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Abstract: The last several years have seen substantive improvements and innovation with respect to

bronchoscopic approaches to the indeterminate pulmonary nodule both diagnostically and therapeutically.

Indeed, these advances have only accelerated over the last year or two and extend across multiple domains

and include improvements in imaging technologies and techniques, approaches and tools to access different

areas of the lung, tools to acquire tissue as well as tools and methods to ablate tissue. Needless to say, there

are a variety of different approaches in terms of how these issues are being solved along with differing

levels of technology and infrastructure commitments necessary to utilize these various tools, with some of

these approaches being farther along than others. This article reviews some of these recent advances in the

domains of advanced imaging, approaches to accessing various parts of the lung, tools designed to acquire

tissue, robotic endoscopy platforms, new approaches to tissue ablation as well as potential additions to these

areas that are on the horizon.
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Introduction

The last several years have seen substantive improvements
and innovation with respect to bronchoscopic approaches
to the indeterminate pulmonary nodule both diagnostically
and therapeutically. Indeed, these advances have only
accelerated over the last year or two and extend across
multiple domains and include improvements in imaging
technologies and techniques, approaches and tools to
access different areas of the lung, tools to acquire tissue as
well as tools and methods to ablate tissue. Needless to say,
there are a variety of different approaches in terms of how
these issues are being solved along with differing levels of
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technology and infrastructure commitments necessary to
utilize these various tools, with some of these approaches
being farther along than others.

Given the accelerating pace of innovation with respect
to this particular topic, one would almost certainly expect
to see continued development in approaches to the
management and treatment of the indeterminate pulmonary
nodule. Herein, we review some of the recent advances in
the domains of advanced imaging, approaches to accessing
various parts of the lung, tools designed to acquire tissue,
robotic endoscopy platforms, new approaches to tissue
ablation as well as potential additions to the armamentarium
that are on the horizon.
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Figure 1 Cone beam CT with projected image.

Advanced imaging
Cone beam CT (CBCT)

CBCT is made possible with flat-panel detector systems
present in most hybrid operating rooms. With newer
systems and updated software, the resolution is similar to
conventional CT scanning. CBCT scans are obtained by
taking a series of 480 X-ray images during a 180-degree
rotational scan around the patient. Typical scans take
between 4-10 seconds to perform. CBCT has been used
extensively for percutaneous needle biopsies in the lung
but more recently has been described in conjunction with
bronchoscopy. Hohenforst-Schmidt ez a/. (1) reported a
diagnostic yield of 70% in 33 patients with an average
lesion size of 25 mm (1). Subsequently, Park er 4/. showed
that in CBCT combined with bronchoscopy, the only
factor associated with higher yield during transbronchial
lung biopsy was CBCT confirmation of biopsy forceps
positioning (2). A diagnostic yield of 71.2% was achieved in
this study of 59 lesions with an average size of 31 mm.

In 2014, the first case was reported using a combination
of electromagnetic navigation bronchoscopy (ENB)
and CBCT (3). Since that time a retrospective study of
57 nodules in 46 consecutive patients was published in
abstract form. The median size of lesions in this cohort was
only 15 mm and the diagnostic yield was 87.7% (4). The
yield for lesions 10 mm or less was 91.6% (11 of 12 lesions).
Data on the full cohort of 93 lesions in 75 patients has been
submitted for publication and shows an overall diagnostic
yield of 93.5%. We acknowledge that these results are at a
single center with a highly experienced user and may not be
generalizable. Ongoing studies are in progress to determine
if the addition of CBCT to ENB will result in a similar
increase in diagnostic yield.
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The latter study utilized the Philips Allura Xper
FD20 system with the OncoSuite software package. This
combination allows for the physician to select the lesion on
the initial CBCT scan and it is then projected on standard
fluoroscopy throughout the case in what is referred to as
augmented fluoroscopy. The projected lesion is accurately
projected during any rotation of the c-arm throughout the
case. This allows for accurate localization of the lesion as
well as real-time confirmation of biopsy tools (Figure I).
Additionally, this allows for non-fluoroscopically visible
lesions to now be visible. Most importantly, 3D real-time
imaging is able to overcome CT-to-body divergence issues
that plague current forms of navigational bronchoscopy. As
the field advances toward the possibility of bronchoscopic
ablation of peripheral tumors, real-time confirmation of
probe positioning will be imperative.

