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Abstract

Background and objective: Robotic bronchoscopy has demonstrated high navigational 

success in small peripheral lung nodules but the diagnostic yield is discrepantly lower. Needle 

based confocal laser endomicroscopy (nCLE) enables real-time microscopic imaging at the 

needle tip. We aim to assess feasibility, safety and needle repositioning based on real-time nCLE-

guidance during robotic bronchoscopy in small peripheral lung nodules.

Methods: Patients with suspected peripheral lung cancer underwent fluoroscopy and radial 

EBUS assisted robotic bronchoscopy. After radial EBUS nodule identification, nCLE-imaging of 

the target area was performed. nCLE-malignancy and airway/lung parenchyma criteria were used 

to identify the optimal sampling location. In case airway was visualized, repositioning of the 

biopsy needle was performed. After nCLE tool-in-nodule confirmation, needle passes and biopsies 

were performed at the same location.

Measurements and main results: 20 patients were included (final diagnosis n=17 (lung) 

cancer) with a median lung nodule size of 14.5 mm (range 8–28 mm). No complications occurred. 

In 19/20 patients, good quality nCLE-videos were obtained. In 9 patients (45%), real-time nCLE-
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imaging revealed inadequate positioning of the needle and repositioning was performed. After 

repositioning, nCLE-imaging provided tool-in-nodule-confirmation in 19/20 patients. Subsequent 

ROSE demonstrated representative material in 9/20 patients (45%) and overall diagnostic yield 

was 80% (16/20). Of the three patients with malignant nCLE-imaging but inadequate pathology, 

two were diagnosed with malignancy during follow-up.

Conclusion: Robotic bronchoscopic nCLE-imaging is feasible and safe. nCLE-imaging in small, 

difficult-to-access lung nodules provided additional real-time feedback on the correct needle 

positioning with the potential to optimize the sampling location and diagnostic yield.

Summary at a Glance:

Robotic bronchoscopic nCLE-imaging is feasible, safe and enables real-time visualization of 

tumor cells at the needle tip. Based on nCLE-guidance, the robotic bronchoscope was repositioned 

in almost half of patients. Our data show the potential of robotic bronchoscopic nCLE-imaging as 

a safe, improved strategy to diagnose small difficult-to-access lung nodules.
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INTRODUCTION

Lung cancer remains the leading cause of cancer related death worldwide (1). Tissue 

verification is crucial for the diagnosis and treatment of lung cancer. Consequently, the 

workload for bronchoscopic nodule analysis is expected to increase significantly.

Over 70% of lung nodules are located in the lung periphery and invisible during 

bronchoscopy (2). Although several bronchoscopic navigational techniques were developed 

to target the nodule without tumor visualization, diagnostic yield remains limited and 

strongly influenced by nodule size, bronchus sign and concentric radial EBUS (r-EBUS) 

patterns (3–10).

Recently, innovative robotic bronchoscopic platforms (Monarch™® Platform, Ethicon Inc, 

Redwood City, CA and ION Endoluminal System, Intuitive Surgical Inc, Sunnyvale, 

CA) were designed with steerable distal ends and optical pattern recognition software to 

overcome the limitations of conventional navigational bronchoscopy (11). The first multi-

center trial on robotic bronchoscopy in peripheral lung nodules reported high navigational 

success using r-EBUS (96%) but with a lower diagnostic yield (74%) (12).

Although encouraging, the gap between navigational success and diagnostic yield remains 

suboptimal (13, 14). From a technical perspective, navigational bronchoscopy consists of 

three steps: navigation to the target nodule, confirmation that biopsy tools are in contact 

with the nodule and acquisition of adequate tissue (15). Although robotic bronchoscopy 

demonstrated promising results in the navigation parts, these last steps –confirmation and 

acquisition- show room for improvement (13).
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Therefore, needle based confocal laser endomicroscopy (nCLE) might be a useful adjunct 

to robotic bronchoscopy. nCLE is a laser-based in-vivo imaging technique (wavelength 

488 nm, resolution 3.5 μm and imaging depth up to 70 μm) that, by advancing the 

flexible CLE-probe past the biopsy needle tip, provides real-time microscopic images at 

the biopsy needle tip. Previous studies accurately validated nCLE-criteria for lung cancer 

(enlarged pleomorphic cells, dark clumps and directional streaming) and identified nCLE-

criteria for airway/lung parenchyma (conducting elastin fiber bundles, still image, bronchial 

epithelium and alveoli) (16, 17), allowing confirmation and fine-tuning of the correct needle 

positioning, as was recently demonstrated in a case-report (18).

