; 1.00] 1.6% 3.0%
Cumbo-Nacheli 2022 14 20 ¢ 0.70 [0.46; 0.88] 1.3% 2.6%
Khan 2023 226 264 —— 0.86 [0.81; 0.90] 16.3% 9.9%
Kalcheim-Dekel 2022 130 159 —-—lL 0.82 [0.75; 0.87] 9.8% 8.5%
Oberg 2022 108 120 —— 0.90 [0.83; 0.95] 7.4% 7.7%
Fielding 2019 28 29 —{—-— 0.97 [0.82; 1.00] 1.8% 3.4%
Benn 2021 51 59 —;— 0.86 [0.75; 0.94] 3.7% 5.4%
Yu Lee-Mateus 2022 99 113 —_— 0.88 [0.80; 0.93] 7.0% 7.5%
Styrvoky 2022 191 209 }—-— 0.91 [0.87; 0.95] 12.9% 9.3%
Xie 2024 79 90 —— 0.88 [0.79; 0.94] 5.6% 6.8%
Abia-Trujillo 2023 20 23 —{-— 0.87 [0.66; 0.97] 1.4% 2.9%
Fernandez-Bussy 2024 40 46 —_— 0.87 [0.74; 0.95] 2.9% 4.6%
Fernandez-Bussy 2024 25 28 R 0.89 [0.72; 0.98] 1.8% 3.3%
Abia-Trujillo 2023 164 192 —a— 0.85 [0.80; 0.90] 11.9% 9.1%
Saghaie 2024 18 19 —:—-— 0.95 [0.74; 1.00] 1.2% 2.5%
Fixed effect model 1615 <l> 0.86 [0.85; 0.88] 100.0% .
Random effects model <> 0.87 [0.84; 0.89] 100.0%

Heterogeneity: /2= 53%, 12 = 0.0030, P < 0.01! I I
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¢ Weight Weight
Study Events Total Proportion 95%-Cl  (fixed) (random)
Ekeke 2021 15 16 —_— 0.94 [0.70; 1.00] 1.6% 3.0%
Cumbo-Nacheli 2022 13 15 —IL-— 0.87 [0.60; 0.98] 1.6% 2.9%
Khan 2023 115 145 —a 0.79 [0.72; 0.86] 14.5% 8.6%
Iwamoto 2023 38 42 —:'—0— 0.90 [0.77;0.97] 4.2% 5.5%
Manley 2022 14 17 —-—:1— 0.82 [0.57; 0.96] 1.8% 3.1%
Agrawal 2023 65 94 —_— 0.69 [0.59; 0.78] 9.4% 7.6%
Fielding 2019 15 17 —:—-— 0.88 [0.64; 0.99] 1.8% 3.1%
Benn 2021 31 37 —— 0.84 [0.68; 0.94] 3.7% 5.1%
Yu Lee-Mateus 2022 64 78 —a- 0.82 [0.72; 0.90] 7.8% 7.2%
Reisenauer 2022 20 22 — 0.91 [0.71; 0.99] 2.2% 3.7%
Styrvoky 2022 117 134 —_— 0.87 [0.80; 0.92] 13.5% 8.4%
Hammad-Altaq 2023 32 33 = 0.97 [0.84; 1.00] 3.4% 4.8%
Saghaie 2024 13 14 _ 0.93 [0.66; 1.00] 1.5% 2.7%
Xie 2024 71 81 —:-— 0.88 [0.78; 0.94] 8.2% 7.3%
Abia-Truijillo 2023 14 16 —_— 0.88 [0.62; 0.98] 1.6% 3.0%
Fernandez-Bussy 2024 25 25 — 1.00 [0.86; 1.00] 2.5% 41%
Fernandez-Bussy 2024 16 19 —"r— 0.84 [0.60; 0.97] 2.0% 3.4%
Abia-Trujillo 2023 9% 117 — 0.82 [0.74; 0.89] 11.8% 8.1%
Rojas-Solano 2018 7 9 W 0.78 [0.40; 0.97] 0.9% 2.0%
Bashour 2024 52 59 —E— 0.88 [0.77; 0.95] 6.0% 6.4%
H
Fixed effect model 990 < 0.85 [0.83; 0.88] 100.0% .
Random effects model <> 0.87 [0.83; 0.90] 100.0%
Heterogeneity: /2 = 48%,t2=0.0055, P<0.01' T T T T 11
04 05 06 0.7 08 09 1
d Weight Weight
Study Events Total Proportion 95%-Cl (fixed) (random)
Rojas-Solano 2018 0 15— 0.00 [0.00; 0.22] 0.7% 1.2%
Chaddha 2019 10 167 ;—-— 0.06 [0.03; 0.11] 7.3% 6.1%
Chen 2021 2 54 4:-— 0.04 [0.00; 0.13] 2.4% 3.3%
Ekeke 2021 0 25+V——— 0.00 [0.00; 0.14] 1.1% 1.8%
Cumbo-Nacheli 2022 0 20 '—g— 0.00 [0.00; 0.17] 0.9% 1.5%
Khan 2023 20 264 1 —— 0.08 [0.05; 0.11] 11.5% 7.2%
Iwamoto 2023 1 68 =— 0.01 [0.00; 0.08] 3.0% 3.8%
Agrawal 2023 6 124 -'J‘—'— 0.05 [0.02; 0.10] 5.4% 5.4%
Fielding 2019 0 29 ¥—— 0.00 [0.00;0.12] 1.3% 2.1%
Benn 2021 2 52 ——— 0.04 [0.00; 0.13] 2.3% 3.2%
Simoff 2021 2 60 —+— 0.03 [0.00; 0.12] 2.6% 3.5%
Kalcheim-Dekel 2022 4 130 —+— 0.03 [0.01; 0.08] 5.7% 5.5%
Yu Lee-Mateus 2022 5 113 —-;'—-— 0.04 [0.01;0.10] 4.9% 5.1%
Oberg 2022 9 112 j—=—— 0.08 [0.04; 0.15] 4.9% 5.1%
Reisenauer 2022 2 30 3—=—-—-— 0.07 [0.01;0.22] 1.3% 2.1%
Styrvoky 2022 2 198 =+ 0.01 [0.00; 0.04] 8.6% 6.5%
Hammad-Altaq 2023 0 42 -—;— 0.00 [0.00; 0.08] 1.8% 2.7%
Low 2023 2 133 —-—;— 0.02 [0.00; 0.05] 5.8% 5.5%
Reisenauer 2022 11 241 +=+— 0.05 [0.02; 0.08] 10.5% 7.0%
Bashour 2024 0 67 -—g— 0.00 [0.00; 0.05] 2.9% 3.8%
Xie 2024 1 90 +=—— 0.01 [0.00; 0.06] 3.9% 4.5%
Abia-Trujillo 2023 0 22 -—%— 0.00 [0.00; 0.15] 1.0% 1.7%
Fernandez-Bussy 2024 2 22 ; 0.09 [0.01;0.29] 1.0% 1.7%
Fernandez-Bussy 2024 2 27 4V—+—— 0.07 [0.01; 0.24] 1.2% 2.0%
Abia-Trujillo 2023 7 173 —;—-— 0.04 [0.02; 0.08] 7.5% 6.2%
Saghaie 2024 2 18 ; 0.11 [0.01; 0.35] 0.8% 1.4%
1

