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Abstract
Purpose of Review Conventional bronchoscopy has limitations based on an inability to accurately reach and reliably diagnose
peripheral lesions with many studies having a yield of less than 50%. Although newer technology such as virtual bronchoscopy,
use of smaller bronchoscopes, peripheral endobronchial ultrasound, and electromagnetic navigation may have some improve-
ments and a better safety profile, oftentimes transthoracic or surgical biopsies are required to establish a diagnosis and rule out
malignancy. The purpose of this review is to highlight the potential benefits of robotic bronchoscopy, the latest in technological
advances for this very common medical issue.
Recent Findings Recently published early studies suggest the yield of robotic bronchoscopy may surpass 90%. Studies per-
formed in cadavers and humans suggest robotic bronchoscopic platforms are better than currently existing bronchoscopic
modalities for lung nodule diagnosis and have a favorable safety profile.
Summary Although additional multi-center randomized clinical trials are needed, robotic bronchoscopy appears poised to
supplement current bronchoscopic techniques for establishing a diagnosis of pulmonary nodules.
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Introduction

Lung cancer is the most common cause of cancer death in the
world. What starts as an abnormal population of cells can, if
caught in a curative stage, manifest radiographically as a pul-
monary nodule. The early detection of lung nodules has
shown to improve mortality and volumetric analysis may have
an integral part of nodule management based on results of the
NELSON study [1].

An estimated 1.6 million new pulmonary nodules will be
detected by chest CT scans annually in the USA [2]. Most
detected nodules are benign and it is often difficult to radio-
graphically distinguish those that are malignant, leading to the
need for biopsies. Transthoracic biopsies and surgical resec-
tion have high diagnostic yield but more complications than
bronchoscopy, including pneumothorax or surgical morbid-
ities that increase the costs of the procedures. Unfortunately,

conventional bronchoscopy is notoriously poor at reliably di-
agnosing peripheral pulmonary nodules, particularly for those
that are small, do not have an airway clearly leading to them
(bronchus sign on computed tomography), are benign, and
display a host of other factors. A recent prospective, random-
ized controlled trial comparing conventional bronchoscopy
with fluoroscopic guidance to that using a thin bronchoscope
and radial endobronchial ultrasound (EBUS) failed to show a
statistically significant diagnostic difference between groups
in patients with peripheral pulmonary lesions 1.5–5 cm in size
[3]. Bronchoscopy was only diagnostic in 44% of patients
with peripheral lesions in that study. Limitations to successful
biopsy may include the ability to reach into the lung periphery
and control or precision at the time of biopsy. Improved in-
strument stabilization at the time of biopsy may improve the
diagnostic yield, particularly when an eccentric as opposed to
concentric view is obtained by radial EBUS.

Various technologic advances have been developed with
the intent of improving the diagnostic yield of bronchoscopy.
For peripheral lesions, these include the use of navigational
systems, thin and ultrathin bronchoscopy, radial
endobronchial ultrasound, radiographic airway reconstruc-
tion, virtual bronchoscopy, bronchoscopic transparenchymal
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nodule access, and use of cone beam CT. While providing an
improved diagnostic yield over non-guided bronchoscopic
techniques, the accuracy remains close to 70%, far below the
90–95% yield of transthoracic biopsies [4]. The prospective
NAVIGATE study was a multi-center cohort study that eval-
uated the use of the superDimension navigation system
(Medtronic, Minneapolis, MN). The median lesion size was
20.0 mm of 1215 subjects in 29 centers. The 12-month diag-
nostic yield was 73% [5]. The AQuIRE quality improvement
registry reported a diagnostic yield using electromagnetic nav-
igational (EMN) bronchoscopy of only 38.5% [6]. A recent
meta-analysis reported a sensitivity of 77% [7]. The use of
cone beam CT and augmented fluoroscopy is beyond the
scope of this article but entails new technologic advances re-
garding the diagnosis of peripheral pulmonary lesions [8].
However, the prevalence of lung nodules and current limita-
tions of diagnostic techniques highlight the need for improve-
ments, and robotic bronchoscopy may provide some
solutions.

