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Abstract
Background: Bronchoscopy for the diagnosis of peripheral 
pulmonary lesions continues to present clinical challenges, 
despite increasing experience using newer guided tech-
niques. Robotic bronchoscopic platforms have been devel-
oped to potentially improve diagnostic yields. Previous 
studies in cadaver models have demonstrated increased 
reach into the lung periphery using robotic systems com-
pared to similarly sized conventional bronchoscopes, al-
though the clinical impact of additional reach is unclear. Ob-
jectives: This study was performed to evaluate the perfor-
mance of a robotic bronchoscopic system’s ability to reach 
and access artificial tumor targets simulating peripheral 
nodules in human cadaveric lungs. Methods: Artificial tumor 
targets sized 10–30 mm in axial diameter were implanted 

into 8 human cadavers. CT scans were performed prior to 
procedures and all cadavers were intubated and mechani-
cally ventilated. Electromagnetic navigation, radial probe 
endobronchial ultrasound, and fluoroscopy were used for all 
procedures. Robotic-assisted bronchoscopy was performed 
on each cadaver by an individual bronchoscopist to localize 
and biopsy peripheral lesions. Results: Sixty-seven nodules 
were evaluated in 8 cadavers. The mean nodule size was 20.4 
mm. The overall diagnostic yield was 65/67 (97%) and there 
was no statistical difference in diagnostic yield for lesions  
< 20 mm compared with lesions measuring 21–30 mm, the 
presence of a concentric or eccentric radial ultrasound im-
age, or relative distance from the pleura. Conclusions: The 
robotic bronchoscopic system was successful at biopsying 
97% of peripheral pulmonary lesions 10–30 mm in size in hu-
man cadavers. These findings support further exploration of 
this technology in prospective clinical trials in live human 
subjects. © 2019 The Author(s)
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Introduction

The successful diagnosis of peripheral pulmonary le-
sions continues to present clinical challenges, particularly 
for smaller pulmonary nodules. Despite technical ad-
vancements, including image guidance during bronchos-
copy using electromagnetic navigation and ultrasound-
based approaches such as radial probe endobronchial 
ultrasound, no singular approach has demonstrated con-
sistently high yields [1, 2].

One potential limitation of current approaches using 
conventional bronchoscopes may be reach into the lung 
periphery. As the bronchial tree narrows with each gen-
eration, the ability to advance conventional broncho-
scopes into close proximity to targeted nodules may be 
suboptimal.

Another potential limitation of conventional bron-
choscopy may be control and precision of instrumenta-
tion at the time of biopsy. Multiple publications have re-
ported that the diagnostic yield of guided bronchoscopy 
is significantly higher when the peripheral lesion sur-
rounds the bronchus compared to when the lesion is ad-
jacent to the nearest bronchus [3–5]. Failure of current 
approaches may in part be due to the lack of fine motor 
control of instrumentation in the periphery.

Robotic bronchoscopic platforms have been devel-
oped as a method to potentially supplement the bron-
choscopists’ ability to reach and access peripheral lung 
lesions [6, 7]. These systems have redesigned scope con-
figurations that provide additional structural support as 

well as increased articulation points designed to poten-
tially improve peripheral lesion biopsies. 

We have previously demonstrated improved reach 
into the periphery of human cadaveric lungs using a ro-
botic bronchoscopic platform when compared to a con-
ventional thin bronchoscope of identical outer diameter, 
though the clinical implications of added reach on diag-
nostic yield are unclear [8]. We performed this study to 
further evaluate a robotic bronchoscopic system’s ability 
to reach and access artificial tumor targets simulating pe-
ripheral nodules in human cadaveric lungs.

Methods

Robotic-assisted bronchoscopy procedures were performed on 
8 cadavers by 8 bronchoscopists (A.C.C., N.J.P., M.S.M., T.R.G., 
M.J.S., C.T.G., A.K.M., S.S.O.) using the Monarch platform (Auris 
Health, Redwood City, CA, USA) between March 21 and April 18, 
2019. 

Robotic Bronchoscopic System
The robotic bronchoscopic system is composed of a tower with 

a monitor as well as a unit that houses automated arms that control 
insertion, retraction, and articulation of an outer sheath (6.0 mm 
outer diameter) and inner scope (4.4 mm outer diameter) that has 
a 2.1-mm working channel. The sheath and scope are driven using 
a handheld controller and may be operated simultaneously as a 
unit, or independently (Fig. 1).

