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Background: Bronchoscopic diagnosis of small periph-
eral lung lesions suspected of lung cancer remains a
challenge. A successful endobronchial diagnosis com-
prises navigation, confirmation, and tissue acquisition.
In all steps, 3-dimensional information is essential.
Cone-beam computed tomography (CBCT) imaging

can provide computed tomography information and
3-dimensional augmented fluoroscopy imaging. We
assessed whether CBCT imaging can improve navi-
gation and diagnosis of peripheral lesions by 2 clinical
workflows with a cross-over design: (1) a primary
CBCT and radial endobronchial ultrasound mini probe
imaging–based approach and (2) a primary electro-
magnetic navigation (EMN) and radial endobronchial
ultrasound mini probe imaging–based approach.

Methods: All patients with a peripheral lung lesion
biopsy indication were eligible for study inclusion and
randomly assigned to study arms. Commercially
available equipment was used. The main study goals
were to assess CBCT-confirmed navigation success and
diagnostic accuracy. Surgery or unambiguous clinical
follow-up served as the gold standard.

Results: Eighty-seven patients with 107 lesions were
included. Lesion mean longest axis size in the CBCT
arm was 16.6 mm (n= 47) and 14.2 mm in the EMN
arm (n= 40). The primary CBCT approach and pri-
mary EMN approach had 76.3% and 52.2% navigation
success, respectively. Addition of EMN to the CBCT
approach increased navigation success to 89.9%.
Addition of CBCT imaging to the EMN approach
significantly increased navigation success to 87.5% per
lesion. The overall diagnostic accuracy per patient was
significantly lower than the navigation success, being
72.4%.

Conclusion: CBCT imaging is a valuable addition to
navigation bronchoscopy. Although overall navigation
success was high, the diagnostic accuracy remains to be
improved. Future research should focus on improving the
tissue acquisition methodology.
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Small peripheral pulmonary lesions suspected
of lung cancer remain a diagnostic challenge.

Despite computed tomography (CT) screening

Received for publication January 27, 2020; accepted June 16, 2020.
From the Departments of *Pulmonology; and †Radiology and Nuclear

Medicine, Radboud University Medical Center, Nijmegen, The
Netherlands.

The research was conducted ethically in accordance with the latest
World Medical Association Declaration of Helsinki. The study
protocol was approved by the independent local medical ethical
committee (Arnhem-Nijmegen) and institutional review body before
start of subject inclusion. Informed consent was obtained. The study
is registered and can be found on ClinicalTrials.gov (identifiers
NCT03355586 and NCT03274609).

R.L.J.V. and E.H.F.M.v.d.H. had full access to all the data in the study
and take responsibility for the integrity of the data, collection of
data, and the accuracy of the data analysis, including and especially
any adverse effects. W.H. and J.J.F. contributed substantially to
data collection and the revision of the manuscript.

Supported by unrestricted research grants from Philips, the Radbou-
dumc, the Ankie Hak fund, Astra Zeneca Oncology Netherlands
and in-kind support of Pentax Medical Europe.

The results of this study have been presented as oral presentations at
both the 2019 IASLC world conference in Barcelona and the 2019
ERS congress in Madrid. Interim (preliminary) results have fur-
thermore been presented at the 2019 European Congress for Bron-
chology and Interventional Pulmonology in Dubrovnik.

Disclosure: R.L.J.V. reports grants and nonfinancial support from
Philips, grants from the Radboudumc, personal fees and non-
financial support from Medtronic, and in kind support from Pentax
Medical Europe and Siemens Healthineers, during the conduct of
the study; grants from AstraZeneca Oncology, grants from the
Ankie Hak Fund, outside the submitted work. E.H.F.M.v.d.H.
reports grants from Philips, grants from the Radboudumc, personal
fees and nonfinancial support from Medtronic and Pentax Medical
Europe, during the conduct of the study; grants from AstraZeneca
Oncology, grants from the Ankie Hak Fund, personal fees from
Cook Medical, outside the submitted work. W.H. reports an unre-
stricted study grant from Insmed Inc., outside the submitted work.
J.J.F. reports grants and nonfinancial support from Siemens
Healthineers, during the conduct of the study.

Reprints: Erik H.F.M. van der Heijden, MD, PhD, Department of
Pulmonary Diseases, Radboud University Nijmegen Medical Cen-
tre, PO Box 9101, Nijmegen 6500, The Netherlands (e-mail: erik.
vanderheijden@radboudumc.nl).