Guided Bronchoscopic Approaches
for Peripheral Nodules

Guided bronchoscopy includes use of ultrathin bronchoscopes
with peripheral EBUS, EMN bronchoscopy, and robotic bron-
choscopy. The PRECISION-1 investigation [9] was a pro-
spective, single-blinded, randomized, controlled comparative
study assessing the success in localization and puncture of
peripheral pulmonary nodules. This primary endpoint was
verified by cone beamCT for EMN bronchoscopy and robotic
bronchoscopy using the Ion™ system (Intuitive Surgical,
Sunnyvale, CA) (Fig. 1). This cadaver study used implantable
nodules that were distributed across all lobes, including 80%
in the periphery and 50% with a bronchus sign. Preclinical
study validation was performed. The mean nodule diameter
was 16.5 ± 1.5 mm.

Proceduralists used all three guided approaches to diagnose
the implanted nodules, first with ultrathin bronchoscopy and
peripheral EBUS to limit virtual mapping navigational bias. A
total of 60 procedures were performed to target 20 peripheral
pulmonary nodules, and 20 attempts were made with each
modality. During EMN bronchoscopy and robotic bronchos-
copy, the proceduralists were prohibited from using peripheral
EBUS. Fluoroscopy was routinely used during the procedures
and cone beamCTwas used at the conclusion of each attempt.
The needle target distance for a maximum of three attempted
passes was recorded.

Needle passes were attempted in 65% of ultrathin-radial
EBUS bronchoscopy, 85% of EMN bronchoscopy, and
100% of robotic cases. The rate of successful puncture was
greater in robotic bronchoscopy compared to EMN bronchos-
copy (80% vs 45%; p = .02). There was no significant

difference between ultrathin-radial EBUS bronchoscopy and
EMN bronchoscopy.

Secondary analysis included whether successful localiza-
tion and needle passes were in the center, peripheral, distal, or
adjacent to the lesions. There was no statistically significant
difference in the groups. However, when “missing” the target,
measuring the distance between the nodule and the needle
pass showed statistically significant longer distances using
radial EBUS, EMN bronchoscopy, and robotic bronchoscopy,
in favor of the latter. This study suggested that bronchosco-
pists were more likely to attempt biopsy and either success-
fully puncture or be closer to lesions when using robotic bron-
choscopy compared to that with radial EBUS or electromag-
netic navigation.

Robotic Bronchoscopy

The Intuitive Robotic Bronchoscope System or Ion™
(Intuitive Surgical, Sunnyvale, CA, USA) includes a planning
station, system cart with monitor to display real-time visuali-
zation, and instruments including an articulating, flexible
catheter. A pre-procedure CT with 1.0-mm reconstruction
slices allows virtual planning through semi-automatic path-
way creation. Manual segmentation of all airways in the vi-
cinity of the lesion can be performed if the pathway does not
reach the target. The system is docked on the housing of a
swivel connector connected to an endotracheal tube. At 3.5-
mm diameter, the catheter incorporates a shape-sensing fiber
along its entire length, thus providing shape and positional
feedback. A video probe allows live visualization while driv-
ing the catheter. Instruments that fit a 2.0-mm tool channel can
be advanced after the video probe has been removed, includ-
ing forceps, biopsy brushes, and a proprietary flexible biopsy
needle that is extendable up to 3 cm. The provided distance
from the catheter tip to the lesion allows for controlled
transbronchial needle aspiration (TBNA) needle stroke-
length setting and extension distance of other tools. The soft-
ware provides the ultimate angle for fluoroscopy when close
to the pleura, thus facilitating an accurate planar view of nee-
dle advancement. The length of the biopsy needle can be set to
avoid the pleura and to reach the middle of the nodule [10].