Fixed effect model 2296 O 0.03 [0.02; 0.04] 100.0% .
Random effects model & 0.03 [0.02; 0.04] 100.0%

Heterogeneity: 12 = 42%,t2=0.0021,p=0lo1 T T T T

0 0.050.10.150.20.250.3

Figure 2. Forest plot of the diagnosis yield under strict criteria (A), diagnosis yield under intermediate criteria (B), sensitivity for malignancy (C), and overall

complication rate (D). Cl, confidence interval.

between efficacy and safety. To overcome the high complication
risk of CT-guided percutaneous lung biopsy and the low diag-
nostic yield of traditional endoscopic technique, navigation
bronchoscopy was proposed. Electromagnetic navigation
(EMN) has increased the diagnostic yield of peripheral pulmon-
ary nodules by bronchoscopy from 14%!"*! to 68.8%, and new
navigation bronchoscopy technologies such as RAB have
increased this value to 77.5%!"¢]. RAB technology improves

the precision and flexibility of bronchoscopy by providing
a more accurate imaging system and a robotic arm operating
system that can reach deep into the lung and branch complex
airways®*, The studies by Cho et al'**! and Talon et al’*®
reported that RAB successfully addressed the diagnostic chal-
lenges in several previously undiagnosed cases. Kalchiem-Dekel
et al®”) evaluated a shape-sensing RAB for pulmonary nodules
and found diagnostic yield and sensitivity for malignancy were
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Diagnostic yield of RAB in pulmonary nodule diagnosis in different (Continued).
subgroups No. of Rate
No. of Rate Variables studies (95%Cl) 12 P
- . 2
Variables studies (95%Cl) I P Combined Use
Diagnostic yield (strict) r-EBUS + CBCT 5 0.872(0.829-0.910) 549  0.619
Total number of biopsies r-EBUS or CBCT 11 0.858 (0.80-0.893)  52.3
<100 lesions 1 0.836 (0.771-0.894) 59.2  0.006 Year of publication
lesions 6 0.696 (0.623-0.763)  88.4 Earlier than 2022 5 0.860(0.761-0.938) 735  0.866
Study design 2022 5 0.870(0.816-0.916)  67.2
Prospective cohorts 7 0.826 (0.745-0.894) 483  0.210 2023 3 0.860(0.826-0.891) 0
Retrospective cohorts 10 0.750 (0.670-0.824)  87.3 2024 4 0.889(0.837-0.933) 0
RAB platform r-EBUS view
Monarch 9 0.744(0.651-0.829) 86.0  0.299 Concentric 3 0.886 (0.798-0.955) 13.3  <0.001
lon 7 0.801 (0.723-0.870) 77.4 Eccentric 3 0.845 (0.690-0.956) 68.2
Galaxy 1 0.894 (0.658-0.967)  NA Invisible 3 0.460 (0.130-0.808) 74.2
Average lesion size Bronchus sign
<20 mm 8 0.778(0.680-0.864) 884  0.425 Present 3 0.906 (0.761-0.993) 80.3  0.098
7 0.738(0.693-0.780) 17.9 Absent 3 0.712 (0.494-0.891) 77.0
Prevalence for malignancy Cl, confidence interval; RAB, robot-assisted bronchoscopy; CBCT, cone beam computed tomogra-
% 3 0.666 (0.534-0.785) 831 0.020 pﬁy; r-EBUS, radial enaobrohchia\ ultrasound. > ' ’ ’
>60% 1 0.831(0.766-0.888) 63.2
Prevalence for malignancy & total number of biopsies
zggaegcggn?il;gggncy ! 0.793(0600-0.910) A <0.001 81.7% and 79.8%. A prospective study using shape-sensing
Prevalence for malignancy 9 0.623 (0.489-0.749)  87.1 RAB on 90 patients at three centers yielded a diagnostic yield
<60% & lesions >100 of 87.8% and a sensitivity for malignancy of 87.7%*.. In
Prevalence for malignancy 10 0.840 (0.769-0.901)  62.4 another study that assessed the performance of RAB in lung
>60% & lesions <100 lesion samples at four centers in the US, a diagnostic yield
Prevalence for malignancy 1 0.766 (0.687-0.860)  NA range of 69.1% to 77% was reported®!. The diagnostic yield
>60% & lesions >100
CBCT
Yes 4 0765(0564-0920) 927  0.872
No 13 0.781(0.724-0.834) 713 Sensitivity for malignancy of RAB in pulmonary nodules biopsy
Combined use diagnosis in different subgroups
r-EBUS + CBCT 3 0.726 (0.458-0.930) 90.3  0.745
r-EBUS or CBCT 11 0764(0.713-0.813) 631 Number of Rate )
Year of publication Variables studies (95%Cl) I P
Earlier than 2022 5 0.716 (0.661-0.768) 0 0.017 Total number of biopsies
2022 5 0.758 (0.639-0.862)  75.3 <100 lesions 17 0.866 (0.834-0.894) 50.9 0.324
2023 5 0.791(0.649-0.904)  93.8 lesions 3 0.830 (0.791-0.866) 38.7
2024 2 0.876 (0.794-0.940) 0.0 Study design
Diagnostic yield (intermediate) Prospective cohorts 0.879 (0.834-0.919) 0.0 0.272
Total number of biopsies Retrospective 11 0.8643(0.814-0.870) 70.2
<100 lesions 10 0.874(0.824-0.917) 406  0.803 cohorts
7 0.858 (0.820-0.892)  68.4 RAB platform
Study design Monarch 7 0.803(0.756-0.846) 46.4  0.008
Prospective cohorts 5 0.878(0.800-0.940) 57.6  0.766 lon 12 0.876(0.848-0.902) 30.7
Retrospective cohorts 12 0.863(0.831-0.893) 55.6 Galaxy 1 0.929 (0.650-0.980) NA
RAB platform Average lesion size
Monarch 5 0.816 (0.732-0.888)  69.7  0.162 <20 mm 13 0.864 (0.837-0.889) 41.9 0.005
lon 1 0.881(0.855-0.904) 11.7 5 0.775(0.705-0.839) 37.3
Galaxy 1 0.947(0.740-1.0000  NA Prevalence for malignancy
Average lesion size % 3 0.849 (0.791-0.900) 83.8 0.867
<20 mm 10 0.875(0.850-0.899) 83.0  0.331 >60% 17 0.856 (0.829-0.881) 34.5
6 0.830(0.754-0.894) 67.8 r-EBUS
Prevalence for malignancy Yes 15 0.848 (0.821-0.873) 58.3 0.271
% 4 0.858(0.780-0.922) 70.8  0.739 No 5 0.886 (0.828-0.934) 0.0
>60% 1 0.874(0.840-0.906) 41.9 Combined use
CBCT r-EBUS + CBCT 6 0.841(0.804-0.875) 0.0  0.581
Yes 6 0.872(0.836-0.904) 440  0.778 r-EBUS or CBCT 11 0.857(0.822-0.889)  66.6
No " 0.866(0.824-0.904)  57.7 _ _
Cl, confidence interval; RAB, robot-assisted bronchoscopy; CBCT, cone beam computed tomogra-
(Continues) phy; r-EBUS, radial endobronchial ultrasound.
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a Weight Weight
Study Events Total Proportion 95%-Cl (fixed) (random)
Rojas-Solano 2018 15— 0.00 [0.00; 0.22] 0.7% 1.0%
Chaddha 2019 167 1#=— 0.04 [0.01; 0.08] 7.3% 6.6%
Chen 2021 54 te— 0.04 [0.00; 0.13] 2.4% 2.9%
Ekeke 2021 25 40— 0.00 [0.00; 0.14] 1.1% 1.5%
Cumbo-Nacheli 2022 20— 0.00 [0.00; 0.17] 0.9% 1.2%
Khan 2023 15 264 1 —=— 0.06 [0.03; 0.09] 11.5% 8.6%
Iwamoto 2023 68 — 0.01 [0.00; 0.08] 3.0% 3.5%
Agrawal 2023 124 s— 0.02 [0.00; 0.06] 5.4% 5.5%
Fielding 2019 29— 0.00 [0.00; 0.12] 1.3% 1.7%
Benn 2021 52 de— 0.04 [0.00; 0.13] 2.3% 2.8%
Simoff 2021 60 —— 0.00 [0.00; 0.06] 2.6% 3.2%