Augmented fluoroscopy

Augmented fluoroscopy involves projecting an image onto
the real-time fluoroscopic images. As mentioned above the
Philips OncoSuite package allows for this after the lesion
is highlighted through a process called segmentation.
Currently there are two navigation systems that utilize
augmented fluoroscopy as well. One is the Archimedes
platform (Broncus Medical, Inc., San Jose, CA, USA) that
uses transparenchymal access and navigation to localize
lesions. The system projects the lesion as well as the
transparenchymal pathway onto the live fluoroscopic image
in what it calls “fused fluoroscopy”.

The other system using this technology is LungVision
(BodyVision Medical Ltd., Israel) which uses augmented
fluoroscopy to highlight not only the lesion but also
the airways leading to it. Navigation to the lesion is
fluoroscopically based with real-time overlay of the pathway
and target, both of which are dynamic and move with
respiratory motion. This system can utilize any commercial
c-arm fluoroscopy system combined with a location board
placed under the patient with radiopaque beads. Planning is
based on preprocedural CT scan much like other navigation
systems. Recent data presented in abstract form highlighted
the accuracy of this system compared to CBCT (5).
The system allowed for accurate localization and biopsy
of 20 lesions (average size 21.7 mm) with a divergence
compared to CBCT of only 5 mm. Another feasibility
trial of 85 patients from multiple centers showed a success
rate of 92% and no peri-procedural adverse events (6).
This novel system allows for real-time tracking of nodules
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Figure 2 Tomosynthesis.

and the ability to compensate for respiratory motion.
This innovative design may help to improve the overall
diagnostic yield of guided bronchoscopy by overcoming
some of the common limitations of ENB.

Tomosynthesis

Tomosynthesis involves serial X-ray images taken in during
movement of a c-arm through limited angles (usually
-20 to +20 or -35 to +35 degrees). Images can be viewed
individually to eliminate overlapping structures or stacked
together to form a 3D model. There are a variety of
reconstruction algorithms that are used to create an additive
effect to make smaller lesions more visible and in sharper
focus while blurring out of plane images (Figure 2). Nelson
et al. showed that the use of tomosynthesis in combination
with ENB in an animal model could help to eliminate the
CT-to-body divergence issue that hinders ENB alone (7).
Additionally, the tomosynthesis images were able to
resolve 7 mm lesions that were not visible on standard
fluoroscopy. The results of this study showed a significant
correlation (coefficient 0.926) in position as measured
with tomosynthesis compared to high resolution CT scan
(HRCT). Conversely with ENB alone, there was significant
divergence between the perceived distance to the target
and the actual distance as measured by HRCT (correlation
coefficient 0.048, P<0.0001).

The superDimension ENB system (Medtronic,
Minneapolis, Minnesota, USA) has recently gained
FDA approval for its fluoroscopic navigation system that
utilizes tomosynthesis in combination with its already
robust navigation platform. The recent multicenter
global NAVIGATE trial showed that out of 1,000 ENB
procedures, only 60% of lesions were visible on standard
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fluoroscopy (8). The addition of fluoroscopic navigation
to ENB will allow for improved real-time visualization
of previously non-fluoroscopically visible lesions. This
will also give the ability to re-register the ENB system
locally, once proximity to the lesion is confirmed using
the tomosynthesis reconstructions. This will update the
system and help to eliminate CT-to-body divergence. This
improved localization may help to improve diagnostic yield
of ENB.