The Robotic Endoscopy System (RES), Monarch™ (Auris
Robotics, Redwood City, CA), includes the robotic endo-
scope, patient-side system, controller rack, and operator con-
sole (Fig. 2). The endoscope includes a video bronchoscope
with an outer sheath, both of which allow 4-way steering
control. This enables telescoping capability, which might en-
hance distal control, stability, and endoscope reach. Two ro-
botic arms are under continuous, direct visual control to ma-
nipulate the bronchoscope and sheath using the endoscopy
controller. The controller moves the robotic arms that contain
rotary pulleys to drive the bronchoscope; it controls insertion,
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retraction, and rotation of the outer sheath and inner scope,
either simultaneously or independently. The sheath is 6.0 mm,
the outer scope diameter is 4.2 mm, and the working channel
is 2.1 mm. The distal section of the bronchoscope is advanced
beyond the sheath and can deflect 180° in any direction. The
system uses an electromagnetic field generator and reference
sensors like other electromagnetic navigational bronchoscopy

systems. A peristaltic pump and valves enable irrigation and
aspiration control.

Benefits of the system may transpire from the structural
support offered by the outer sheath that is locked in the target
segment before advancing the scope, the ability to make subtle
turns due to the 4-directional steering and due to the distal
section being capable of achieving articulation in pitch and/

Fig. 1 a The Ion™ system
(Intuitive Surgical) includes the
system cart with monitor and the
controller (b) that works similar to
a computer mouse and roller. c
The robotic catheter with a vision
probe allows visualization during
navigation of the airways. Images
provided by Intuitive

Fig. 2 The Monarch™ robotic
bronchoscopy system. From:
[14•] with permission from
Springer and open access under
terms of the creative commons
license http://creativecommons.
org/licenses/by/4.0. This includes
an (a) outer sheath with inner
scope, (b) cart with robotic arms,
(c) scope attachment that allows
saline irrigation and suctioning,
(d) tower with monitor, and (e)
the controller
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or yaw. Visualization of the peripheral airway and biopsy
tools may better enable the operator to steer the tools towards
the target. Torque on the bronchoscope and airway distortion
are accomplished by locking the scope in position, and thus
diagnostic yield may be improved compared to other tools.

Cadaveric Studies of Robotic Bronchoscopy

The PRECISION-1 study described previously [9] evaluated
the spatial sensing technology of the Ion™ robotic bronchos-
copy platform. Investigators performing the REACH (Robotic
Endoscopic Airway Challenge) assessment compared the per-
formance of the Robotic Endoscopy System (RES;
Monarch™, Auris Robotics) to a conventional thin broncho-
scope (4.2 mm with 2.0-mm working channel) to access pe-
ripheral airways within human cadaveric lungs (Fig. 3 and
Table 1). Two operators used the conventional scope and the
RES. The outer sheath of the RES was “parked” more prox-
imal than the targeted bronchus given its outer diameter being
larger.

Investigators advanced the conventional thin bronchoscope
into the airways and advanced a guidewire to the pleura. This
allowed the bronchoscope and robotic system to maneuver the
same airways and to obtain distance from the pleura. Insertion
depth from the main carina, airway generation count, and
termination points were recorded. The robotic system ad-
vanced beyond the conventional bronchoscope in all airway
generations despite similarities in size. It is hypothesized that
the outer sheath design of the RES provided structural support
while advancing the inner scope to the periphery. This was
particularly evident in RB1 and LB1+2. In the middle and
lower lobes, it was felt that the distal end of the robotic scope

was able to negotiate the subtle turns at distal airway
bifurcations.

The ACCESS study [2] was performed in human cadaveric
lungs using the Monarch™ platform. Operators included 8
bronchoscopists, 8 cadavers, and artificial tumor targets that
were implanted 0–33 mm from the pleura. Lesions 10–30 mm
in diameter were created and thin-slice CT scans were per-
formed. The bronchoscopists received prior training about
system manipulation and performing biopsies. No assistance
was received during the actual cases.

Direct endoscopic visualization using the scope beyond the
sheath, electromagnetic navigational guidance, fluoroscopy,
and peripheral EBUS were used. Biopsies were performed
using a 24-G TBNA needle (Auris Health) and recorded as
“diagnostic”when the pigmented mica powder in the implants
was obtained. Forceps biopsies were performed at the discre-
tion of the bronchoscopist.