Kalcheim-Dekel 2022 130 4— 0.02 [0.00; 0.05] 5.7% 5.7%

NNN_2,O_200NONOOARANONON-_UOOONOOO
-
N
w

Yu Lee-Mateus 2022 y 0.04 [0.01; 0.09] 4.9% 5.1%
Oberg 2022 112 r——o 0.05 [0.02; 0.11] 4.9% 5.1%
Reisenauer 2022 30 -—}— 0.00 [0.00; 0.12] 1.3% 1.8%
Styrvoky 2022 198 +— 0.01 [0.00; 0.04] 8.6% 7.3%
Hammad-Altag 2023 42 -—;— 0.00 [0.00; 0.08] 1.8% 2.4%
Low 2023 133 —-,— 0.02 [0.00; 0.05] 5.8% 5.7%
Reisenauer 2022 241 +— 0.03 [0.01; 0.06] 10.5% 8.2%
Bashour 2024 67 -—}— 0.00 [0.00; 0.05] 2.9% 3.5%
Xie 2024 90 +=+— 0.01 [0.00; 0.06] 3.9% 4.4%
Abia-Trujillo 2023 22 -—;— 0.00 [0.00; 0.15] 1.0% 1.3%
Fernandez-Bussy 2024 22 —:—'— 0.05 [0.00; 0.23] 1.0% 1.3%
Fernandez-Bussy 2024 27 0.07 [0.01;0.24] 1.2% 1.6%
Abia-Trujillo 2023 173 1,—-— 0.04 [0.02;0.08] 7.5% 6.8%
Saghaie 2024 18 , 0.11 [0.01; 0.35] 0.8% 1.1%
)
Fixed effect model 2296 ¢ 0.02 [0.01; 0.03] 100.0% .
Random effects model o 0.02 [0.01; 0.03] . 100.0%

