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Abstract: With recommendations for low dose CT scan for lung cancer screening, there has been
an increase in the finding of lung nodules and peripheral pulmonary lesions (PPLs). Additionally,
when there is concern for malignancy, guidelines have recommended performing the least invasive
evaluation. Conventional bronchoscopy diagnostic yields for PPLs have reportedly been quite low and
prior electromagnetic navigation bronchoscopy (ENB) studies have reported variable yields. Navigation
bronchoscopy in addition to endobronchial ultrasound allows a physician to evaluate peripheral lung lesions
along with mediastinal and hilar lymph nodes for the diagnosis and staging of suspected malignancy in one
procedure. More recent advances in navigational bronchoscopy including the use of augmented fluoroscopy
(AF), cone beam CT, and robotic bronchoscopy have pushed the boundaries of capability in evaluating PPLs.
These added bronchoscopic technologies have shown to improve diagnostic yield especially when modalities
are used in combination. The ultimate goal of endoscopically localized ablative and therapeutic treatment
for peripheral lung lesions will require a high level of physician confidence, accuracy, and precision. This
article will review the innovative characteristics and data of some of the more recently available navigational
bronchoscopy devices.
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Introduction
Peripheral pulmonary lesions (PPLs) are defined as focal
radiographic opacities that are not detectable beyond the
visual segmental bronchi by flexible bronchoscopy (1,2).
These lesions are typically located in the outer third of
the lung. A solitary pulmonary nodule (SPN) is a welldefined radiographic opacity up to 30 mm in diameter
surrounded by unaltered aerated lung that can be found
anywhere in the lung parenchyma (3-5). These lesions
could be solid, subsolid, or ground glass in quality. A
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PPL or SPN could be the first indicator of a malignancy.
Therefore, accuracy in diagnostic methods is required
for further investigation. Over the years, there have been
several tests that have been incorporated as part of the
evaluation for PPLs and lung nodules. In addition to biopsy
techniques, adjunct methods include pre-test calculators,
advanced imaging, and more recently developed proteomic
and genomic testing. Historically, lung nodules have been
found to be particularly challenging to evaluate by chest
physicians due to the inability to directly visualize the
nodule via bronchoscopy. Conventional bronchoscopy
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has demonstrated a rather low sensitivity (14–63%) for
diagnosing malignant lesions and even lower for those that
are less than 20 mm in diameter (6,7). On the other hand, a
prior study of CT guided transthoracic needle aspiration for
lung cancer demonstrated a sensitivity of 93% though with
a complication rate of 25%. Incidence of pneumothorax,
however, was 24% with 7% of those patients requiring a
chest tube (7).
The results of the National Lung Screening Trial (NLST)
that enrolled over 53,000 patients determined that there is
a reduction of mortality of 15–20% by the way of utilizing
low dose lung CT scanning as compared with standard chest
X-ray. During this investigation, lung nodules were found
in 39% of the participants of which 72% required further
investigation with a high risk of malignancy found in those
with a nodule diameter of more than 20 mm (8). This study
has since resulted in a United States Preventive Services
Task Force (USPSTF) grade B recommendation for the use
of CT screening for patients found to be at high risk. This
includes patients aged 55–75 who have a smoking history of
at least 30 pack-years, including those who have quit within
the past 15 years. Additionally, follow up recommendations
by the American College of Chest Physicians (ACCP) and
the National Comprehensive Cancer Network (NCCN)
suggest using the least invasive modality to obtain an
adequate amount of tissue to perform molecular and PD-L1
testing in the evaluation of lung cancer (9,10). In this regard,
there exists the opportunity to provide this information in
one minimally invasive procedure, supporting the continued
pursuit of developing technology to improve navigational
bronchoscopy diagnostic yield.
There are several technical approaches available to chest
physicians that can assist in accessing the periphery of the
lung by the way of bronchoscopy. These techniques include
the use of thin/ultrathin bronchoscopes, fluoroscopy,
radial probe endobronchial ultrasound (r-EBUS),
virtual bronchoscopy, and electromagnetic navigation
bronchoscopy (ENB). More recently, the advent of newer
techniques including augmented fluoroscopy (AF), cone
beam CT, and robotic assisted bronchoscopy (RAB) are
being utilized to navigate to PPLs. These advancements
in navigational bronchoscopy have empowered chest
physicians to be able to access the periphery of the lung
with more confidence in an effort to better evaluate and
diagnose PPLs in a safe manner with increasing accuracy.