The mean (16.0 mm; SD 10.6) and median (13.8 mm;
range 0.0–35.3 mm) distance from the closest edge of the
target to the nearest pleural edge was measured. Fluoroscopy
visualized 36/67 (53.7%) of the nodules. The robotic scope
was advanced within 27.6 mm (SD 8.6 mm) of the targeted
lesions. Radial probe visualized 59/67 (88.1%) of nodules. Of
these, 48 (81.4%) were eccentric and 11 (18.6%) were con-
centric. The diagnostic yield for all nodules was 63/67 (94%).
Transbronchial biopsies produced an additional 2 diagnoses
for a final yield of 97% (65/67). There was no statistically
significant difference in yield between nodules ≥ 20 mm and
those smaller, nor those with an eccentric compared to con-
centric view. The diagnostic yield for nodules < 10 mm from
the pleura was 18/20 (90%) compared with 47/47 (100%) of
nodules ≥ 10 mm from the nearest pleural surface (p = 0.086).
No obvious airway trauma was identified.

Table 1 Comparison of FDA-approved robotic bronchoscopy platforms as of Fall, 2020

System Ion™ (Intuitive) Monarch™ (Auris)

Size of
endobronchial
equipment

Articulating catheter: 3.5-mm outer diameter Outer sheath (6.0 mm) with inner scope (4.2 mm)
containing suction and a light source

Size of working
channel

2 mm 2.1 mm

Endoscopic vision Peripheral vision probe is removed prior to biopsy Visualizing scope remains in place during the
procedure

Navigation
technology

Fiber optic “shape sensing” technology
Peripheral vision is removed

Uses electromagnetic navigation and peripheral
vision (real-time input from micro camera)

Accompanying
technology

CT, radial EBUS, fluoroscopy, live views CT, EMN, radial EBUS, fluoroscopy, live views

Controller Trackball and scroll wheel
Touch screen

Two joysticks plus various buttons for irrigation and
aspiration, among others

Touch screen monitor

Steering and control Active robotic control of catheter position which corrects unwanted
deflection and secures a fixed position during biopsy

4-way steering control
Sheath and bronchoscope can be locked in place

Biopsy tools Can use needle, forceps, brushes Can use needle, forceps, brushes
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Human Studies of Robotic Bronchoscopy

Fielding et al. [10] reported the first-in-human study of safety
and feasibility of the Intuitive (Ion™) Robotic Bronchoscope
System. Two experienced operators performed the procedure
in a controlled population. The primary safety endpoint in-
cluded peri-procedure pneumothorax and bleeding requiring
intervention. The feasibility endpoint evaluated the ability to
access pulmonary nodule(s) and retrieve tissue samples from a
pre-planned location based on CT imaging and identified by
the planning station. Tissue samples were characterized by a
histological or cytological feature other than bronchial epithe-
lial cells or lung parenchyma.

The investigators enrolled 30 patients, of which 11 (36.7%)
had previously undergone unsuccessful biopsy attempts. In
the axial dimension, 23/30 (79.3%) nodules were < 2 cm in
the largest diameter. The mean nodule size was 14.8 mm and
ranges up to 26.6 mm. Eccentric images were seen in approx-
imately half of the radial EBUS cases and 17 (58.6%) of the
lesions had a bronchus sign visible on CT. Using radial
EBUS, 93% of the nodules were visible. The catheter reached
significantly more branch points than did the 4.4-mm bron-
choscope (2.21 ± 1.2). Procedure time was 63.9 ± 24.4 min
and the time lessened with experience. The mean number of
biopsy attempts was 2.6 ± 1.8. The primary feasibility end-
point was reached in 28 (96.6%) of cases. Although not de-
signed as a performance study, performance trends through 6-
month follow-up demonstrated an overall diagnostic yield of
79.3% (63.6–98.5%) with the sensitivity for malignancy
trending towards 88.2% and specificity trending towards
63.6% (30.8–89.1%).