Heterogeneity: 12 = 22%,2=0.0010,P=0ks T T T T T 1
0 0.050.10.150.2 0.25 0.3

b Weight Weight
Study Events Total Proportion 95%-Cl  (fixed) (random)
Rojas-Solano 2018 0 154 0.00 [0.00; 0.22] 0.7% 1.0%
Chaddha 2019 4 167 Fe— 0.02 [0.01; 0.06] 7.3% 6.6%
Chen 2021 1 B4 de— 0.02 [0.00; 0.10] 2.4% 2.9%
Ekeke 2021 0 2%4—m—— 0.00 [0.00; 0.14] 11%  15%
Cumbo-Nacheli 2022 0 20— 0.00 [0.00;0.17] 0.9% 1.2%
Khan 2023 10 264 | —+—— 0.04 [0.02; 0.07] 11.5% 8.5%
Iwamoto 2023 0 68— 0.00 [0.00; 0.05] 3.0% 3.5%
Agrawal 2023 0 1240— 0.00 [0.00; 0.03] 5.4% 5.5%
Fielding 2019 0 294—m78— 0.00 [0.00; 0.12] 1.3% 1.7%
Benn 2021 1 52 Jl—o— 0.02 [0.00; 0.10] 2.3% 2.9%
Simoff 2021 0 60— 0.00 [0.00; 0.06] 2.6% 3.2%
Kalcheim-Dekel 2022 2 130 =— 0.02 [0.00; 0.05] 5.7% 5.7%
Yu Lee-Mateus 2022 0 113E— 0.00 [0.00; 0.03] 4.9% 51%
Oberg 2022 3 112 =—— 0.03 [0.01; 0.08] 4.9% 5.1%
Reisenauer 2022 0 30— 0.00 [0.00;0.12] 1.3% 1.8%
Styrvoky 2022 1 198 +— 0.01 [0.00; 0.03] 8.6% 7.3%
Hammad-Altaq 2023 0 42— 0.00 [0.00; 0.08] 1.8% 2.4%
Low 2023 2 133 =— 0.02 [0.00; 0.05] 5.8% 5.7%
Reisenauer 2022 1 241+ 0.00 [0.00; 0.02] 10.5% 8.1%
Bashour 2024 0 67W— 0.00 [0.00; 0.05] 2.9% 3.5%
Xie 2024 0 90— 0.00 [0.00; 0.04] 3.9% 4.4%
Abia-Trujillo 2023 0 24 0.00 [0.00; 0.15] 1.0% 1.4%
Fernandez-Bussy 2024 1 224 0.05 [0.00; 0.23] 1.0% 1.4%
Fernandez-Bussy 2024 2 27| 0.07 [0.01; 0.24] 1.2% 1.6%
Abia-Trujillo 2023 2 173 S=— 0.01 [0.00; 0.04] 7.5% 6.8%
Saghaie 2024 1 18 | 0.06 [0.00; 0.27] 0.8% 1.1%
Fixed effect model 2296 <I> 0.01 [0.00; 0.01] 100.0% .
Random effects model 3 0.01 [0.00; 0.01] . 100.0%

Heterogeneity: 12 = 19%, t2 = 0.0010, P = 0.20] I I I I I
0 005 01 015 0.2 025
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c Weight Weight
Study Events Total Proportion 95%-Cl  (fixed) (random)
Rojas-Solano 2018 0 154 0.00 [0.00; 0.22] 0.7% 0.9%
Chaddha 2019 4 167 :—~— 0.02 [0.01; 0.06] 7.3% 6.7%
Chen 2021 0 54 -,— 0.00 [0.00; 0.07] 2.4% 2.9%
Ekeke 2021 0 25— 0.00 [0.00; 0.14] 1.1% 1.5%
Cumbo-Nacheli 2022 0 20 {— 0.00 [0.00; 0.17] 0.9% 1.2%
Khan 2023 4 264 lm— 0.02 [0.00; 0.04] 11.5% 8.8%
Iwamoto 2023 0 68F—— 0.00 [0.00; 0.05] 3.0% 3.5%
Agrawal 2023 4 124 }—~— 0.03 [0.01; 0.08] 5.4% 5.5%
Fielding 2019 0 29— 0.00 [0.00; 0.12] 1.3% 1.7%
Benn 2021 0 52 -;— 0.00 [0.00; 0.07] 2.3% 2.8%
Simoff 2021 0 60F——r 0.00 [0.00; 0.06] 2.6% 3.1%
Kalcheim-Dekel 2022 0 130— 0.00 [0.00; 0.03] 5.7% 5.7%
Yu Lee-Mateus 2022 0 113 -,— 0.00 [0.00; 0.03] 4.9% 5.1%
Oberg 2022 3 12 )—=+— 0.03 [0.01; 0.08] 4.9% 5.1%
Reisenauer 2022 0 30 -;— 0.00 [0.00; 0.12] 1.3% 1.7%
Styrvoky 2022 0 198+— 0.00 [0.00; 0.02] 8.6% 7.5%
Hammad-Altaq 2023 0 42 ':— 0.00 [0.00; 0.08] 1.8% 2.3%
Low 2023 0 133i— 0.00 [0.00; 0.03] 5.8% 5.8%
Reisenauer 2022 2 241 — 0.01 [0.00; 0.03] 10.5% 8.4%
Bashour 2024 0 67 ';— 0.00 [0.00; 0.05] 2.9% 3.4%
Xie 2024 0 90— 0.00 [0.00; 0.04] 3.9% 4.3%
Abia-Trujillo 2023 0o 2y— 0.00 [0.00; 0.15] 1.0% 1.3%
Fernandez-Bussy 2024 1 22 ; 0.05 [0.00; 0.23] 1.0% 1.3%
Fernandez-Bussy 2024 0o 27— 0.00 [0.00;0.13] 1.2% 1.6%
Abia-Trujillo 2023 0 173 -,— 0.00 [0.00; 0.02] 7.5% 6.9%
Saghaie 2024 0o 18 1 0.00 [0.00; 0.19] 0.8% 1.1%
)
Common effect model 2296 ) 0.00 [0.00; 0.00] 100.0% .
Random effects model b 0.00 [0.00; 0.00] 100.0%
Heterogeneity: /2 = 1%, 12 = 0.0008, P = 0.45 T T 1
0 005 01 015 0.2

Figure 3. Forest plot of the incidence of pneumothorax (A), the incidence of pneumothorax that required intervention (B), and bleeding rate (C). Cl, confidence interval.

