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Abstract: Lung cancer is the leading cause of cancer related death worldwide and in the United States
according to the World Health Organization and National Cancer Institute. Improvements in the diagnosis
and treatment of lung cancer are of the utmost importance. A prompt diagnosis is a crucial factor to improve
outcomes in the treatment of lung cancer. Although the implementation of lung cancer screening guidelines
and the overall steady growth in the use of computed tomography have improved the likelihood of detecting
lung cancer at an earlier stage, the diagnosis of peripheral pulmonary lesions (PPLs) has remained a
challenge. The bronchoscopic techniques for PPL sampling have historically offered modest diagnostic yields
at best in comparison to computed tomography guided transthoracic needle aspiration (T'TNA). Fortunately,
recent advances in technology have ushered in a new era of diagnostic peripheral bronchoscopy. In this
review, we discuss the introduction of advanced intraprocedural imaging included digital tomosynthesis
(DT), augmented fluoroscopy (AF), and cone beam computed tomography. We discuss robotic assisted
bronchoscopy with a review of the currently available platforms, and we discuss the implementation of novel
biopsy tools. These technologic advances in the bronchoscopic approach to PPLs offer greater diagnostic

certainty and pave the way toward peripheral therapeutics in bronchoscopy.
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Introduction Data from the National Lung Screening and NELSON
trials suggest that the majority of such nodules are located in
the periphery of the lung (4,5). The National Comprehensive
Cancer Network and American College of Chest Physicians

guidelines recommend tissue sampling and staging with the

Lung cancer is the second-most diagnosed cancer in the
United States, and despite advances in its diagnosis and
treatment, it remains the leading cause of cancer-related
mortality (1). It is estimated that 1.6 million new pulmonary least invasive technique. Bronchoscopy offers a minimally-

nodules will be detected in the United States every year (2), invasive approach to the sampling of peripheral pulmonary

and this is likely to increase in the coming years with
growing adoption of the updated United States Preventive

Services Task Force lung cancer screening guidelines (3).

lesions (PPLs), along with the ability to diagnose and stage
in a single procedure. Unfortunately, many commonly-
implemented approaches to the bronchoscopic biopsy of
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PPLs, including virtual bronchoscopy, electromagnetic
navigational (EMN) bronchoscopy, and radial endobronchial
ultrasound (rEBUS), are plagued with middling diagnostic
yield that averages around 70% (6). The historical
deficiencies of bronchoscopic biopsy become even more
concerning when compared to computed tomography (CT)-
guided transthoracic needle aspiration (TTNA) (CT-TTNA),
which—although not suitable for the staging of intrathoracic
nodes—has a diagnostic yield of around 90% (7).

Recent advances in peripheral bronchoscopy show
promise for improving the procedure’s diagnostic yield.
The introduction of robotic-assisted bronchoscopy (RAB)
platforms, the development and application of advanced
imaging technologies, and the implementation of more
effective biopsy tools and tool-usage strategies have increased
the overall diagnostic success of bronchoscopic sampling
of PPLs. The success of these advancements improves the
bronchoscopist’s ability to successfully diagnose and stage
in a single procedure with a high degree of accuracy and an
excellent safety profile. Moreover, the enhanced visibility,
reach, stability, and accuracy afforded with these new
technologies open the door to future bronchoscopic therapies.

In this review, we discuss recent advancements in
imaging modalities, robotic-assisted platforms, biopsy tools,
and future directions in the field.

Advanced imaging modalities

Throughout much of its history, diagnostic bronchoscopy
has been performed without high-fidelity intraprocedural
imaging, thus depriving the bronchoscopist of opportunities
to detect and compensate for significant but avoidable
issues. Without the ability to visualize a target lesion,
it is effectively impossible to account for CT-body
divergence (CTBD, the change in a lesion’s position in the
intraprocedural lung environment relative to preprocedural
imaging); and even when the proceduralist successfully
navigates to their target, additional testing (for example, on-
site cytologic evaluation) is required to confirm a successful
biopsy. Awareness of these problems has spurred progressive
integration of advanced imaging into bronchoscopy, and
available data strongly support the adoption of advanced
imaging modalities by bronchoscopists.