In this study, we aim to assess feasibility and safety of nCLE-guided robotic bronchoscopy 

in patients with small, peripheral lung nodules suspected of lung cancer. Furthermore, we 

hypothesize that robotic bronchoscopic nCLE-imaging provides real-time feedback on the 

sampling location and optimal needle positioning to reduce the current near-miss rate.

METHODS

Study design

This is an investigator initiated, proof of principle study and collaboration between Fox 

Chase Cancer Center (Philadelphia, USA) and Amsterdam University Medical Centers 

(Amsterdam, the Netherlands). The study was ethically approved at Fox Chase Cancer 

Center (clinicaltrials.gov NCT04441749) and conducted between July 2020 and July 2021. 

Patients scheduled for robotic bronchoscopic evaluation of a suspected malignant peripheral 

lung nodule <30 mm, were eligible for study participation. Patients with an uncorrectable 

coagulopathy, known allergy to fluorescein, an endobronchially visible tumor, hemodynamic 

instability, refractory hypoxemia or pregnant and breastfeeding patients were excluded 

from study participation. All included patients provided written informed consent. Patients 

underwent r-EBUS and fluoroscopy-assisted robotic bronchoscopy as part of standard care. 

For study purposes nCLE-imaging was performed. Patient enrollment was conducted in 2 

phases, a five patient run-in phase, designed to gain procedural experience, followed by a 

20-patient expansion phase. As per protocol, data generated in the run-in phase was not used 

for final analysis.

Endpoints

The primary endpoints are feasibility (defined as good quality nCLE-videos obtained in 

>80% of patients) and safety (defined as procedure related adverse advents attributed 

to the nCLE-imaging and fluorescein administration) of robotic bronchoscopic nCLE-

imaging in small, peripheral lung nodules. An exploratory endpoint was the ability 

of nCLE-imaging to provide tool-in-nodule confirmation and to assess the amount of 

needle repositionings based on nCLE-guidance. Following previous studies (5, 6, 19–22) 

pathologic diagnoses were classified into three categories: (1) malignant; (2) non-malignant, 

including inflammatory, granulomatous, infectious and lymphocyte-predominant patterns; 

and (3) insufficient material for a classifying diagnosis. In case atypical cells could not 

be classified further, the samples were considered insufficient. All malignant nodules were 

considered diagnostic unless surgical resection of the nodule demonstrated false-positive 
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results. Non-malignant nodules were considered diagnostic at one-year follow-up if: (1) the 

non-malignant diagnosis was confirmed by an alternative sampling method (e.g. surgery or 

trans-thoracic sampling); (2) follow-up CT-imaging showed regression or resolution of the 

nodule; (3) nodule remained stable on CT-imaging >1 year follow-up. To validate the nCLE 

criteria, blinded raters evaluated a set of nCLE-videos twice, including a two week wash-out 

period.

Study procedure

Robotic bronchoscopy (Monarch™ Platform, Ethicon Inc, Redwood City, CA) was 

performed under general anesthesia by a single bronchoscopist. nCLE-imaging was 

performed using the Cellvizio System® and AQ-Flex 19 Confocal Miniprobe (Mauna Kea 

Technologies, Paris, France) with a resolution of 3.5 μm. Prior to the procedure, the confocal 

miniprobe was preloaded into the 18G-Flex needle (Broncus Medical Inc, San Jose, USA), 

positioning the tip of the probe 4 mm past the needle tip using a locking device.

Patients were intubated with an 8.5 endotracheal tube secured about 40 mm from the 

main carina. Navigation towards the nodule was performed using the Monarch™ Platform 

navigational software. After positioning of the robotic bronchoscope within close proximity 

of the nodule, r-EBUS and fluoroscopy were used to confirm nodule localization. The first 

needle pass was performed at the specified position according to the robotic navigational 

software and r-EBUS signal.