The purpose of this review article is to describe the more
recent advances in navigational bronchoscopy technology.
We present the following article in accordance with the
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Narrative Review reporting checklist (available at http://
dx.doi.org/10.21037/jtd-2020-abpd-003).
ENB
ENB utilizes a pre-procedural CT scan of the chest to
build a virtual bronchoscopic image and pathway to the
peripheral lung lesion. In this regard, this technology does
not serve as “real-time” guidance during bronchoscopy.
After planning the procedure using proprietary software,
the main platform is used to generate an electromagnetic
f i e l d a r o u n d t h e p a t i e n t ’s c h e s t . T h i s e n a b l e s
synchronization of a probe or sensor to the CT by way of
the system platform. The physician is then able to track
the synchronized probe or sensor while navigating the
bronchoscope through the airways. In addition to biopsy
to obtain diagnostic material, the system can also be used
to place fiducial markers for radiation treatment and dye
marking for surgical localization. There are currently two
commercially available systems that utilize this technology:
superDimension (Medtronic, Plymouth, MN, USA) and
the SPiNDrive System (Veran Medical Technologies
Inc., St. Louis, MO, USA). The superDimension system
uses an inspiratory CT chest scan for pre-procedural
planning. After the planning phase, a probe that is
linked to the CT image by way of an electromagnetic
field is inserted into an extended working channel
(EWC) through a therapeutic bronchoscope (Figure 1).
The working channel is then able to be navigated to the
PPL. The SPiNDrive system pre-procedural planning uses
both an inspiratory and expiratory CT chest to account for
nodule movement during the respiratory cycle. This system
utilizes a sensor at the tip of the biopsy/tissue collection tool
that is then tracked within the electromagnetic field during
the procedure. This tool is navigated through the working
channel of a bronchoscope to the peripheral target.
The diagnostic yield for ENB has been shown to be
quite variable based on numerous reported studies with
ranges reported from 33–88%. Three recent meta-analyses
have pooled diagnostic yields of 65–70% (11-13). A study
by Eberhardt and colleagues reported that the combined
use of r-EBUS along with ENB improved diagnostic yield
of up to 88% as compared with either technology alone (14).
The NAVIGATE study was a prospective, multicenter,
cohort study that evaluated the use of the superDimension
navigation system from 29 academic and community sites
from April 2015 to August 2016. In this study, of 1,157
patients undergoing ENB-guided biopsy with a median
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Figure 1 Planning phase of the superDimension™ electromagnetic navigation platform demonstrating a 3D reconstruction of a pathway
(purple line) leading to the target peripheral pulmonary nodule (green ball). The axial, coronal, and sagittal views of the peripheral
pulmonary lesion and pathways are highlighted on the side.

lesion size of 20 mm, 94% had navigation completed and
tissue obtained. The 12-month diagnostic yield was 73%
with samples demonstrating malignancy comprising 44%.
This study reported sensitivity of malignancy of 69%,
specificity of 100%, positive predictive value of 100%, and
negative predictive value of 56% (15).

intraprocedural adverse events (18). The recently completed
Evaluation of the Archimedes System for Transparenchymal
Nodule Access 2 (EAST-2) study is awaiting publication,
and was a prospective evaluation of the system in 106
patients with a total of 125 nodules.
AF

Virtual bronchoscopy
Another technique, bronchoscopic transparenchymal
nodule access (BTPNA), utilizes virtual bronchoscopy to
create a pathway from the central airways to a PPL based
on pre-procedural CT. The Archimedes System by Broncus
Medical (San Jose, CA, USA) allows for biopsy without
an airway leading to the peripheral nodule. The system,
that accounts for vasculature, allows for the creation of
pathway to a PPL by perforating a bronchus (16). A small
study of 6 patients using this technology demonstrated
a diagnostic yield of 83% with 2 patients developing
pneumothorax (only 1 requiring chest tube) (17). Another
study by Herth and colleagues reported a diagnostic yield
of 100% (in 12 patients) with the BTPNA procedure
successfully performed in 83%. There were no significant
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The concept that the true location of a PPL is not
consistent with the navigated target is known as “CT-body
divergence.” This likely occurs due to differences in lung
volume at the time that the planning CT scan is performed
compared to when the actual procedure is performed while
utilizing general anesthesia, positive pressure ventilation,
and probable development of atelectasis. Hence, in order
to combat this effect, there has been development of
technology that improves real-time fluoroscopic guidance.