of RAB for pulmonary nodule diagnosis exceeds that of EMN
bronchoscopy™®! and is comparable to the results achieved with
TTNB2Y*! Vachani et al®® recently demonstrated that the
diagnostic yield in studies of bronchoscopy can vary more than
20%, depending on the different criteria employed. The study by
Leonard et al*" indicated that the strict diagnostic yield defini-
tion closely aligns with the diagnostic accuracy at the 2-year
follow-up, with a difference of less than 1%, whereas the inter-
mediate diagnostic yield exhibits greater variability. The pooled
diagnostic yield and sensitivity for malignancy in our study are
comparable with previous studies. It is noticed that the pooled
diagnostic yield for strict and intermediate criteria was different
(69.6% vs. 86.6%, P = 0.004). The observed differences in
diagnostic yield may be attributed to the different definitions.
Although the quality assessment of the included studies was
generally low risk, the results showed a publish bias in the
diagnostic yield defined by strict criteria. After adjusting the
bias, the diagnostic yield (strict) was 69.6 %, which the diagnos-
tic criteria were determined with data available at the time of
bronchoscopy procedure, and not considered the follow-up
data. The bias may be associated with study design, patient
characteristics, biopsy tools, number of procedures performed
by the operator, and surgical experience, and our findings need
to be interpreted with caution. Our results further indicated the
importance of reporting diagnostic yield according to different
criteria (particularly the strict criteria) in RAB research.

In this meta-analysis, a pooled complications rate was observed
with a value of 3.0% (pneumothorax, 2.0%; pneumothorax that
required intervention, 0.5%; bleeding rate, 0.1%) for pulmonary
nodule diagnosis with RAB. The incidence of pneumothorax that
required intervention was only 0.5%, indicating that most

complications were mild and self-limited. A retrospective cohort
analysis including 16 971 patients who underwent TTNB found
that 25.8% of patients had complications within 3 days of
surgery*?l. Pneumothorax is the major complication after lung
biopsy*®!. Our result is similar to the studies by Pyarali et al**!
(incidence of pneumothorax, 2.2%; major bleeding rate, <0.01%)
and Zhang et al*® (complication rate, 3%; incidence of pneu-
mothorax, 1.8%). A recent study reported no complications asso-
ciated with RAB use in 30 patients who had a single targeted
nodule!!. Studies conducted by Oberg et all*! and
Monterroso*”! et al also found that patients undergoing RAB
tolerated the procedure well without major adverse events. Our
results further emphasize the safety of RAB in pulmonary nodule
diagnosis.

We found a heterogeneity in diagnostic performance and
further explored factors that may affect diagnostic performance.
In the group with total number of biopsies (>100 lesions), lower
malignancy prevalence (<60%), and invisible r-EBUS view, the
diagnostic yield of RAB for pulmonary nodules was lower. In the
population with a prevalence of malignancy <60%, the diagnos-
tic yield for nodules was 79.3 % for those with <100 nodules and
62.3% for those >100 nodules; the diagnostic yield for nodules
was 84.0% for those <100 and 76.6% for those >100 in the
population with a prevalence of malignancy 260%. This may be
due to increased sample heterogeneity and low prevalence lead-
ing to increased false positive results™*®], thus affecting the over-
all diagnostic yield. Our results also remind us that we should be
cautious about seeing high diagnostic yields from small sample
studies, as a small sample may overestimate the diagnostic
power of RAB. The r-EBUS view is used to characterize the
different lung lesions observed on ultrasound imaging to guide
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physicians in accurately locating lung nodules. In our study, the
diagnostic yield for the invisible group was only 46.0%, indicat-
ing that the lesions were not visible in EBUS imaging. This low
diagnostic yield may be due to the lesions being located in the
shadowing area of the ultrasound or being too small or poorly
positioned for effective imaging!*’!. Such situations can lead to
missed diagnoses, particularly when assessing small nodules.
High-resolution r-EBUS probes, artificial intelligence-driven
navigation, alternative localization techniques, and virtual rea-
lity bronchoscopy simulators (Train operators to navigate com-
plex airways to identify subtle r-EBUS signals) may be
considered to improve the diagnostic yield in research and clin-
ical practice. When utilizing the r-EBUS probe, it should be
noted that the spatial orientation of pulmonary nodules dis-
played on the r-EBUS monitor does not correlate with their
true anatomical position relative to the target airway.
Consequently, when an eccentric r-EBUS image is observed,
systematic evaluation of probe-to-airway wall interactions is
required to localize the target lesion. This involves advancing
the r-EBUS probe along multiple airway wall surfaces while
analyzing dynamic changes in the ultrasound signal pattern.
Procedural approaches differ between navigation platforms.
With the Monarch Platform, real-time visualization enables
direct manipulation of the r-EBUS probe across airway surfaces.
In contrast, the Ion platform necessitates removal of the optical
probe prior to r-EBUS insertion. Under these circumstances,
fluoroscopically guided manipulation of the r-EBUS articulation
guide permits systematic exploration of airway wall surfaces.
Lesion confirmation is achieved through signal intensity max-
imization. Upon identification of the strongest r-EBUS signal,
alignment of the bronchoscope working channel with the opti-
mized trajectory is performed to facilitate subsequent tissue
sampling. In addition to previously mentioned factors, the use
of biopsy tools and learning curves also impacts diagnostic
yield®***", However, the lack of comparative studies on differ-
ent diagnostic tools limits our understanding of their effects,
highlighting the need for future research in this area. Notably,
our study found no difference in diagnostic yields between
groups based on tumor size (<20 mm vs. >20 mm) and bronchus
sign presence (present vs. absent). RAB may be an effective
method®" to improve these common influencing factors in the
bronchoscopic diagnosis of pulmonary nodules®?. As for sensi-
tivity for malignancy, the platform used and average lesion size
may be influencing factors. The difference in the RAB platform
may probably be because it reduced CTBD effects®®! (a discre-
pancy between the location of a pulmonary nodule as determined
by CT imaging before RAB examination and the actual anatomi-
cal location!®*), specific technical characteristics, operator experi-
ence, or patient selection factors. The Ion platform exhibited
slightly higher sensitivity for malignancy compared to Monarch,
which may be due to differences in tool stability and ability to
maintain navigation during sampling™!. Although the Galaxy
system was reported in only one study, 92.9% of the diagnostic
yield showed great potential for application, probably because of
its reduction of CT-to-body dispersion (CTBD) effects’*!!. During
robotic bronchoscopy, discrepancies may arise between the loca-
tion of pulmonary nodules determined by pre-biopsy CT imaging
and their actual anatomical position, a phenomenon referred to as
CTBDP®!, Saghaie et al*! conducted an RAB system equipped
with electromagnetic navigation and tilt-assisted lesion guidance
(Galaxy) to reduce the effect of CTBD, with diagnostic yield even
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reaching 89.5% to 94.7%. While there is virtually no data
directly comparing these RAB platforms, future prospective and
comparative studies need to further assess the findings. The super-
ior diagnostic performance of RAB in lesions <20 mm further
emphasizes the great application prospect of RAB in small per-
ipheral pulmonary nodules. Our results emphasized that RAB not
only enhances the diagnostic yield but also expands the diagnostic
depth and allows for more precise access to small lesions.