Cone beam CT (CBCT)

CBCT is a mode of CT imaging in which a specialized
fluoroscopic C-arm obtains images during a roughly
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190-degree rotation around an area of interest, then digitally
converts them into multi-planar 3D reconstructions.
Whereas multi-slice (fan beam) CT scanners emit a narrow
X-ray beam from a linear array of emitters while the patient
moves through the scanner, CBCT scanners emit a wider
cone-shaped beam, thus imaging a larger volume of tissue
during a single, brief (as short as five seconds) rotation
around a static target.

One aspect of CBCT that distinguishes it from virtually
all other tools for peripheral bronchoscopy is that it enables
the proceduralist to definitively assess spatial relationships
between biopsy instruments and all anatomic structures
in all dimensions within the imaging field (Figure 14).
The ability to visualize tool-lesion orientation provides
critical information for guiding adjustments and ultimately
confirming successful penetration of the target (tool-in-
lesion confirmation) (Figure 1B-1D).

Although most CBCT systems are built into procedural
suites (“fixed”), there are several mobile systems whose
smaller footprints and lower price-points make them
excellent alternatives for those who may not have access
to fixed systems. Many systems are also equipped with
augmented fluoroscopy (AF, discussed below) for added
guidance, and dedicated bronchoscopic navigation software
that superimposes the bronchial tree and navigation pathway
onto live fluoroscopy (AirWaze investigational device,
Philips, Amsterdam, The Netherlands) has been developed
(8). Lastly, the proliferation of RAB has stimulated interest
in crosstalk between RAB and CBCT systems to improve
navigation: the Ion shape-sensing RAB system (Intuitive
Surgical, Sunnyvale, CA, USA) pairs with the Cios Spin
mobile CBCT C-arm (Siemens Healthineers AG, Erlangen,
Germany) to detect changes in target-location due to CTBD
and adjust navigation information accordingly (9,10).

Data on procedural outcomes with CBCT—both
fixed and mobile systems, and in concert with various
bronchoscopic techniques—are overwhelmingly favorable,
with diagnostic yields superior to non-CBCT approaches or
comparable despite more challenging targets (11-17). When
directly compared to EMN bronchoscopy or rEBUS-guided
ultrathin bronchoscopy, the performance of CBCT-guided
bronchoscopy is consistently superior, with diagnostic yields
up to 94% and similar or more favorable safety profiles
(18-20), and the success of CBCT-guided bronchoscopy
does not seem to be impacted by certain target
characteristics (such as the absence of an airway leading
directly into the target, or lobar location) that may pose
limitations for other bronchoscopic methods (20-22).
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Figure 1 Example of intraoperative use of CBCT to confirm TIL. (A) CBCT imaging shows the target ground glass nodule (asterisk) and

a large adjacent blood vessel (arrow). (B) Prior to obtaining a biopsy, re-imaging was performed to visualize the tip of the biopsy instrument

relative to the target nodule (asterisk) and blood vessel. Sampling confirmed adenocarcinoma. (C) CBCT imaging revealed the biopsy

instrument to be tangental to the target lesion (circle). On-site cytologic evaluation was non-diagnostic. (D) After adjusting the instrument

and re-imaging, TIL confirmation was obtained. On-site cytologic evaluation of sample from target lesion (circle) showed adenocarcinoma.

Images courtesy of Brian D. Shaller. CBCT, cone beam computed tomography; TIL, tool-in-lesion.

Although there are no prospective studies comparing
CBCT-guided bronchoscopy to CT-TTNA, a recent
single-center retrospective comparison found no difference
in diagnostic yield and fewer adverse events with
CBCT-guided bronchoscopy despite comparable target
characteristics (23).

Potential downsides to CBCT include potentially
higher costs (although one study suggests that CBCT-
guided bronchoscopy may be more cost-effective than CT-
TTNA), greater use of ionizing radiation as compared to
2D fluoroscopy alone (although this improves with user-
experience), and an inherent learning curve for new users
(21,24,25). As with all targeted peripheral bronchoscopy,
CBCT-guided bronchoscopy should be performed under
general anesthesia with optimal ventilatory settings to
minimize CTBD and maximize diagnostic potential (26,27).

© Journal of Thoracic Disease. All rights reserved.

Digital tomosyntbesis (DT)

DT uses image-processing algorithms to convert 2D images
obtained by a conventional C-arm over a limited angle
of rotation (usually 50-70 degrees) into reconstructions
with limited depth-of-field. With the use of artificial
intelligence (AI) and machine learning, many modern DT
systems are now capable of generating CT-like multi-axial
reconstructions from limited DT images.