Fluoroscopic navigation is one of the first, though
recently added feature of the superDimension navigational
system. This technology utilizes tomosynthesis in order
to offer local registration near the target peripheral lesion.
Tomosynthesis refers to a sweep arc performed around a
patient’s chest with continuous image acquisition in order to
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Figure 2 The LUNGVISION™ is an artificial intelligence navigation platform that utilizes augmented fluoroscopy and combines catheter
tracking with image fusion in order to adjust for CT-body divergence. (A) Preprocedural CT scan; (B) pathway generated to the target
lesion (purple) and adjacent airways (blue); (C) confirmation of target lesion location with C-arm based tomography (CABT) spin; (D) realtime tool-in-lesion confirmation of endoscopic biopsy tools with an overlay of a pathway to the lesion on the standard fluoroscopic screen.

obtain multiple projections by using a conventional C-arm
fluoroscopy machine. This improves real-time localization
of the navigation probe which may be altered due to CTbody divergence. A retrospective study by Aboudara
and colleagues demonstrated a 25% absolute increase
in diagnostic yield (79%) compared with using standard
navigation alone (54%) (19).
LUNGVISION™ (Body Vision Medical Ltd, Ramat
Ha Sharon, Israel) is another augmented fluoroscopic
navigation technology that enables enhanced fluoroscopic
visualization of airways and target lesions by using preprocedural CT scanning and fluoroscopic registration.
The platform integrates images from CT, fluoroscopy,
and radial probe ultrasound during the procedure. This
technology overlays a pathway to the lesion on the standard
fluoroscopic screen. Additionally, the system combines
catheter tracking with image fusion, utilizing artificial
intelligence to constantly adjust for CT-body divergence
(Figure 2). The system also allows for the use of common
endoscopic biopsy tools to biopsy a lesion in real time (20).
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A multicenter study of 55 patients by Cicenia and colleagues
demonstrated nodule localization success rate at 93% with
an overall diagnostic yield of 75.4% based on immediate
rapid on-site pathology report (21).
Cone beam computed tomography (CBCT)
Cone beam CT is a technology that utilizes a compact
CT system that has a moving C-arm that can be used
during bronchoscopy to provide real time feedback of the
bronchoscope or tool location. The C-arm is swept in an
arc around the patient’s chest and obtains volumetric data
during the bronchoscopy procedure. The imaging can then
be reviewed during the procedure to assess bronchoscope,
tool, and target locations and help the physician determine
if adjustments are required to reach the target lesion. A
prospective study including combination technologies
utilizing a thin bronchoscope, CBCT, and radial probe
EBUS by Pritchett and colleagues of 75 patients reported
a diagnostic yield increase from 50% to 70% by being able
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Figure 3 Peripheral pulmonary lesion sampling performed with the Monarch™ robotic platform utilizes both electromagnetic and optical
airway recognition. (A) The live bronchoscopic view allows for direct visualization of instruments used at the time of biopsy; (B) local
view represents a 3D reconstruction of the target lesion in relation to the distal end of the working channel; (C) the orbit view allows the
bronchoscopist to align the working channel in relation to the target lesion; (D) the axial, coronal, and sagittal views of the peripheral
pulmonary lesion.

to redirect sampling tools to a lesion (22). In a study of 20
patients, Casal and colleagues demonstrated a 25% absolute
increase in diagnostic yield of peripheral lung nodules
along with an acceptable radiation dose of 11–29 mSv (23).
However, a significant limitation of this technology is the
current expensive cost, which may make it difficult to obtain
for most pulmonologists at this time.
RAB
Recently released RAB platforms include the Monarch™
Platform by Auris Health © (Redwood City, CA, USA)
as well as the Ion™ endoluminal robotic bronchoscopy
platform by Intuitive Surgical© (Sunnyvale, CA, USA).