Cadaver Preparation
Eight fresh cadavers with intact head and torsos were prepared 

for this study. Artificial tumor targets were created using a mixture 
of agar, gelatin, iodinated contrast, colored mica powder, and wa-
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c
Fig.  1. Robotic bronchoscopic system. a 
Arms and tower. b Sheath and scope. c 
Controller.
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ter heated to an aqueous solution which was injected transthorac-
ically into the lung parenchyma using fluoroscopic guidance. This 
technique was modified from a previously validated approach cre-
ating tumor “targets” that produce a realistic ultrasound image of 
tissue dense lesions that are visible on CT scanning [9]. The relative 
distance from the visceral pleura was estimated at the time of injec-
tion to provide a heterogenous distribution of peripheral pulmo-
nary lesions approximately 0–30 mm from the pleura. The volume 
of material injected was controlled to create lesions 10–30 mm in 
diameter as measured on axial CT imaging. A minimum of 8 tar-
gets were injected into each cadaver. Thin-slice CT scans were sub-
sequently performed on all cadavers (Fig. 2).

Training
Prior to study procedures, all 8 bronchoscopists performed ro-

botic bronchoscopy on at least 4 cadavers without implanted tu-
mor targets to gain familiarity with the system. During these pro-

cedures, the bronchoscopists received training from Auris team 
members regarding manipulation of the system and performing 
biopsies. During study cases, no external assistance from Auris 
team members was permitted to assist bronchoscopists during the 
procedures.

Procedures
All cadavers were intubated and mechanically ventilated dur-

ing the procedures. Each operator performed bronchoscopy on 1 
dedicated cadaver using the robotic bronchoscopic platform. 
When targeting peripheral lesions, the outer sheath and inner 
scope were advanced to the orifice of the targeted bronchus where 
the outer sheath was “parked.” The inner scope was subsequently 
advanced further into the lung parenchyma towards targeted le-
sions using a combination of direct endoscopic visualization, elec-
tromagnetic navigational guidance, and fluoroscopy (Fig. 3). Once 
the bronchoscopist was positioned at the estimated location of the 

Fig. 2. CT images of implanted tumor tar-
gets (arrows) within cadavers.

Fig. 3. Fluoroscopic image of the robotic system with TBNA of a RUL lesion: sheath tip 
(A), scope tip (B), and needle (C).
Fig. 4. Eccentric radial ultrasound image of an implanted lesion (A) within a cadaver.
Fig.  5. Microscopic image of a diagnostic TBNA specimen demonstrating pigmented 
powder (arrow).
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targeted lesion, radial probe endobronchial ultrasound (UM S20-
17S, Olympus, Tokyo, Japan) was introduced through the working 
channel of the system and was used to survey the lung parenchyma 
and confirm lesion localization. Radial ultrasound images were re-
corded as “concentric” when the ultrasound representation of the 
targeted lesion surrounded the radial EBUS probe and “eccentric” 
when the ultrasound image was biased to one side of the radial 
EBUS probe with no component of the lesion surrounding the 
probe (Fig. 4).

Biopsy
Following lesion localization, transbronchial needle aspira-

tion (TBNA) was performed in all cases using a 24-G TBNA 
needle (Auris Health). Specimens were immediately evaluated 
using light microscopy and were recorded as “diagnostic” when 
pigmented mica powder was observed within aspirated speci-
mens and “non-diagnostic” when pigmented powder was absent 
(Fig. 5). Needles were thoroughly rinsed with saline and purged 
with air between aspirates to limit the possibility of cross-con-
tamination. Following TBNA, transbronchial biopsies were ob-
tained using flexible forceps at the discretion of the bronchosco-
pist.

Statistical Analysis 
Continuous data are presented as the mean (standard devia-

tion, SD) and the median (range). The Fisher exact test was used 
to determine the significance of 2 × 2 contingency tables. Statistical 
analyses were performed using JMP 14 software.

Results

Cadaver and Nodule Characteristics
Four male and 4 female fresh cadavers were prepared 

with a mean height of 170 cm (SD 11.1 cm, range 152–
188). Sixty-seven nodules were evaluated in the 8 pre-
pared cadavers. The mean nodule size, measured as the 
largest axial diameter by CT scan, was 20.4 mm (range 
9.6–28.3), with 45/67 (68%) of the nodules measuring 10–
20 mm in diameter and 21/67 (31%) of the nodules mea-
suring 21–30 mm.