The high performance and safety of the RAB make it a promis-
ing tool for the diagnosis of pulmonary nodules, helping to
improve the diagnostic performance of early diagnosis and thus
the prognosis of lung cancer patients. For physicians, the RAB
system’s intuitive interface and automation features greatly reduce
learning costs'*®*®!, For patients, RAB diagnosis of pulmonary
nodules offers a short operation time (36.4-93.0 minutes), less
trauma, and rapid postoperative recovery, significantly reducing
the pain of patients and the risk of complications. It is important to
note that the diagnostic yields associated with RAB can vary based
on differing diagnostic criteria, particularly when more stringent
standards are employed, which underscores the necessity for care-
ful interpretation of results in clinical settings. Additionally, sev-
eral factors, including patient demographics, the total number of
nodules included in studies, and the average lesion size, can impact
the overall diagnostic performance of RAB. By considering these
factors, clinicians can better understand the effectiveness of RAB
in pulmonary nodule diagnosis, which may be conducive to the
efficient diagnosis of disease and timely control of disease progres-
sion. Moreover, RAB can be combined with techniques such as
cryotherapy or thermal ablation to assist physicians in accurately
localizing pathological tissues for treatment, thereby minimizing
damage to surrounding healthy tissues. By integrating RAB with
these therapeutic approaches, clinicians can achieve more perso-
nalized and precise treatment plans, ultimately enhancing the over-
all therapeutic outcomes and quality of life for patients.

We must acknowledge that some limitations remain. (1)
While RAB has shown high diagnostic performance, the varia-
bility in diagnostic yield highlights the need for standardized
protocols, and more standardized prospective studies are needed
to provide further evidence in the future. (2) The utilization of
CBCT and r-EBUS in RAB remains limited, necessitating com-
parative studies to assess their incremental benefits regarding
diagnostic yield and safety. (3) The literature on Galaxy is
limited, and more studies need to be encouraged to provide
evidence. (4) Although we have included what we could gather
about potential influences, there is still information (e.g., biopsy
tools, number of procedures performed by the operator, and
learning curves, etc.) that we were not able to collect, which
limits further analyses. (5) Most studies on RAB for pulmonary
nodule diagnosis are single-arm studies. More high-quality,
large-scale randomized controlled trials should be conducted
to validate the performance and safety of RAB.

Conclusion

This study explored the diagnostic yield under different criteria
in the diagnosis of pulmonary nodules with RAB. Moreover, the
influencing factors of the diagnosis yield, the sensitivity for
malignancy as well as complications of RAB for pulmonary
nodule diagnosis were also summarized. Our results not only
demonstrate the efficacy and safety of RAB in the diagnosis of
pulmonary nodules but also emphasize the importance of
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different diagnostic criteria (especially strict criteria) for the
assessment of RAB performance. In future studies, more feasi-
bility multicenter RAB studies based on real environments or in
different clinical settings are expected.

Ethical approval

None.

Consent

None.

Sources of funding

None.

Author contributions

X.L. and Y.H. designed the study. X.L. wrote the manuscript. J.
B., X.Z., T.W., and Y.Z. collected, analyzed, and interpreted the
data. Y.H. critically reviewed, edited, and approved the manu-
script. All authors read and approved the final manuscript.

Conflicts of interest disclosure

None.

Guarantor

Yi Hu.

Research registration unique identifying number
(UIN)

This meta-analysis registered at https://www.crd.york.ac.uk/
prospero/ (study ID: CRD42024610508).

Provenance and peer review

Not commissioned, externally peer-reviewed.

Data availability statement

The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

References

[1] Mankidy BJ, Mohammad G, Trinh K, et al. High risk lung nodule:
a multidisciplinary approach to diagnosis and management. Respir
Med 2023;214:107277.

[2] Mazzone PJ, Lam L. Evaluating the patient with a pulmonary nodule: a
review. JAMA 2022;327:264-73.

[3] Walter K. Pulmonary Nodules. JAMA 2021;326:1544.

[4] Zhao Q, Chang CW, Yang X, Zhao L. Robust explanation supervision
for false positive reduction in pulmonary nodule detection. Med Phys
2024;51:1687-701.

[5] Bray F, Laversanne M, Sung H, et al. Global cancer statistics 2022:
GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. Ca A Cancer ] Clinicians 2024;74:229-63.

4031

[6] Siegel RL, Giaquinto AN, Jemal A. Cancer statistics, 2024. Ca A Cancer
J Clinicians 2024;74:12-49.

[7] Yang Q, Luo J, Xu H, et al. Metabolomic investigation of urinary
extracellular vesicles for early detection and screening of lung cancer.
J Nanobiotechnol 2023;21:153.

[8] National Lung Screening Trial Research Team. Lung cancer incidence
and mortality with extended follow-up in the national lung screening
trial. J Thorac Oncol 2019;14:1732-42.