Several commercially available bronchoscopy platforms
use DT: the LungVision system (BodyVision Medical,
Campbell, CA, USA) uses Al to create 3D reconstructions
that resemble CT images, which may provide sufficient
information on tool-target relationships to guide
adjustments and obtain tool-in-lesion confirmation
(Figure 2A). LungVision also provides AF guidance in
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the form of a virtual airway roadmap and target overlay
(discussed below), and data obtained from each DT sweep
are used to update the AF overlay to account for limited
degrees of CTBD. The Galaxy system (Noah Medical,
San Carlos, CA, USA) is an EMN-guided RAB platform
that uses DT to generate Al-enhanced multi-axial images,
update the navigation pathway, and display a target overlay
on AF (Figure 2B). The ILLUMISITE fluoroscopic
navigation and EMN platform (Medtronic, Santa Clara,
CA, USA) uses DT to update its virtual navigation data
when the tip of the system’s EMN catheter is closely
approximated to the target, although neither CT-like
reconstructions nor AF overlay are provided.

Outcomes using DT are generally positive. Studies using
LungVision furnished diagnostic yields ranging from 75.4-
81.8% (28-30). Publications on ILLUMISITE showed
similar results, with diagnostic yields ranging from 79-87%
(31-34). Although in-human data on the Galaxy system are
not yet available, one study using 20 simulated nodules in
pigs reported a successful sampling rate of 100% (35).

Although some DT systems appear to produce
multi-axial images using a conventional C-arm, it bears
remembering that these CT-like images are not fully
accurate representations of what might be seen with actual
CT due to some degree of Al-extrapolation. Studies
comparing target-location as represented on DT to actual
target-location on CBCT showed that although there is
usually some degree of spatial overlap, the distance between
the centers of the target on DT and the actual target on
CBCT may deviate by as much as 16.2 mm (28,36).

AF

AF involves the virtual overlay of visual information from
CT, CBCT, or DT onto real-time 2D fluoroscopic images.
Structures of interest on multi-axial images are demarcated
and subsequently superimposed on live fluoroscopy
(Figure 3). Because AF-capable systems track the C-arm’s
position relative to one or more static points (the gurney
of fixed CBCT systems, or a fiducial marker board for
DT systems), the target overlay “moves” appropriately
on live fluoroscopy when the C-arm is rotated, allowing
the proceduralist to confirm tool-target alignment across
multiple planes. Some AF-equipped platforms (LungVision
and AirWaze investigational software) are capable to auto-
segmenting the airways and overlaying an airway roadmap
onto AF for additional guidance (Figure 3A4).

Although AF is a feature of other imaging modalities
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Sumner et al. Peripheral bronchoscopy state of the art

rather than a standalone technology, data suggest that its
use may improve diagnostic outcomes (21,37). There are
virtually no downsides to AF, although the proceduralist
must keep in mind that movement within the patient is not
reflected in the AF overlay: for example, if a nodule begins
to move due to CTBD, its virtual representation on AF will
remain static (Figure 3B). Fortunately, the bronchoscopist
may update the AF overlay as needed be performing
additional CBCT spins or DT sweeps throughout the

procedure.

RAB

In the last 6 years, RAB has emerged as a promising
new technology in peripheral bronchoscopy. There are
currently three RAB platforms available in the United
States: the Monarch platform (Ethicon, Inc., Redwood
City, CA, USA), the Ion endoluminal system (Intuitive
Surgical, Sunnyvale, CA, USA), and the Galaxy system
(Noah Medical). Data suggest that they may have greater
reach (38) and higher rates of navigational success (35,39).
One cadaver study found superior diagnostic yield when
comparing RAB to peripheral bronchoscopy using
conventional thin flexible bronchoscopes (39). All three
platforms utilize a proprietary articulating bronchoscope
controlled via one or more robotic arms, which is used to
navigate along a predetermined virtual pathway to the PPL
of interest. Although the use of pre-procedural CT images
for airway-mapping and virtual navigation is similar to
preexisting navigational bronchoscopy platforms, there are
unique differences between how the three platforms operate
(Tible 1).