Access
Bronchoscopic transparenchymal nodule access (BTPNA)

The Archimedes system (Broncus Medical) is a novel
navigation system that uses a transparenchymal approach
and therefore is not dependent on airway access to a lesion.
Based on the pre-procedural CT scan, planning for the
procedure is undertaken in proprietary software where the
physician selects one of two computer selected points to
exit the airway and begin the transparenchymal navigation.
The exit point can be adjusted per physician preference
and the vasculature is highlighted with a “virtual Doppler”
function to help avoid vessels at the exit point. The airway
is then punctured and dilated after which a steerable
catheter is placed into the lung parenchyma. Utilizing the
aforementioned fused fluoroscopic (augmented fluoroscopy)
image the physician directs the catheter directly to the
lesion for biopsy. Infrared cameras on the system detect the
c-arm position and the optimal positioning of the c-arm is
displayed.

Data from the first human trial with this novel system
was published by Herth ez 4/. in 2015 (9). While 12 patients
were enrolled, the procedure was only possible in 10 of
these patients (85% success rate). Of these ten patients,
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all had successful transparenchymal access, biopsy and
diagnosis, confirmed by surgical resection. The average
lesion size was 25 mm and the two unsuccessful procedures
involved inaccessible lesions that were located in the left
upper lobe. There were no adverse events, including
pneumothorax and bronchopulmonary hemorrhage. A
second study in humans with the BTPNA system involved
six patients, of which 5 were able to have the procedure
completed (10). The average lesion size was 19.8 mm and
the procedure yielded a malignant diagnosis in all five cases.
Pneumothorax was reported in 2 of the 5 patients (40%),
1 of which required a chest tube. Only one patient in both
studies was able to have a successful transparenchymal
biopsy of a lesion in the left upper lobe. There is currently a
multi-site, multi-national study (EAST2) enrolling patients
for further study. There are six U.S. sites, 1 in Germany and
3 in China. Estimated study completion date is early 2019.

CrossCountry™ transbronchial access tool (TBAT)

The CrossCountry ™ TBAT (Medtronic) is designed to
allow access through an airway wall and into the lung
parenchyma, specifically for difficult to reach lesions, or
to reach various areas of a larger lesion. Once the optimal
airway exit point is reached, a small sharp tipped wire is
deployed through the airway wall and into the parenchyma.
Subsequently a cone-shaped dilator is advanced over the
wire, through the airway wall and into the parenchyma
to the target. Then by Seldinger technique, the extended
working channel/Edge" catheter is advanced over the
graduated dilator while pulling the wire back. The catheter
is directed over the central dilator until in the correct
position at the proximal edge of the lesion. The wire and
dilator are then removed leaving access for biopsy tools

™ catheter.

though the extended working channel/Edge

Two small case series have been published on the
feasibility and safety of this device. In the first study,
Anciano et 4l. described three cases utilizing the TBAT (11).
The lesion was able to be reached in all three cases, 2 of
which yielded a definitive diagnosis. There were no adverse
events reported. In a second series, Bowling ez /. reported
their experience with the TBAT in 12 lesions (12). Seventy-
five percent of these lesions (9 of 12) were able to be
accessed successfully with the TBAT. The diagnostic yield
was 66% (8 of 12) and one patient suffered a pneumothorax
and required a chest tube. Perhaps most importantly, after
the development of a specific protocol was instituted, the
next 7 of 7 cases were successful. The protocol involved
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preprocedural CBCT scan (Artis Zeego, Siemens) and
highlighting of the lesion with software so that if there was
any small amount of bleeding around the lesion during
biopsy or TBAT deployment, they would still know the
position of the nodule. The second part of the protocol
involved doing a repeat CBCT scan once the planned exit
point was reached to confirm line to target and to avoid any
“danger zones” (pleura, vessels, etc.). The use of the TBAT
as well as CBCT may be integral to the future bronchoscopic
application of ablative energy to a lung lesion.