[9] de Koning HJ, van der Aalst CM, de Jong PA, et al. Reduced
lung-cancer mortality with volume CT screening in a randomized
trial. New Engl ] Med Feb 6 2020;382:503-13. doi:10.1056/
NEJMoal1911793.

[10] Tsujimoto Y, Matsumoto Y, Tanaka M, Imabayashi T, Uchimura K,
Tsuchida T. Diagnostic value of bronchoscopy for peripheral metastatic
lung tumors. Cancers 2022; 14:375.

[11] Balasubramanian P, Abia-Trujillo D, Barrios-Ruiz A, et al. Diagnostic
yield and safety of diagnostic techniques for pulmonary lesions: systema-
tic review, meta-analysis and network meta-analysis. Eur Respir Rev
2024;33:240046.

[12] Mei F, Bonifazi M, Rota M, et al. Diagnostic yield and safety of
image-guided pleural biopsy: a systematic review and meta-analysis.
Respiration 2021;100:77-87.

[13] Wu D, Liu YY, Wang T, Huang YY, Xia P. Computed tomography-guided
lung biopsy with rapid on-site evaluation for diagnosis of lung lesions: a
meta-analysis. ] Cardiothorac Surg 2023;18:122.

[14] Baaklini WA, Reinoso MA, Gorin AB, Sharafkaneh A, Manian P.
Diagnostic yield of fiberoptic bronchoscopy in evaluating solitary pul-
monary nodules. Chest 2000;117:1049-54.

[15] Stone E, Leong TL. Contemporary concise review 2021: pulmonary
nodules from detection to intervention. Respirology (Carlton, Vic)
2022;27:776-8S.

[16] Kops SEP, Heus P, Korevaar DA, et al. Diagnostic yield and safety of
navigation bronchoscopy: a systematic review and meta-analysis. Lung
Cancer 2023;180:107196.

[17] Wang Memoli JS, Nietert PJ, Silvestri GA. Meta-analysis of guided
bronchoscopy for the evaluation of the pulmonary nodule. Chest
2012;142:385-93.

[18] Fernandez-Bussy S, Chandra NC, Koratala A, et al. Robotic-assisted
bronchoscopy: a narrative review of systems. ] Thoracic Dis
2024;16:5422-34.

[19] Jain A, Sarkar A, Husnain SMN, Adkinson BC, Sadoughi A, Sarkar A.
Digital tomosynthesis: review of current literature and its impact on diag-
nostic bronchoscopy. Diagnostics (Basel, Switzerland) 2023; 13:2580.

[20] Low SW, Lentz R]J, Chen H, et al. Shape-sensing robotic-assisted
bronchoscopy vs digital tomosynthesis-corrected electromagnetic navi-
gation bronchoscopy: a comparative cohort study of diagnostic
performance. Chest 2023;163:977-84.

[21] Lee-Mateus A Y, Reisenauer J, Garcia-Saucedo JC, et al. Robotic-
assisted bronchoscopy versus CT-guided transthoracic biopsy for diag-
nosis of pulmonary nodules. Respirology (Carlton, Vic) 2023;28:66-73.

[22] Fielding DIK, Bashirzadeh F, Son JH, et al. First human use of a new
robotic-assisted fiber optic sensing navigation system for small periph-
eral pulmonary nodules. Respiration 2019;98:142-50.

[23] Khan F, Seaman ], Hunter TD, et al. Diagnostic outcomes of
robotic-assisted bronchoscopy for pulmonary lesions in a real-world
multicenter community setting. BMC Pulm Med 2023;23:14.161.

[24] Saghaie T, Williamson JP, Phillips M, et al. First-in-human use of a new
robotic electromagnetic navigation bronchoscopic platform with inte-
grated Tool-in-Lesion Tomosynthesis (TiLT) technology for peripheral
pulmonary lesions: the FRONTIER study. Innovations (Philadelphia,
Pa) 2024;29:969-75.

[25] Ali MS, Ghori UK, Wayne MT, Shostak E, De Cardenas J. Diagnostic
performance and safety profile of robotic-assisted bronchoscopy:
a systematic review and meta-analysis. Ann Am Thoracic Soc 2023;
20:1801-12.

[26] Zhang C, Xie F, Li R, Cui N, Herth FJF, Sun J. Robotic-assisted broncho-
scopy for the diagnosis of peripheral pulmonary lesions: a systematic
review and meta-analysis. Thoracic Cancer 2024; 15:505-12.

[27] Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 statement:
an updated guideline for reporting systematic reviews. BM]J (Clinical
Research Ed) 2021;372:n71.

[28] Cumpston M, Li T, Page M], et al. Updated guidance for trusted systematic
reviews: a new edition of the Cochrane handbook for systematic reviews of
interventions. Cochrane Database Syst Rev. 2019;10:Ed000142.


https://www.crd.york.ac.uk/prospero/
https://www.crd.york.ac.uk/prospero/
https://doi.org/10.1056/NEJMoa1911793
https://doi.org/10.1056/NEJMoa1911793

Li et al. International Journal of Surgery (2025)

[29] Shea BJ, Grimshaw JM, Wells GA, et al. Development of AMSTAR:
a measurement tool to assess the methodological quality of systematic
reviews. BMC Med. Res. Method. 2007;7:10.

[30] Vachani A, Maldonado F, Laxmanan B, Kalsekar I, Murgu S. The
impact of alternative approaches to diagnostic yield calculation in stu-
dies of bronchoscopy. Chest 2022;161:1426-28.

[31] Agrawal A, Ho E, Chaddha U, et al. Factors associated with diagnostic
accuracy of robotic bronchoscopy with 12-month follow-up. Ann
Thorac Surg 2023;115:1361-68.

[32] Whiting PF, Rutjes AW, Westwood ME, et al. QUADAS-2: a revised
tool for the quality assessment of diagnostic accuracy studies. Ann
Internal Med 2011;155:529-36.

[33] Bae E, Hwang H, Kim JY, Park YS, Cho ]. Safety and risk factors for
bleeding complications of radial probe endobronchial ultrasound-guided
transbronchial biopsy. Ther Adv Respir Dis 2024;18:175346662412
73017.