Monarch™ platform (Ethicon, Inc., Redwood City, CA,
USA)

The Monarch™ platform is an EMN-guided system that
utilizes a “mother-daughter” scope configuration consisting
of an outer sheath and inner bronchoscope with 6 mm and
4.2 mm outer diameters (ODs), respectively. The inner
bronchoscope also has a camera, light source, and 2.1 mm
working channel (WC). The sheath and bronchoscope
are mounted to separate robotic arms and steering is
accomplished using a handheld controller. While the sheath
and scope may be advanced, retracted, and articulated
together, the system also allows for “uncoupling” and
independent movement of the sheath and scope, such that
the inner scope may be advanced beyond the tip of the
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Figure 2 CT-like images rendered via digital tomosynthesis using (A) the LungVision system (BodyVision Medical, Campbell, CA, USA)
and (B) the Galaxy robotic-assisted bronchoscopy platform (Noah Medical, San Carlos, CA, USA). Images courtesy of Joesph Cicenia.

CABT, C-arm based tomography; Al, artificial intelligence; LAO, left anterior oblique; RAO, right anterior oblique; CT, computed
tomography.
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Figure 3 Representative images of augmented fluoroscopy. (A) Augmented fluoroscopy with the LungVision system (BodyVision Medical,

Campbell, CA, USA), showing the regional airways (blue lines), suggested navigation pathway (pink line), and target lesion (yellow circle).

Image courtesy of Joesph Cicenia. (B) Augmented fluoroscopy using a fixed cone beam CT system (Philips, Amsterdam, The Netherlands).

Owing to the gradual development of atelectasis, the radio-opaque lesion (arrow) has changed position relative to where it was on cone

beam CT imaging only a few minutes prior, while its virtual representation (asterisk) remains static. Image courtesy of Brian D. Shaller. CT,

computed tomography.

Table 1 Comparison of robotic assisted bronchoscopy platforms

Monarch™ Platform (Ethicon,

Platform features Inc., Redwood City, CA, USA)

lon Endoluminal Platform (Intuitive
Surgical®, Sunnyvale, CA, USA)

Galaxy System™ (Noah Medical,
San Carlos, CA, USA)

Sheath: 6 mm OD.
Bronchoscope: 4.0 mm OD

Bronchoscope

Single bronchoscope: 3.5 mm OD

Single bronchoscope: 4.0 mm OD

Working channel 2.1 mm 2.0 mm 2.1 mm

Navigation Electromagnetic Shape-sensing Electromagnetic

Vision during navigation  Yes Yes Yes

Vision during biopsy Yes No Yes

Imaging integration None Cios Spin mobile CBCT C-arm TiLT + Technology™ digital

(Siemens Healthineers AG, Erlangen,
Germany)

tomosynthesis with augmented
fluoroscopy

OD, outer diameter; CBCT, cone beam computed tomography; TiLT, Tool-in-Lesion Tomosynthesis.

sheath (or the sheath retracted proximally) for superior
reach and articulation in smaller peripheral airways.

Ion™ endoluminal RAB platform (Intuitive Surgical®,
Sunnyvale, CA, USA)

The Ton™ platform utilizes a single ultrathin bronchoscope
with a 3.5-mm OD. In contrast to the Monarch and
Galaxy platforms, vision and illumination are provided by
a “vision probe” that is inserted through the 2.0-mm WC,
and which must be removed to allow passage of biopsy

© Journal of Thoracic Disease. All rights reserved.

tools (thus, endoscopic visualization is lost during biopsy
maneuvers). The bronchoscope is controlled with a scroll
wheel and ball mouse. The platform navigates using shape-
sensing technology, which, unlike EMN, is not vulnerable
to interference from adjacent ferromagnetic objects.
Additionally, at present the Ton" is the only RAB platform
that supports integration with mobile CBCT, allowing for
intraprocedural 3D imaging and updated target registration.
This integration may help adjust for CTBD and one study
suggests it may allow users to target more challenging
lesions (9).
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Galaxy System™ (Noab Medical, San Carlos, CA, USA)

The Galaxy System'" utilizes a single thin bronchoscope
with a 4.0-mm OD that has an integrated camera, light
source, and 2.1 mm WC. Whereas the Monarch and Ion
bronchoscopes may be reprocessed by their respective
manufacturers and used for more than one procedure,
the Galaxy bronchoscope is approved for single use only,
thus obviating concerns for contamination or possible
damage during cleaning. The bronchoscope is mounted
to a single robotic arm and controlled with a handheld
controller. Like the Monarch system, airway road mapping
and navigational guidance are accomplished using EMN.
After initial navigation, the Galaxy System™ can utilize any
standard fluoroscopic C-arm and proprietary DT software
(TiLT + Technology™) to detect and compensate for finite
degrees of CTBD. Additionally, the target lesion may be
demarcated on DT images for additional AF guidance.