After the needle had been placed in position, the CLE-probe was advanced past the needle 

tip. Right before nCLE-imaging, fluorescein (2.5 mg of 10% fluoresceindinatrium) was 

administered intravenously to enhance imaging of the stromal background and visualization 

of individual cells. nCLE-imaging was performed under fluoroscopic guidance and nCLE 

criteria were used to assess the optimal sampling location (16, 17). In case nCLE visualized 

airway/lung parenchyma, the biopsy needle was repositioned to target the nodule from 

a different angle (Figure 1). Following nCLE-imaging, the CLE-probe was withdrawn 

from the needle and transbronchial needle aspiration (TBNA) was performed in the same 

position using suction. Two smears were prepared from each pass, one air-dried and Diff-

Quik stained and one ethanol-fixed and Papanicolaou-stained. Needle rinses were used for 

cytology cell block preparation. Every nCLE-video was followed by a separate needle pass 

to have direct comparison between nCLE-imaging and cytology. Rapid onsite evaluation 

(ROSE) was available and part of clinical decision-making. After TBNA, forceps biopsies 

were taken at the discretion of the bronchoscopist under fluoroscopic guidance at the 

specified location according to nCLE-imaging.

Statistical analysis

The statistical analysis was performed using the standard definitions and software from 

the SPSS statistical package V.28.0 (IBM Corporation). Continuous, normally distributed 

data were reported as the mean ± SD. Non-normally distributed data were presented as 

the median (interquartile range). The accuracy, sensitivity, specificity, positive predictive 

value and negative predictive value of the validation sessions were calculated using the 

scores of five blinded raters in both validation sessions. Two-sided 95% confidence intervals 
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were reported for results of interest. Fleiss’ multi-rater (23) was calculated using MATLAB 

R2020b (MathWorks, Natick, Massachusetts, USA) to estimate the inter-observer agreement 

(IOA). The Intra-observer reliability (IOR) was calculated by comparing the results of the 

first and second validation session using Cohen’s κ. The IOA and IOR were interpreted 

according to the Landis-Koch interpretation system: poor <0.2, fair 0.21–0.4, moderate 

0.41–0.6, substantial 0.61–0.8 and excellent 0.81–1 (24).

RESULTS

Patient and nodule characteristics

Robotic bronchoscopic nCLE-imaging was performed in 25 patients, including five patients 

of the run-in phase who were excluded from further analysis. Patient characteristics of the 

remaining twenty patients are displayed in Table 1 (n=17 malignant, n=2 non-malignant, 

n=1 indeterminate). The median nodule size was 14.5 mm (range 8–28 mm). The mean 

distance to the pleura was 17 mm (range 0–54 mm). In twelve patients (60%) a bronchus 

sign was visible on pre-procedural CT-scan.

Procedure characteristics

No adverse events related to the bronchoscopic procedure or nCLE-imaging/fluorescein 

administration occurred. Following robotic navigation, successful navigation was confirmed 

with r-EBUS in 19/20 patients (95%) and in one patient with a subsolid nodule, no r-EBUS 

signal was obtained. Eccentric r-EBUS images were obtained in 13/20 patients (65%) and 

concentric r-EBUS images in 6/20 patients (30%). In 11/20 patients (55%) the nodule was 

visible using fluoroscopy. In 19/20 patients (95%) good quality nCLE-images were obtained 

with a total of 54 nCLE-videos (1–6 nCLE videos per patient). TBNA was performed in 

all patients, followed by forceps biopsies in 13 patients (Figure 2). Per patient on average 8 

tissue samples (TBNA and/or biopsies) were taken. The average procedure time, from scope 

insertion until removal was 52 minutes.

Final diagnoses

Robotic bronchoscopic TBNA and biopsies established a diagnosis in 16/20 patients (Table 

2). Of the four patients in which pathology deemed insufficient, three patients were 

diagnosed with malignancy in the follow-up period based on surgical resection of the tumor 

(n=2) and CT-guided transthoracic punctures (n=1). In one patient no definitive diagnosis 

was established as no clinical indication for additional tissue acquisition occurred and the 

nodule remained stable on CT-imaging after 1 year follow-up.