The mean and median distance from the closest edge 
of targeted nodules to the nearest pleural edge was 16.0 
mm (SD 10.6) and 13.8 mm (range 0.0–35.3), respective-
ly; 36/67 (53.7%) of the nodules were visible under fluo-
roscopy. On average, the robotic scope was advanced to 
within 27.6 mm (SD 8.6) of targeted lesions. Fifty-nine of 
67 (88.1%) nodules were visualized using radial probe en-
dobronchial ultrasound, with 48/59 (81.4%) nodules 
demonstrating eccentric ultrasound images and 11/59 
(18.6%) demonstrating concentric ultrasound images. 
Table 1 lists the lobar distribution of all nodules.

Diagnostic Yield
The diagnostic yield of robotic-assisted bronchoscop-

ic TBNA for all nodules was 63/67 (94%). Transbron-
chial forceps biopsy was performed in 11 nodules and 
provided the diagnosis for 2 cases in which TBNA was 
non-diagnostic, producing an overall diagnostic yield of 
65/67 (97%). For nodules measuring 21–30 mm, the di-
agnostic yield was 21/21 (100%); for nodules smaller 
than 20 mm, the diagnostic yield was 44/46 (95.7%; p > 
0.999). For lesions with an eccentric ultrasound view, the 
diagnostic yield was 47/48 (97.9%) compared with 10/11 
(90.9%) in patients with a concentric view (p = 0.341). 
The diagnostic yield for nodules < 10 mm from the pleu-
ra was 18/20 (90%) compared with 47/47 (100%) nodules 
≥10 mm from the nearest pleural surface (p = 0.086; Ta-
ble 2).

Airway Trauma
Cadaveric airways were thoroughly inspected during 

navigation to targeted lesions as well as following biopsies 
during removal of the robotic scope from the distal bron-
chus. No obvious airway trauma was identified during 
study procedures.

Table 1. Lobar distribution of peripheral lesions

Lobe n

RUL 14
RML 5
RLL 14
LUL 13
Lingula 10
LLL 11

Total 67

Table 2. Diagnostic yield characteristics

Characteristic Diagnostic yield, n/N (%) p value

Size
Overall 65/67 (97)
<20 mm 44/46 (95.7)
>21 mm 21/21 (100) >0.999

Ultrasound
Concentric 10/11 (90.9)
Eccentric 47/48 (97.9) 0.341

Distance from pleura
<10 mm 18/20 (90)
>11 mm 47/47 (100) 0.086
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Discussion

An estimated 1.6 million new pulmonary nodules will 
be detected by chest CT scans annually in the USA. While 
most of these findings will be followed with surveillance 
imaging, many will require a tissue diagnosis [10]. The 
diagnostic yield of current bronchoscopic approaches for 
pulmonary nodules 10–30 mm in size continues to chal-
lenge clinicians, and with the broadened adoption of lung 
cancer screening there may be increasing demands placed 
on bronchoscopists to offer diagnostic procedures using 
safe and minimally invasive techniques. Despite increased 
experience using approaches such as electromagnetic 
navigation and radial probe endobronchial ultrasound, 
the diagnostic yield in this patient population may be sub-
optimal. A recent prospective, randomized controlled tri-
al comparing conventional bronchoscopy with fluoro-
scopic guidance to bronchoscopy using a thin scope and 
radial probe endobronchial ultrasound failed to show a 
statistically significant difference between groups in pa-
tients with peripheral pulmonary lesions 1.5–5 cm in size, 
with an overall diagnostic yield of less than 50% [11].

Some potential limitations of guided techniques using 
conventional bronchoscopes may be reach into the lung 
periphery and control and precision at the time of biopsy. 
Another limiting factor may be the anatomical relation-
ships of peripheral lesions and the segmental bronchi that 
are used to access them. Several studies using radial probe 
endobronchial ultrasound and conventional bronchos-
copy have demonstrated diagnostic yields of 80% or 
greater with a concentric ultrasound image which is ob-
tained when the nodule surrounds the bronchus, com-
pared with yields of 30–40% with an eccentric ultrasound 
image that indicates that the nodule is adjacent to the 
bronchus [12]. A review of nearly 300 patients demon-
strated eccentric ultrasound views in nearly half of pa-
tients, suggesting that improved control and dexterity of 
instruments at the time of biopsy may improve the diag-
nostic yield in a significant proportion of patients with 
peripheral lesions [13].