[34] Prado RMG, Cicenia J, Almeida FA. Robotic-assisted bronchoscopy:
a comprehensive review of system functions and analysis of outcome
data. Diagnostics (Basel, Switzerland) Feb 12 2024; 14:doi:10.3390/
diagnostics14040399.

[35] Cho G, Matti M, Nobari V, Cheng G, Miller R, Nobari M.
Combination of ION robotic bronchoscopy with body vision C-arm
based tomography for optimal lesion localization and sampling. A69. TOY
STORY 4: ADVENTURES IN INTERVENTIONAL PULMONARY
PROCEDURES. 2022:A2097.

[36] Talon A, Chundu S, Wang M, Javed M, Khokar I, Saeed Al. Adjunctive
use of disposable 1.1-mm cryoprobe with robotic-assisted bronchoscopy.
Chest 2022;162:A2072.

[37] Kalchiem-Dekel O, Connolly JG, Lin IH, et al. Shape-sensing
robotic-assisted bronchoscopy in the diagnosis of pulmonary parenchy-
mal lesions. Chest 2022;161:572-82.

[38] Xie F, Zhang Q, Mu C, et al. Shape-sensing robotic-assisted broncho-
scopy (SS-RAB) in sampling peripheral pulmonary nodules: a prospective,
multicenter clinical feasibility study in China. ] Bronchology Interv
Pulmonol 2024;31. doi:10.1097/1br.000000 0000000981

[39] Chaddha U, Kovacs SP, Manley C, et al. Robot-assisted bronchoscopy
for pulmonary lesion diagnosis: results from the initial multicenter
experience. BMC Pulm Med 2019;19:243.

[40] Fernandez-Bussy S, Yu Lee-Mateus A, Reisenauer J, et al. Shape-sensing
robotic-assisted bronchoscopy versus computed tomography-guided
transthoracic biopsy for the evaluation of subsolid pulmonary nodules.
Respiration 2024;103:280-88.

[41] Leonard KM, Low SW, Echanique CS, et al. Diagnostic yield vs diag-
nostic accuracy for peripheral lung biopsy evaluation: evidence support-
ing a future pragmatic end point. Chest 2024;165:1555-62.

[42] Vachani A, Zhou M, Ghosh S, et al. Complications after transthoracic
needle biopsy of pulmonary nodules: a population-level retrospective
cohort analysis. ] Am Coll Radiol 2022;19:1121-29.

International Journal of Surgery

[43] Theilig D, Petschelt D, Mayerhofer A, Hamm B, Gebauer B, Geisel D.
Impact of quantitative pulmonary emphysema score on the rate of
pneumothorax and chest tube insertion in CT-guided lung biopsies. Sci
Rep 2020;10:10978.

[44] Pyarali FF, Hakami-Majd N, Sabbahi W, Chaux G. Robotic-
assisted navigation bronchoscopy: a meta-analysis of diagnostic
yield and complications. J Bronchology Interv Pulmonol 2024;31:
70-81.

[45] Rojas-Solano JR, Ugalde-Gamboa L, Machuzak M. Robotic broncho-
scopy for diagnosis of suspected lung cancer: a feasibility study.
J Bronchology Interv Pulmonol 2018;25:168-75.

[46] Oberg C, Lau RP, Folch EE, et al. Novel robotic-assisted cryobiopsy for
peripheral pulmonary lesions, Lung. 2022;200:737-45.

[47] Monterroso C, Magge A, Manley CJ, Ibrahim OM. A case series of
intra-procedure cone beam computed tomography utilizing Monarch™.
Robotic Navigational Bronchoscopy. Am ] Respir Crit Care Med
2020;201:A6780.

[48] Healy B, Khan A, Metezai H, Blyth I, Asad H. The impact of false
positive COVID-19 results in an area of low prevalence. Clin Med
(Lond) 2021;21:e54-€56.

[49] Nogawa H, Matsumoto Y, Tanaka M, Tsuchida T. Diagnostic use-
fulness of bronchoscopy for peripheral pulmonary lesions in patients
with idiopathic pulmonary fibrosis. J Thoracic Dis 2021;13:
6304-13.

[50] Bott MJ, Toumbacaris N, Tan KS, et al. Characterizing a learning curve
for robotic-assisted bronchoscopy: analysis of skills acquisition in a
high-volume academic center. ] Thoracic Cardiovasc Surg 2025;
169:269-278.

[51] Ho E, Hedstrom G, Murgu S. Robotic bronchoscopy in diagnosing lung
cancer-the evidence, tips and tricks: a clinical practice review. Ann
Translat Med 2023;11:359.

[52] Zhang J, Chen E, Xu S, et al. Virtual bronchoscopic navigation with
intraoperative cone-beam CT for the diagnosis of peripheral pulmonary
nodules. BMC Pulm Med 2024;24:146.

[53] Bhadra K, Rickman OB, Mahajan Ak, Hogarth Dk. “Tool-in-lesion”
accuracy of galaxy system-a robotic electromagnetic navigation
bronchoscopy with integrated tool-in-lesion-tomosynthesis technology:
the MATCH study. ] Bronchology Interv Pulmonol 2024;31:23-29.

[54] Ravikumar N, Ho E, Wagh A, Murgu S. Advanced imaging for robotic
bronchoscopy: a review. Diagnostics (Basel, Switzerland) 2023;
13:990.

[55] Duke ], Reisenauer ]. Review: Technology and techniques for
robotic-assisted bronchoscopy. ] Lung Health 2022;6:15.

[56] Xie F, Zhang Q, Liu S, Yan L, Zhou Y, Sun J. Learning curve of a
robotic-assisted bronchoscopy system in sampling peripheral pulmonary
nodules. Chinese Med J 2022;135:2753-55.

4032


https://doi.org/10.3390/diagnostics14040399
https://doi.org/10.3390/diagnostics14040399
https://doi.org/10.1097/lbr.000000 0000000981