Diagnostic yield

Overall diagnostic yield of the TBNA and biopsies combined was 80% (16/20). TBNA 

cytology alone established a diagnosis in 12/20 patients (60%) compared to 9/13 patients 

(69%) with forceps biopsies (Table 2).
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nCLE guidance

After puncturing the nodule at the specified location according to the robotic software and 

r-EBUS signal, in 11/20 patients (55%), nCLE-imaging of the first needle pass revealed 

immediate nodule detection (n=10 malignant, n=1 granuloma) (Figure 2). After TBNA, 

corresponding ROSE confirmed representative material in 7/11 patients (Table 2).

In 9/20 patients (45%) nCLE-imaging of the first needle pass revealed airway/lung 

parenchyma visualization (Figure 2), indicating a near-miss. In all 9 patients, adjustments 

were made to target the nodule from a different angle, resulting in nCLE nodule detection 

in 8/9 patients (n=7 malignant, n=1 inflammation). Of the 9 patients in which repositioning 

was performed, 8/9 patients had an eccentric or absent radial EBUS signal. Corresponding 

ROSE confirmed malignancy in two patients (Table 2).

nCLE vs ROSE

nCLE-imaging provided tool-in-nodule confirmation in 19/20 patients (95%) whereas 

corresponding ROSE confirmed representative material in 9/20 patients (45%). When 

extracting this data on a per-puncture level, a total of 52 individual needle passes 

were performed with corresponding nCLE-imaging and ROSE feedback. In 32/52 needle 

passes (62%), nCLE-imaging and ROSE corresponded (n=13 nodule and n=19 airway/

lung parenchyma). In 20/53 needle passes (38%), a discrepancy between nCLE-imaging 

and ROSE was found. In all 20 needle passes, nCLE-imaging provided tool-in-nodule 

confirmation while ROSE showed non-representative material with blood (n=15) and 

bronchial epithelium (n=5). No needle passes with nCLE airway/lung parenchyma 

visualization but representative ROSE occurred.

nCLE nodule characterization

In 19/20 (95%) patients, nCLE-imaging provided tool-in-nodule confirmation (n=17 

malignant, n=2 non-malignant). In two patients with a non-malignant diagnosis, nCLE-

imaging revealed granulomatous structures and increased densities of small homogenous 

cells (16, 25). Of the 3 patients with malignant nCLE-imaging but inadequate TBNA and 

biopsies, two patients were diagnosed with malignancy during follow-up (Table 2). In one 

patient, nCLE only visualized airway, indicating the needle never reached the nodule. nCLE-

imaging revealed a ‘loss of contact’ signal in one patient with necrotic adenocarcinoma (16, 

17). In another patient, inflammation surrounding the tumor was also visualized with nCLE 

as an increased density of small homogeneous cells (16).

nCLE malignancy and airway/lung parenchyma discrimination

Of the 54 obtained nCLE videos, 6 nCLE videos were used for training purposes and 26 

videos (n=15 airway/lung parenchyma, n=11 malignancy) for validation purposes (32/54, 

59%). Five blinded raters distinguished nCLE-videos of malignancy from airway/lung 

parenchyma with an overall sensitivity and specificity of 91.9% respectively (Appendix 

1). The IOA (κ= 0.80 (95% CI 0.71–0.81)) and IOR (κ= 0.80 ±0.05) between the five raters 

were substantial (Appendix 1).
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DISCUSSION

In this prospective trial, we demonstrate for the first time that robotic bronchoscopic 

nCLE-imaging is feasible and safe. Importantly, in small, difficult-to-access lung nodules 

nCLE-guidance provided important feedback on the needle positioning to avoid a near-miss 

in almost halve of patients. Outcomes of this study show the potential of nCLE-guided 

robotic bronchoscopy as an improved strategy to diagnose small, peripheral lung nodules in 

a minimally invasive fashion.

To the best of our knowledge, this is the first study to use nCLE criteria prospectively 

for real-time feedback on the optimal needle positioning during robotic bronchoscopic 

procedures (16, 17). Remarkably, when the nodule was punctured at the specified location 

according to navigational software and r-EBUS signal, nCLE-imaging showed airway 

and lung parenchyma in 9/20 patients (45%). As the Monarch™ Platform relies on a 

pre-procedural CT-scan for navigation, this is probably attributed to CT-to-body divergence. 