Recently, robotic endoscopic systems have been intro-
duced as platforms to potentially improve diagnostic 
yields for peripheral lesion biopsy. These systems utilize 
uniquely designed catheters and scopes that incorporate 
multiple articulation points which may influence proce-
dural characteristics during bronchoscopy. The outer 
sheath of the robotic platform may provide additional 
structural support that facilitates advancement of the in-
ner scope further into the lung parenchyma, and the abil-
ity to maneuver and control the distal end of the inner 

scope through multiple active articulation points may 
provide the bronchoscopist with the ability to aim biopsy 
instruments with greater precision than with convention-
al approaches. Additionally, these platforms incorporate 
image guidance such as electromagnetic navigation and 
have working channels compatible with radial ultrasound 
probes and conventional biopsy tools. 

Despite these potential advantages, robotic-assisted 
bronchoscopy is in its early phases and relatively little has 
been published regarding how these systems may affect 
procedural outcomes. We have previously reported that 
a robotic endoscopic system comprised of a 6.0-mm out-
er sheath and scope with an outer diameter of 4.4 mm was 
able to reach further into the lung periphery than simi-
larly sized conventional thin bronchoscopes. This current 
study was performed to evaluate the potential clinical im-
plications of added reach, along with control and maneu-
verability for biopsying peripheral nodules 10–30 mm in 
diameter in cadaveric lungs.

In this study, the robotic endoscopic system was suc-
cessful at biopsying peripheral lesions in the cadaveric 
model regardless of size (between 10 and 30 mm), loca-
tion relative to the pleura, or the presence of an eccentric 
or concentric radial ultrasound view. This last metric may 
be of particular clinical significance as the ability to suc-
cessfully biopsy lesions which are adjacent to peripheral 
bronchi is suboptimal at this time using contemporary 
bronchoscopic techniques. The success of peripheral le-
sion biopsy in this study may be due to factors such as 
reach into the lung periphery, as well as scope control at 
the time of biopsy. For lesions that were beyond 20 mm 
of the tip of the robotic system, the ability to articulate 
along multiple points of the scope in concert with navi-
gational alignment may assist with passing biopsy instru-
ments directly into targeted lesions.

Potential limitations to interpreting the applicability 
of these findings should begin with assessment of the 
models themselves. Despite the inclusion of mechanical 
ventilation, fluoroscopy, electromagnetic navigation, ra-
dial ultrasound, and cadavers with intact head, neck, 
shoulders, and torsos to simulate live human procedures, 
cadaver tissue may respond differently than live human 
tissue. The preserved and cooled nature of cadavers may 
not be reflective of dynamic changes associated with 
bronchoscope manipulation and respiratory variation in 
live subjects. While no overt airway trauma was observed 
during the bronchoscopy procedures, the effect of robot-
ic bronchoscopes on live human airway tissue will best be 
defined through ongoing human pilot studies utilizing 
the system. Additionally, targeted lesions in this study 
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were artificially created, and therefore differ from natu-
rally occurring pulmonary nodules in live human sub-
jects. Despite this, all efforts were made to produce pe-
ripheral lesions that closely mimicked pulmonary nod-
ules. Lesion size was carefully controlled by limiting the 
volume of injected material and anecdotal feedback from 
all bronchoscopists was that these lesions very closely 
simulated the appearance of peripheral pulmonary nod-
ules in patients. To minimize potential bias and con-
founding factors, the bronchoscopists were not involved 
in any portion of cadaver preparation, including implan-
tation of the tumor targets.

As a feasibility study of new technology, the specific 
aim was to evaluate the ability of the robotic system to 
locate and biopsy peripheral lesions in human lungs in a 
controlled environment. The inability to reach, localize, 
and biopsy peripheral lesions in a controlled setting using 
the robotic system would likely preclude the ability to fur-
ther investigate the platform in live human subjects. As 
such, the focus of this study was on feasibility of the ro-
botic system alone and the omission of a control arm us-
ing conventional bronchoscopic biopsy was intentional; 
any comparison to current bronchoscopic practices will 
be better determined in prospective comparative trials 
with live human subjects.

In conclusion, the robotic bronchoscopic system used 
in this study was successful at biopsying 97% of periph-
eral pulmonary lesions 10–30 mm in size in human ca-

davers. These results support the idea that this platform 
may potentially improve the diagnostic yield of periph-
eral pulmonary lesions and merits the progression to 
studies in live human subjects to further explore these 
findings.
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