There were no instances of pneumothorax or bleeding
requiring intervention observed. Notably, lesions were at
least 15 mm from the visceral pleura. There were no com-
plications related to the study system. One patient had a
delayed re-paralysis/muscle relaxant complication and an-
other developed contralateral pneumonia requiring
hospitalization.

Rojos-Solano et al. [11] studied feasibility and complica-
tions of using the Robotic Endoscopy System (RES;
Monarch™). Pre-procedural CT scan parameters included 1-

mm slice thickness at 0.5-mm interval. Two experienced
bronchoscopists performed the biopsies in 15 patients who
were intubated for the procedure. The median lesion size
was 2.6 cm (1.0–6.3 cm) and median closest distance to the
pleura was 0.6 cm. An air-bronchus sign was detected on the
pre-procedural CT scan. Radial EBUS was not used in this
study. The bronchoscope was advanced with the endoscopy
controller and navigated to the targeted segment with the aid
of the CT scan and mono-planar fluoroscopy. Direct continu-
ous visualization was used during all procedures. Biopsies
were performed using a 24.5-G needle aspiration device and
SpyBite™ biopsy forceps (Boston Scientific, 4.1-mm cup
opening at 55°) sequentially. Rapid on-site evaluation was
routinely used and “as many needle passes and forceps biop-
sies” considered necessary by the cytopathologist were per-
formed. The median number of needle aspirations was 3 (0 to
5) per target and the number of forceps biopsies was 7 (0 to
12). The median biopsy time decreased from 45 min in the
first 5 cases to 20 min. Patients had follow-up at 2 and 7 days.

There were no significant adverse events including pneu-
mothorax or significant bleeding during the RES procedures.
Three minor unrelated symptoms developed after the proce-
dure. Tissue acquisition under direct visualization was suc-
cessful in 14 of 15 (93%) patients. The robotic tension param-
eters were not set appropriately in one case and conventional
bronchoscopy was used to make the diagnosis and surgical
biopsy was required in one non-diagnostic case.
Adenocarcinoma was found in 9 patients and benign features
found in 5 of the 6 other patients. The authors concluded that
robotic bronchoscopy using the RES was feasible and lacked
significant adverse events but acknowledged the small num-
ber of patients in the study and that the procedural team was
trained prior to the procedure.

A multi-center retrospective study of 167 lesions in 165
patients was carried out by Chaddha et al. [12] using the
Robotic Endoscopy System (Auris™). Adult patients needing
guided bronchoscopy of lesions suspicious for malignancy
and mycobacterial or fungal disease were enrolled in four
centers. Two lesions were biopsied during the same procedure
in two cases. They were excluded if conventional white light
bronchoscopy identified the lesion.

Fig. 3 a The articulating catheter
(Ion™) and b the robotic
endoscope (Monarch™) with (1)
a camera, (2) light sources, and
(3) working channel
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The average lesion size was 25.0 ± 15.0 mm: 71.3% were
≤ 30 mm and 70.7% were located in the peripheral third of the
lung. A bronchus sign was seen in 106 (63.5%) of the lesions.
Most (68.5%) of the lesions were solid on imaging.
Navigation was successful in 148 (88.6%) of the lesions, the
targeted lesions were detected with r-EBUS in 141 (84.4%
(eccentric = 42.5%; concentric = 57.5%), and tissue samples
were successfully obtained in 161 patients (97.6%). In 3 cases,
navigation was unsuccessful and in 1 case, there was software
failure of the equipment. Needles (100%) and biopsy forceps
(96%) were routinely used. The average navigation times
(17.8 ± 19.1 min), procedure times (58.6 ± 31.4 min), and
follow-up (185 ± 55 days) were recorded. Thirteen patients
did not have available follow-up. The diagnostic yield ranged
from 69.1 to 77% assuming patients with only inflammation
on pathology had non-diagnostic and diagnostic procedures
respectively.