Based on our initial results, most added value of nCLE-imaging in peripheral lung nodules 

analysis is probably found in patient with an eccentric r-EBUS signal.

After repositioning of the robotic bronchoscope, nCLE provided tool-in-nodule confirmation 

in almost all patients (19/20, 95%). Surprisingly, after nCLE nodule detection, ROSE 

confirmed adequate tissue sampling with representative cytology in only half of the patients. 

To what extent the observed combination of near-miss and suboptimal ROSE feedback play 

a role in the described discrepancy between navigational success and diagnostic yield (26), 

needs further evaluation

To date, limited data are available on other techniques for tool-in-nodule confirmation 

during robotic bronchoscopy. A technique that demonstrated promising results during 

conventional bronchoscopy is cone-beam CT-imaging (CBCT) (9, 22). CBCT guided shape 

sensing robotic bronchoscopy (Ion Endoluminal system) resulted in an unclearly defined 

diagnostic yield of 86% in nodules <2cm (27). In 9/50 patients (15%) repositioning of the 

biopsy needle was indicated. How nCLE compares to CBCT for tool-in-nodule confirmation 

during robotic bronchoscopy is currently under evaluation (Clinicaltrial.gov NCT05231278).

Remarkable, however, is that the above-mentioned study –like in the present study- 

implies that tool-in-nodule confirmation does not guarantee adequate tissue acquisition 

(27). Although nCLE-imaging provided tool-in-nodule confirmation in 19/20 patients, 

in three patients no adequate tissue was obtained for diagnosis. Thus, although robotic 

bronchoscopic nCLE-imaging shows good results in the navigation and confirmation 

parts of the procedure, the acquisition part remains challenging. Whether more extensive 

sampling, including cryobiopsies (28), could increase the diagnostic yield should be 

evaluated. Nevertheless, when taking into account the significant smaller nodule size 

(median 14.5 mm) and frequent eccentric r-EBUS pattern (65%), a diagnostic yield of 80% 

seems to be an improvement (12, 21).

This proof-of-principle study has several limitations, including the single-center design and 

limited sample size with high prevalence of lung cancer. Although it was not an inclusion 

criterion, virtually all nodules were detectable with r-EBUS. Strengths of this study are the 
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small and difficult-to-access nodules that were targeted. Also, the strict definition of (non-) 

diagnostic samples required convincing evidence of malignancy.

For future use of the nCLE technique, we advise taking biopsies after nCLE tool-in-lesion 

confirmation to prevent obscured image quality. To assess the effect of nCLE-imaging on 

diagnostic yield and cost-effectiveness, prospective multi-center studies are needed. It could 

be that robotic bronchoscopy with advanced techniques for tool-in-nodule confirmation 

(nCLE/CBCT), is only desirable and cost-effective in a specific, yet to be determined subset 

of patients (e.g. absence of bronchus sign, eccentric r-EBUS image). Also, identification 

of benign nCLE criteria will be of great importance. Interestingly, first studies report nCLE-

imaging with fluorescent molecular tracers (29–32). In a desirable future concept, immediate 

bronchoscopic tumor ablation could be performed after bronchoscopic nodule detection and 

malignancy confirmation (33).

In conclusion, robotic bronchoscopic nCLE-imaging in peripheral lung nodules is feasible 

and safe. nCLE-imaging provided real-time guidance on the biopsy needle positioning to 

optimize the sampling area. Whether additional nCLE-guidance results in an improved 

diagnostic yield should be evaluated in a multi-center prospective trial.
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Figure 1. 
A) Chest CT-scan with a 14 mm sized lesion in the left lower lobe (arrow) and B) radial 

endobronchial ultrasound image demonstrating an eccentric lesion (arrow). C) During the 

first needle pass, the lesion was punctured in line with the virtual target according to 

the robotic bronchoscopic navigation software. D) Corresponding nCLE-imaging shows 

bronchial epithelium cells, indicating the biopsy needle is not positioned within the lesion. 