Clinical experience

Real-world data for the Monarch and Ion platforms
demonstrate a very high navigational success rate ranging
from 88.6% to 98.7% (40-43). The diagnostic yield for the
Monarch and Ion platforms in published studies ranges
from 69.1% to 81.7%, depending on variable factors such
as target lesion characteristics and strictness of diagnostic
criteria (40-43). A recent meta-analysis including data
from ten studies with 725 lesions biopsied with either the
Monarch or Ion platform furnished a pooled diagnostic
yield of 80.4%, with the additional finding that the
diagnostic yield was significantly higher in studies where
transbronchial cryobiopsy (TBCB) was performed (90.0%
vs. 79.0%, P<0.01) (44). These two RAB platforms also have
excellent safety profiles with a pooled complication rate of
3% (44).

Preclinical data on the Galaxy platform with integrated
DT using pigs with simulated lung nodules show rates of
successful navigation and sampling of 100% (35). In-human
data for the Galaxy platform are limited. Preliminary
results of the FRONTEIR study presented as an abstract
show a 100% successful navigation rate, 100% tool-in-
lesion confirmation, and an estimated diagnostic yield of
86% to 93% (depending on follow-up results). Although
these data are not yet peer-reviewed, they are nonetheless
encouraging (45).

© Journal of Thoracic Disease. All rights reserved.
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RAB versus EMIN

While existing clinical data for RAB suggest improved
diagnostic yield compared to EMN, data directly
comparing the two technologies are lacking. A single center
retrospective cohort study found no significant difference
in diagnostic yield or complication rates when comparing
RAB and DT-EMN (34). Procedural times are comparable
with a median time of 51 to 64 minutes for RAB (40-43)
and 52 minutes for EMN (6). Cost effectiveness of RAB
in comparison to EMN is a point of discussion, however,
peer reviewed cost analysis data are not yet available to our
knowledge. We eagerly await the results of the RELIANT
trial, which will add a prospective randomized control trial
examining RAB versus EMN to the literature (46).

Biopsy modalities

The selection of the most effective biopsy tools is critical
to maximizing diagnostic yield. Although observations
from the AQuIRE registry supported transbronchial needle
aspiration (TBNA) as the highest-yield biopsy modality
for PPLs, recent data suggest that other tools, such as
the flexible cryoprobe, may provide superior specimens
and diagnostic outcomes. An understanding of the
evidence behind different biopsy tools will better enable
the bronchoscopist in selecting those best suited to their
institutional practice and patient population.

Traditional methods for bronchoscopic biopsy of PPLs
include TBNA, transbronchial forceps biopsy (TBBx), and
bronchial brushing. In recent years, the introduction of the
1.1 mm cryotherapy probe has added mini cryobiopsy to
the bronchoscopists armamentarium. Most recently, the
iNod™ system has introduced real-time ultrasound guided
TBNA as another biopsy modality to consider for PPLs.

TBNA

Fine needle aspiration is a versatile technique for sampling
endobronchial lesions, PPLs, and intrathoracic lymph
nodes. Specimens obtained via needle aspiration are
well suited for rapid on-site cytologic evaluation, and
samples may vary in size and architecture (or lack thereof)
depending on the gauge of needle used. The TBNA
technique was first described by Ko-Pen Wang in 1984,
with a diagnostic yield of 47.8% for the diagnosis of
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PPLs (47). Since its introduction, studies of TBNA have
furnished diagnostic yields ranging from 31.5% to 86.6%
(48-55), with a recent meta-analysis reporting a diagnostic
yield of 53% (56). The substantial variability in outcomes is
at least in part dependent on the navigational method used
to reach the lesion, presence of a bronchus sign, nodule
characteristics, and whether on-site cytologic evaluation was
performed (56,57). Complications such as major bleeding
and pneumothorax occur in less than 9% of cases (56).