The yield was 81.5, 71.7, and 26.9% for concentric, eccen-
tric, and absent radial EBUS views (p < 0.001). Yield was
higher (78.3%) for those with compared to without (54.1%)
a bronchus sign (p = 0.001). Yield was not different for solid
versus ground glass nodules (68.9 vs 70.6%; p = 0.74) and
central versus peripheral location (73.5% vs 67.8%; p =
0.47) and did not depend on lesion size (45.5% for < 1 cm
vs 68.5% for 1–3 cm vs 77.1% for ≥ 3 cm; p = 0.11). Lung
cancer was the most common diagnosis. “Other” benign di-
agnoses were chronic or granulomatous inflammation that de-
creased in size on follow-up imaging whereas necrotic mate-
rial was felt to represent a lung abscess and histoplasmosis
while atypical cells were favored to represent metastases if a
patient had a concurrent malignancy.

Pneumothorax occurred in 6 (3.6%) cases, requiring a chest
tube in 4 (2.4%). Significant bleeding requiring bronchoscop-
ic instillation of saline was reported in 4 (2.4%) cases. There
were no cases requiring blood transfusion, thoracotomy, or
bronchial blockers and no reports of other procedure-related
complications, respiratory failure, or deaths.

The authors concluded that robotic bronchoscopy
should be offered to all patients with suspicious peripheral
lesions that also require concurrent guidel ines-
recommended EBUS-TBNA lymph node staging for CT-
PET normal mediastinum or prior to stereotactic body
radiotherapy (SBRT), or when preoperative tissue is re-
quired based on questionable operability, patient or sur-
geon’s preference.

The recently published BENEFIT study was a prospective,
multi-center pilot and feasibility study in humans with periph-
eral lesions 1–5 cm in size. This included 55 patients in 5
medical centers with a median lesion size of 23 mm.
Investigators successfully localized the lesion in 51/53
(96.2%) patients using radial EBUS and the Monarch™ ro-
botic system. TBNA and ROSE were performed with the use
of transbronchial biopsies if ROSE was negative. Patients had

“crossover” procedures if TBNA with ROSE was non-diag-
nostic, including conventional bronchoscopy with electro-
magnetic navigation or thin bronchoscopy with radial ultra-
sound. One additional patient was ultimately diagnosed via
these crossover procedures. Pneumothorax occurred in two
patients (one required chest tube placement). Patients were
followed for at least 1 year. Investigators concluded that ad-
ditional large prospective studies are needed [13].

Lessons Learned

Murgu [14•] provided insight on how to improve the begin-
ner’s performance using the Monarch™ platform.
Appropriate team in-servicing and use of on-site technical
support are regularly offered. During ventilation of the patient,
a tidal volume of approximately 8 ml/kg ideal body weight
and a PEEP of 8–10 cmH20 are used in an effort to splint open
small subsegmental airways. Recruitment maneuvers may al-
so enable advancement of the scope beyond the 5th–6th gen-
eration without a need to inject saline. Saline may give a
falsely positive radial EBUS image or disrupt cells for on-
site cytology, if used. Investigators recommended not advanc-
ing the sheath beyond the 4th airway generation as it may
impede maneuvering of the scope in the smaller airways.
However, on occasion, they would advance biopsy forceps
or the radial EBUS probe in the distal airways and use a
modified Seldinger technique for advancement. Similarly,
they would allow pressure equilibration between the atmo-
sphere and target airway by opening the system to atmosphere
and insufflating 30–60ml of air, or relaxing the scope to allow
alignment with the airway axis. This could also be accom-
plished by retracting and reorienting the scope.

Conclusions

Lung nodules are commonly found in medical practice and
lung cancer CT screening reduces mortality. Conventional
bronchoscopy is limited in its ability to diagnose peripheral
nodules, and technological advances such as radial EBUS and
navigational bronchoscopy have improved the yield but still
have significant limitations that make them inferior to trans-
thoracic or surgical biopsies in diagnostic accuracy. New ro-
botic bronchoscopy platforms, including the Ion™ and
Monarch™ systems, offer promise in their ability to safely
and reliably diagnose peripheral lung nodules using a bron-
choscopic approach. Although in its infancy, excitement
abounds regarding the possibilities of robotic bronchoscopy
systems for the diagnosis and potential treatment of peripheral
pulmonary lesions.
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