E) During the second needle pass, the robotic bronchoscope was repositioned and the lesion 

was punctured just posterior to the virtual target according to the robotic bronchoscopic 

navigation software. F) Corresponding nCLE-imaging shows enlarged pleomorphic cells 

and dark clumps, indicating the needle is in the right position for tissue sampling. This 

patient was diagnosed with primary lung adenocarcinoma.
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Figure 2: Flow of study conduct of robotic bronchoscopic nCLE-imaging
a In 13 patients an eccentric r-EBUS signal was obtained and in 6 patients a concentric 

r-EBUS signal. In one patient with a sub-solid lesion, r-EBUS was unable to detect the 

lesion.
b In three patients malignancy was diagnosed during the follow-up period based on surgical 

resection of the tumor (n=2) and CT-guided transthoracic punctures (n=1). c In one patient 

no final diagnosis was established after 1 year follow-up period.
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Table 1.

Baseline characteristics of patients with peripheral lung nodules undergoing robotic bronchoscopic nCLE 

imaging

Variable Value

Total patients 20

Age (mean, SD) 63.5 ±11

Sex

 Male 10

 Female 10

Final diagnosis

 Malignant 17

  NSCLC Adenocarcinoma 8

  Carcinoid 4

  Melanoma 2

  NSCLC squamous cell carcinoma 1

  Renal cell carcinoma 1

  Thyroid carcinoma 1

 Non-malignant 2

  Lymphoplastmatic infiltrate 1

  Benign granulomatous reaction 1

 Indeterminate 1

Lesion size (median largest diameter in mm, range) 14.5 (8–28)

  < 20 mm 16

  > 20 mm 4

Lesion localization

  Right upper lobe 4

 Right middle lobe 3

  Right lower lobe 2

  Left upper lobe 6

  Left lower lobe 5

Bronchus sign on CT-scan

  Present 12

  Absent 8

Bronchoscopic radial EBUS signal

  Eccentric 13

  Concentric 6

  Absent 1
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Table 2.

Nodule detection on nCLE-imaging compared to the diagnostic adequacy of ROSE, TBNA cytology, biopsy 

histology and final diagnosis

Patient 
number

Radial 
EBUS Signal

Repositioning nCLE-
imaging

TBNA 
ROSE

TBNA 
cytology

Forceps 
biopsy 
histology

Final diagnosis

1 Eccentric Yes + − − + Lymphoplasmatic 
infiltrate

2 Eccentric Yes + + + + Thyroid carcinoma

3 Concentric No + + + + Adenocarcinoma

4 Eccentric No + + + n/a Adenocarcinoma

5 Eccentric Yes + − + n/a Squamous cell 
carcinoma

6 Eccentric Yes + − − + Renal cell 
carcinoma

7 Eccentric Yes + − + n/a Carcinoid

8 Concentric Yes + − − − Adenocarcinoma

9 Concentric No + − − + Epithelioid 
granuloma

10 Eccentric No + − + + Adenocarcinoma

11 Eccentric No + − + + Melanoma

12 Concentric No + + + + Adenocarcinoma

13 Concentric No + + − + Adenocarcinoma

14a Absent Yes − − − n/a Adenocarcinoma

15 Eccentric Yes + − − − Carcinoid

16 Eccentric No + + + n/a Carcinoid

17 Eccentric Yes + + + − Adenocarcinoma

18 Eccentric No + + + n/a Carcinoid

19 Concentric No + + + n/a Melanoma

20 Eccentric No + − − − Indeterminateb

Adequacy for lesion detection and diagnosis: 19/20=95% 9/20=45% 12/20=60% 9/13=69%

TBNA+biopsies=16/20=80%

nCLE nodule detection: += nCLE criteria compatible with malignancy, granuloma or inflammation − = absence of nCLE malignancy, granuloma or 
inflammation criteria. ROSE/TBNA/biopsies; + =tissue specimen shows signs of a malignant or non-malignant diagnosis, − =bronchus epithelium/
blood contamination without signs of malignancy or an alternative diagnosis.

a
In one patient with a subsolid nodule, no r-EBUS signal was obtained and nCLE-imaging was unable to detect the nodule.

b
In one patient no final diagnosis was established and the nodule remained stable at 12months follow-up. nCLE= needle based confocal laser 

endomicroscopy; TBNA= transbronchial needle aspiration; ROSE= rapid onsite evaluation.
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