Transbronchial forceps biopsies

TBBx has been used to collect tissue samples since the
advent of the bronchoscope (58). As with TBNA, TBBx
is often performed under fluoroscopic guidance; however,
it tends to procure larger specimens with some degree of
preserved tissue architecture as compared to TBNA (59).
The diagnostic yield of TBBx for PPL-sampling ranges
between 54% and 86.9%, and improves with larger lesions,
the presence of a bronchus sign, an increased number of
samples procured, and when used in combination with
EMN, rEBUS, or RAB (57,60-62). Complications occur
in less than 5% of cases, making it a safe and versatile
technique.

Bronchial brushings

Bronchial brushing consists of agitating a small, semiflexible
brush within the airway or target lesion to obtain a cytologic
specimen. The diagnostic yield of bronchial brushing ranges
between 47% and 54%, and does not seem to improve with
the more advanced navigation techniques (57,60).

TBCB

The cryoprobe has traditionally been used to perform
endobronchial tumor debulking, blood clot extraction, and
foreign body retrieval (63-65); however, recent data have
highlighted its potential superiority to other instruments for
the biopsy of PPLs (51,55). The cryoprobe operates on the
basis of the Joule-Thomson effect, wherein the adiabatic
expansion of a compressed gas leads to rapid cooling at the
probe’s distal tip. Commercially-available flexible cryoprobe
systems use compressed carbon dioxide or liquid nitrogen to
rapidly cool the tip of the probe to around -79 °C, at which
point crystallization of water molecules within tissues results
in tissue-adhesion to the probe tip. After a few seconds of
cooling, the probe and frozen tissue specimen are rapidly

© Journal of Thoracic Disease. All rights reserved.
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retracted (either through the WC of the bronchoscope or
en bloc with the bronchoscope, depending on the particular
probe and scope used). TBCB has several advantages over
TBNA, TBBx, and bronchial brushings, including the
procurement of much larger specimens and preservation
of tissue architecture due to lack of crush artifact, and
studies of TBCB report diagnostic yields in the range of
60-97.2% (49-55).

Table 2 presents a comparison of different bronchoscopic
biopsy techniques. Despite concerns regarding the increased
potential for complications with TBCB, rates of major
bleeding (defined as CTCAE Grade >2, Nashville Scale
Grade >2, or article specific definition) and pneumothorax
are exceedingly low and comparable to other tools (0 to
1.4% and 0 to 5.4% respectively). It is worth noting that
studies are quite heterogenous with regards to sample size,
study design, size of nodules sampled, and type of tools
utilized, and that the use of different navigational and
adjunctive imaging technologies also impacts diagnostic
success. Despite these variables, two studies have reported a
diagnostic yield above 90% with use of the 1.1-mm flexible
cryoprobe, which is higher than what has been reported for
other instruments (51,55).

In addition to potentially providing a higher diagnostic
yield, TBCB specimens are more likely to provide sufficient
tissue for molecular analysis and assessment of architecture
as compared to TBNA or TBBx (51,55).

The superiority of the cryoprobe in providing better
quality specimens and higher diagnostic yield can be
attributed to three main factors. First, the probe freezes
onto tissue circumferentially, whereas traditional tools
such as TBNA and forceps typically biopsy in only one
plane. This allows the probe to successfully biopsy targets
even when the probe may be only tangential to their edge,
thus potentially facilitating successful biopsy of lesions
with eccentric rEBUS views. Second, rapid freezing of the
target lesion preserves tissue architecture, including crucial
nuclear details necessary for molecular analysis, substantially
reducing the amount of crush artifact typically seen with
forceps biopsies. Finally, the bronchoscopist has the ability
to control the length of the freeze cycle, thus having some
degree of control over the size of specimen procured.