Thin convex probe endobronchial ultrasound (EBUS)

The development of convex probe EBUS has been one
of the most revolutionary inventions in this history of
bronchoscopy. The limitations of EBUS are scope size and
relative inflexibility. Current EBUS scopes are designed for
mediastinal and hilar lymph node staging, however, there
are times where there are relatively central lung lesions that
are able to be accessed with convex EBUS scopes. Recently
there has been development of a thin convex EBUS scope
(Olympus) that has improved flexibility and reach compared
to the traditional EBUS scope. The new scope has a
170-degree angle of articulation, compared to 120-degrees
with a standard EBUS scope. The viewing angle is
20-degrees, compared to the relatively acute viewing angle
of 35-degrees on standard EBUS scopes. The smaller size
scope does limit the needle to a maximum of 25 G. Existing
data from gastrointestinal (GI) literature has suggested no
difference between a 22-G and a 25-G needle in sample
adequacy.

In 2016, Callahan et 4/. did a cadaveric study with the thin
convex probe compared to the traditional EBUS scope (13).
This study showed significantly improved access to smaller
airways with the thin scope. In a more recent study in
ex vivo human lungs, the thin convex EBUS scope showed
a greater reach by 22 mm compared to the traditional
scope (14). The thin probe also was capable of accessing
twice as many segmental bronchi (98% vs. 48% of right
lung subsegments, 91% vs. 47% of left lung subsegments).
The advent of a thin convex EBUS scope could provide
better access to lobar and interlobar lymph nodes as well as
improved access to intraparenchymal lesions as well.

Electromagnetic-guided transthoracic needle aspiration

(EMTTNA)

To further utilize the tracking and localizing function of
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Figure 3 Arcpoint needle vs. standard needle.

ENB, there has been, more recently, the application of
electromagnetic navigation combined with a percutaneous
approach in the SPiN Perc™ system (Veran Medical). This
EMTTNA technique allows for tracking and targeting
of solitary pulmonary nodules to facilitate percutaneous
biopsy without having to rely on CT-guidance. A study by
Yarmus et 4/. in 2016 involved the use of EMTTNA in a
small cohort of 24 patients with an average lesion size of
20.3 mm (15). These patients first had an attempted ENB
with Veran’s electromagnetic (EM) navigation system.
ENB was diagnostic in only 33% of patients and the
remaining patients underwent EMTTNA. The diagnostic
yield of EMTTNA alone was 83%, however this was
associated with a high pneumothorax rate of 21%. When
all procedures were combined (ENB + EBUS + EMTTNA)
the diagnostic yield increased to 92% (58% of which were
malignant, 42% considered benign). This technology offers
the advantage of an all-in-one diagnostic procedure for
those who feel comfortable performing their own TTNA
procedure under virtual guidance only. Lesions that require
a posterior approach are currently not able to utilize this
technique. EMTTNA is a promising technology but may
also be more difficult with lesions smaller than 2 cm as the
technique lacks real-time confirmation of needle placement.

New tools

Development has continued on tools that can be deployed
through scopes, sheaths and catheters and into the periphery
of the lung, not only with respect to tissue acquisition but

© Journal of Thoracic Disease. All rights reserved.

jtd.amegroups.com

S1641

also for delivery of different agents, markers, etc. For the
most part, the focus over the past year or two has been the
development of more flexible instruments, predominantly
needles, in an effort to avoid substantive displacement or
alteration of the position of the instrument through which it
is being inserted. Other tools have also been developed with
the focus on acquiring tissue for histopathologic evaluation
as an update on the traditional biopsy forceps, which
although they remain quite useful, have their own intrinsic
limitations.

Olympus recently introduced the PeriView FLEX TBNA
needle. It is a 21-G needle that can be used with a nitinol
stylet to adjust flexibility. The tool is largely designed
to avoid displacement of the bronchoscope or catheter
through which it is being inserted while maintaining
enough longitudinal stability to continue to puncture the
tissue. The design of this needle employs a spiral laser cut
design to accomplish this. It appears to be visible under
fluoroscopy and can be used both directly through the
operating channel of the bronchoscope as well as through
sheaths and catheters.