These technologies remain in the early phase of utilization
and exploration but are being rapidly employed by
numerous centers across the globe. The robotic systems
allow for bronchoscope stabilization as well as the ability
to reach deep into the periphery of the lung. Chen and
colleagues, in the REACH assessment, determined that
the Monarch™ robotic bronchoscope was able to be
driven out farther than a thin bronchoscope by an expert
bronchoscopist (24). The Monarch™ system utilizes a
handheld controller that allows the user to advance a
bronchoscope and a sheath into the airway along with
offering continuous visualization. The outer sheath wedges
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into place at the level of the segmental bronchi while the
inner bronchoscope is further advanced to the target lesion
(Figure 3). In a recent multicenter trial published in 2019,
Chaddha and colleagues performed successful navigation
in 88.6% of the cases with an initial diagnostic yield of
69.1–77% using the Monarch™ system. The average size
of the lesions was 25 mm with 71% of the lesions located in
the peripheral third of the lung (25). In a follow-up study,
Chen and colleagues recently completed a prospective,
multicenter study of robotic bronchoscopy utilizing the
Monarch™ system in patients with PPLs. Diagnostic yield
was found to be 74.1%. Peripheral lesions with a concentric
r-EBUS view was found to be 80.6% as compared with
70% for those that were eccentric (26). Currently, there is
an ongoing prospective, multicenter trial [Transbronchial
Biopsy Assisted by Robot Guidance in the Evaluation
of Tumors of the Lung (TARGET), ClinicalTrials.gov
Identifier: NCT04182815] that is evaluating the yield,
complication rate, among other outcome measures by the
use of the Monarch™ platform.
The Ion™ platform utilizes a trackball and wheel
controller which advances the bronchoscope into
the periphery of the lung. The outer diameter of the
bronchoscope is 3.5 mm with a 2.0-mm working channel.
This system requires that the optic gets removed once the
target is reached so that tools can be advanced through the
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remaining sheath. Proprietary shape-sensing technology
offers real time feedback. A study performed by Fielding and
colleagues utilized the system in 30 patients with peripheral
nodules that had a mean diameter of 12.5 mm and obtained
a diagnostic yield of 83% (27). Currently, a prospective
evaluation of the clinical utility of the Ion™ Endoluminal
System (PRECIsE) will be completed in December 2020
(ClinicalTrials.gov Identifier: NCT03893539).
Kalchiem-Dekel and colleagues published their use
of multiplanar 3D fluoroscopy use along with r-EBUS
during RAB using the Ion platform. In this small study of
10 patients, r-EBUS was used to identify whether targets
were concentric, eccentric, or no view. Intraoperative 3D
fluoroscopy spin was performed using the Cios-Spin mobile
3D C-arm. The robotic catheter was then redirected if
needed with biopsies that followed. Tool-lesion relationship
was classified. Navigation to target was successful in all
cases with r-EBUS concentric view in six cases and eccentric
in four. Notably, 3 of 10 tool-lesion relationships were
improved with the 3D fluoroscopy imaging. Diagnostic
yield was found to be 90% independent of the lesion’s size,
location, or r-EBUS image (28).
Conclusions
Prior studies have reported that the diagnostic yield of
navigational bronchoscopy is quite variable. However,
when technologies are used in combination, studies have
demonstrated an improvement in the diagnostic yield of
PPLs. It should be noted, however, that such technology
is not a replacement for experience and thoughtful
review of imaging and airway anatomy. As bronchoscopy
advancements continue, the hope remains that the
diagnostic yield will continue to incrementally increase.
This improved diagnostic value and assurance of accurate
localization will be imperative in pursuing locally ablative
and therapeutic techniques for future treatments of PPLs.
Additionally, the impact of alternative testing alongside the
advanced navigational techniques will continue to shape the
way physicians approach patients with lung lesions in the
future. Cost, lesion accessibility, and operator experience
should be considered when selecting the method of lung
biopsy. These concerns should be discussed during a
multidisciplinary conference in order to identify the best
approach to achieve the highest diagnostic yield, quality of
pathological data, and malignancy staging (if applicable)
utilizing the least invasive methods.
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