Although the use of the cryoprobe has not overtaken
TBNA or TBBy, its popularity is increasing as the evidence
supporting its use—particularly when combined with more
advanced bronchoscopic techniques such as RAB and
CBCT—grows. Further studies with larger sample sizes
and better control of cofounding variables are warranted to
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Table 2 Summary of recent studies comparing the diagnostic yield of various biopsy tools utilized for peripheral pulmonary lesion diagnosis

Complications (%)

Study  No. of Navigation Diagnostic yield by biopsy tool (%)
First author Year ) ) . T
design lesions technique  TBNA TBBx TBCB' Bronchial brushings Major bleeding Pneumothorax
Gildea (48) 2021 P 416 EMN 86.6 86.9 N/A 77.6 1.4 3.1
Verhoeven (49) 2021 P 225 EMN, rEBUS, 46.7 70.6 68.4 30.3 N/A N/A
CBCT
Benn (50) 2022 P 45 EWC, rEBUS 69 60 60 N/A 0 0
Bhadra (51) 2024 R 222 RAB, rEBUS, 68 77 75 28 0.5 1.5
CBCT
Kim (52) 2023 P 50 rEBUS N/A N/A 92 N/A 0 0
Meng (53) 2023 R 52 RAB, CBCT 423 57.7 76.9 N/A N/A N/A
Oki (54) 2023 P 50 Ultrathin scope, N/A 54 62 N/A 0 0
rEBUS
Oberg (55) 2022 R 120 RAB, rEBUS 315 77.8 97.2 N/A 0 5.4

T, cryobiopsies performed using 1.1-mm cryoprobe. P, prospective; R, retrospective; EMN, electromagnetic navigation; rEBUS,
radial endobronchial ultrasound; CBCT, cone beam computed tomography; EWC, extended working channel; RAB, robotic-assisted
bronchoscopy; TBNA, transbronchial needle aspiration; TBBx, transbronchial forceps biopsy; TBCB, transbronchial cryobiopsy; N/A, not

applicable as this was not performed/reported in the study.

better elucidate the unique benefits of TBCB.

Real-time ultrasound guided peripheral TBNA

The Boston Scientific iNod"™ System is a single use biopsy
tool comprised of a rEBUS probe and a 25-G biopsy
needle. The device can be used through a 2.0-mm WC and
allows for real-time ultrasound visualization of TBNA of
PPLs. A multicenter prospective pilot study that included
twenty-three patients revealed a diagnostic yield of 70%.
Of note, the PPLs sampled in this study tended to be solid
(95.8%), have a bronchus sign (95.8%), and were relatively
large (median diameter 36 mm) (66).

Future directions

Advances in imaging modalities, RAB, and biopsy tools
have allowed for more accurate PPL-targeting and tissue-
sampling. With precise navigation, real-time tool-in-lesion
confirmation, and the ability to perform nodal staging
concurrently, diagnostic bronchoscopy may now even be
performed on the same day prior to the surgical resection
under a single anesthetic event for localized early-stage
lung cancer. While there is a lack of data to recommend this
combined approach, this integrated pathway may eliminate
the delay between diagnosis and definitive treatment, and
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potentially decrease resource-utilization and redundant
procedures (67,68).

Accurate targeting of ground glass, part-solid, or small
solid nodules also facilitates fiducial marker-placement and
dye-marking, which can be used to guide stereotactic body
radiation therapy or surgical resection. While CT-TTNA
can also be used to mark PPLs, a bronchoscopic approach
appears to be associated with fewer complications, such as
pneumothorax (69,70).

Development of new tools has improved accuracy,
stability, and reach of peripheral bronchoscopy. Well-
designed trials comparing various RAB platforms combined
with sophisticated imaging and biopsy equipment are
needed to validate the effectiveness of new technologies
in peripheral bronchoscopy. Furthermore, since these
same technologies may also be applied to treat peripheral
tumors via therapeutic modalities such as radiofrequency
ablation, microwave ablation, photodynamic therapy, and
cryoablation, progress in the realm of peripheral diagnostics
is intrinsically linked to progress in the nascent field of
peripheral therapeutics (71,72).

Conclusions

The introduction of high-fidelity intraprocedural
imaging, RAB platforms, and enhanced methods of
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tissue-acquisition are improving the diagnostic yield of
peripheral bronchoscopy without compromising its safety.
With comparable diagnostic yields, the added benefit of
concomitant nodal staging, and a favorable safety profile,
bronchoscopic biopsy may be the preferred method for the
diagnostic workup of suspicious lung lesions. Furthermore,
factors such as increased stability and the ability to confirm
tool-anatomy relationships with 3D imaging have opened
the door to ablative therapies in the periphery. Additional
investigation into outcomes with different combinations of
technologies and tools, continued work on the integration
of advanced imaging with RAB, and the pursuit of successful
ablative modalities all lend shape to an exciting and
promising future for the field of peripheral bronchoscopy.
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