Similarly, Medtronic has introduced the flexible
Arcpoint pulmonary needle. This is also designed to
maintain longitudinal stability while providing substantive
flexibility and limited displacement of their variably curved
Edge™ catheters used during ENB. The needle is available
in two sizes, 21 G and 18 G. Similar to the Olympus needle,
it can be used with or without a style to adjust flexibility.
The needle itself is 8 mm in length and attached to a
braided and tapered sheath. When compared to traditional
non-flexible aspirating needles, the Arcpiont™ needle
would appear to be able to maintain its position with
significantly less catheter displacement (Figure 3). Given the
recent introduction in both tools, there is limited human
data as of yet with respect to performance, yield, etc. (16).

"Two other tools bear mentioning. Medtronic has also
introduced the GenCut"" Core Biopsy System. This
is a flexible tool with a blunt, rounded tip, a port and
blade along the distal and lateral aspect of the tool with a
hollow core. This allows it to be placed through a variety
of different sheaths and catheters while remaining quite
flexible. Once in position, suction is applied, and the tool
rotated and agitated. In this manner, intact tissue for
histopathologic evaluation can be obtained.

In addition, Olympus has developed a smaller needle to
fit through its new smaller ultrasound bronchoscope. It is a
25G needle and deployed in a manner similar to the current
EBUS needle designs.
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Again, both of these tools have either been in release for
a short period of time or have not yet been released and
thus data remains limited.

Robotic bronchoscopy platforms

There has been increasing interest in a robotic
bronchoscopy platform that would seek to improve upon
some aspects of conventional and guided-bronchoscopy.
There are currently two robotic bronchoscopy systems that
are advanced enough for human trials. The MonarchTM
system (Auris Surgical Robotics, Redwood City, CA, USA)
was recently cleared by the FDA and is comprised of a
robotically propelled outer sheath [5.7-mm outer diameter
(OD)] with an inner telescoping endoscope measuring
4.4 mm in diameter. The Monarch™" system (Auris Surgical
Robotics, Redwood City, CA, USA) is comprised of a
robotically propelled outer sheath [5.7 mm outer diameter
(OD)] with an inner telescoping endoscope measuring
4.4 mm in diameter. The system uses electromagnetic
navigation for guidance with an external EM field
generator. The physician uses a small hand-held controller
to guide the robotic scope into biopsy position. The scope
has continuous optical capabilities and a separate suction
channel. The working channel of the scope is 2.1 mm.

Results of a cadaveric study were recently published in
abstract form (17). This study compared the reach of the
robotic endoscopy system (RES) to that of a traditional
thin scope (4.2 mm OD). The RES was able to reach
three generations further into the airways compared to the
traditional thin scope. Additionally, the total insertion depth
beyond the level of the carina was significantly greater in
the RES group (172 vs. 128 mm). The full manuscript of
this article has recently been published and further shows
that the RES is able to outreach the conventional thin
scope in all subsegments of the lung, particularly in those
most difficult to reach segments (right bronchus 1, 8 vs. 3.5
generations and left bronchus 1+2, 8 vs. 4.5 generations) (18).
This improved bronchoscopic reach may help to increase
the diagnostic yield compared to conventional guided-
bronchoscopy. The Auris platform has been designed to be
modular with future expansion into other specialties, such
as urology.

The other robotic bronchoscopy platform pending
FDA approval is an as yet unnamed system from Intuitive
Surgical. This system also uses a robotically-guided catheter
and a built-in navigation system based on shape sensing
technology, rather than the traditional electromagnetic
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navigation used in many other guided bronchoscopy
systems. The navigation system still uses the patients
preprocedural CT scan as the basis for navigation. Once
the biopsy location is reached the camera must be removed
from the catheter to facilitate biopsy. The working channel
of this biopsy channel is 2.0 mm and can facilitate up to a
19G needle. A first-in-human trial was recently published
on a cohort of 30 patients with average lesion size of only
15 mm (19). Lesions were visible on radial probe EBUS
(rEBUS) in 24 cases (15 eccentric and 9 concentric). Overall
diagnostic yield was reported as 83% (16 with malignant
results, 8 benign and 5 inconclusive). No adverse events
were reported.

There are potential advantages to the robotic endoscopy
platforms. The first is improved reach into the lung.
Secondly, the improved reach along with the ability to
hold the endoscope/catheter in a locked curved position
may allow biopsy tools to stay on target without the
straightening that currently plagues other systems. This
benefit would also be crucial in the use of flexible ablation
probes which are also discussed here. It’s also too early to
tell if the shape sensing-based navigation platform will be
more or less accurate than the traditional electromagnetic
navigation-based systems. With one of these systems already
FDA approved we anticipate assessment of these theoretical
advances in the near future.

Bronchoscopic peripheral tumor ablation

Given the improvements in access to various parts of the
lung with different scope or catheter-based systems, one of
the seemingly inevitable outcomes is the development of
ablative modalities to apply energy to local areas of the lung
as a treatment for malignancies in general and lung cancer
specifically. Again, this is an emerging area of significant
interest albeit with limited data to date.

The initial work in this area came from a Japanese group
and built off of a treat and resect approach published in
2010 wherein different amounts of radiofrequency energy
were applied to various lesions that subsequently underwent
resection (20). Ultimately, they reported on two patients
treated with a flexible radiofrequency ablation catheter-
based system deployed via a CT-guided bronchoscopic
approach to treat patients with medically inoperable, small
peripheral lung cancers (21). One of the two patients
recurred at the treated site after a 4-year interval and was
retreated with the same system and has remained stable at a
12-month follow-up. The second patients remained stable

7 Thorac Dis 2018;10(Suppl 14):S1637-S1644



Journal of Thoracic Disease, Vol 10, Suppl 14 June 2018

at 40 months of follow-up.

This was followed by another paper published by this
group in 2015 which evaluated 23 peripheral lung lesions in
20 patients with early-stage non-small cell lung cancer again
using a CT-guided bronchoscopic approach in conjunction
with a cooled radiofrequency ablation (RFA) catheter (22).
Local disease control was achieved in most patients, 82.6%,
with median progression free survival of 35 months. In
addition, there were no reported serious adverse events.

Indeed, work has continued in this area and a recent case
series from Xie et al. was published, wherein three patients
were treated with a flexible RFA catheter, delivered with
the aid of navigational bronchoscopy (23). In that setting, a
total of three patients, two patients with nonsurgical stage
IA lung cancer and one patient with a lung metastasis,
underwent treatment with the RFA system utilizing
navigational bronchoscopy. Partial responses were seen in
two of the three patients with one of the patients having
a complete response. One of the patients with a partial
response developed progressive disease at 6-month follow-
up. The other two patients had 1-year progression-free
survival. There were no serious adverse events reported and
they concluded that navigational bronchoscopic-guided
RFA is a safe and feasible procedure for poor surgical
candidates with stage IA lung cancer or oligometastatic
disease to the lung.

Most recently, the first case was completed that employed
a navigational platform utilizing a TBAT, a CBCT system
for real-time visualization and further refinement of
catheter position and ablation zone overlay, and a flexible
microwave catheter, the Medtronic Emprint™ ablation
catheter with thermosphere™ technology, to treat a patient
at St. Bartholomew’s Hospital in London in the setting of
a presumed single metastatic focus of endometrial cancer.
The procedure was well tolerated with the successful
delivery of ablation energy and the work in ongoing.

On and over the horizon

Innovative and novel approaches to diagnosis and treatment
of pulmonary nodules will, in all likelihood continue.
Some will be developed “de-novo” and others will migrate
from other specialties. These will include different energy
sources for ablation (24), techniques for sentinel node
identification (25), adjunctive and concomitant therapies
delivered both independent of, as well as in conjunction
with, local ablation (26) along with expanding the approach
to endoscopic treatment in an effort to approach surgical
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results.

"To that end, the opportunity to endoscopically deliver
treatment for early stage lung cancer in conjunction with
sentinel lymph node identification and mediastinal staging
is appealing. Additionally, the ability to treat not only the
primary lesion but also of the various “exit” pathways from
the tumor site through the treatment of the broncho-
lymphatic-vascular bundle in one anesthetic event remains
quite enticing and may suggest an opportunity to mimic
surgical outcomes in early stage lung cancer.
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