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health,
Inc. This is an open-access article distributed under the terms of the
Creative Commons Attribution-Non Commercial-No Derivatives
License 4.0 (CCBY-NC-ND), where it is permissible to download
and share the work provided it is properly cited. The work cannot be
changed in any way or used commercially without permission from
the journal.

DOI: 10.1097/LBR.0000000000000697

ORIGINAL INVESTIGATION

60 | www.bronchology.com J Bronchol Intervent Pulmonol � Volume 28, Number 1, January 2021

mailto:erik.vanderheijden@radboudumc.nl
mailto:erik.vanderheijden@radboudumc.nl
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


programs being implemented and a preference for
minimally invasive diagnostics where possible,1–6

there are no unambiguous guidelines on the use
of technology for an endobronchial approach.
Over the last decade, several endobronchial tech-
niques have become available that are able to
increase the diagnostic yield of the conventional
fluoroscopy-guided transbronchial biopsy approach
(pooled yield 31.3%).7 Techniques such as radial
ultrasound mini-probe imaging (rEBUS), ultrathin
bronchoscopy, virtual navigation bronchoscopy
and electromagnetic navigation bronchoscopy
(EMN) have been successfully implemented in
clinical routine.8 A meta-analysis by Wang et al9

showed that the diagnostic yield of these techniques
ranged from 67% to 73%, and that their overall
pooled diagnostic yield was ∼70%. The prospective
multicenter NAVIGATE trial that evaluated EMN
further substantiated this diagnostic yield in a total
of 1105 patients. By EMN, in combination with
fluoroscopy (91% of cases) and rEBUS imaging
(57% of cases), they achieved a combined overall
diagnostic yield of 73% and 67.3% in lesions
<20mm.10 Although these are promising results
when compared with the conventional transbronchial
biopsy, a diagnostic yield of ∼70% still demands
further improvement.

Navigation bronchoscopy can technically be
divided into 3 steps: navigation, confirmation, and
acquisition.11 A successful diagnosis can only be
obtained if all 3 steps are accurately performed.
The integration of robotics in endoscopy is a new
approach that could enhance accuracy in all 3
steps.12,13 Yet, as lesions become smaller, have no
bronchus sign, or are positioned at tight angula-
tions relative to the airway, precise 3-dimensional
(3D) imaging information likely becomes an
essential need for accurate navigation and (trans-
bronchial) biopsy. Furthermore, 3D information
will also enable minimally invasive transbronchial
treatment.11,14

Cone-beam computed tomography (CBCT)
imaging is a relatively new modality in interven-
tional pulmonology, but, readily available as ceiling-
mounted or floor-mounted C-arm system in the
interventional radiology unit or hybrid operating
room. CBCT imaging allows for CT imaging as well
as fluoroscopy. An initial CBCT scan does not only
provide 3D information, it can be further used to
delineate and overlay the lesion and pathway toward
the lesion on regular fluoroscopy images (Figs. 2, 3).
This overlay, also termed augmented fluoroscopy
(AF), is accurately maintained in 3D during every
movement of the C-arm. Repeated CBCT scans can

provide exact 3D confirmation of lesion and biopsy-
tool positioning. CBCT imaging can thus provide
navigation guidance, confirmation of lesion access,
and biopsy guidance. Several recent studies inves-
tigated CBCT imaging, for its CT and fluoroscopic
capabilities,15 in combination with ultrathin bron-
choscopy and rEBUS,16 EMN,17,18 or transthoracic
needle aspiration,19 reaching diagnostic yields of
70% to 84%.15–19 However, to the best of our
knowledge, no studies have systematically studied
whether CBCT and AF specifically improves navi-
gation and diagnosis in an initial electromagnetic-
and rEBUS-based navigation. Similarly, while mul-
tislice CT-aided navigation bronchoscopy has been
reported,15,20–24 no studies have reported how
CBCT and an AF-based navigation can provide for
a do-it-all guidance modality.

In this study, we prospectively assessed CBCT
and AF image guidance for navigational broncho-
scopy of peripheral pulmonary lesions. Using a
combination of modalities in 2 separate workflows
and utilizing a cross-over design, we investigated (1)
whether CBCT with AF and rEBUS-based navi-
gation bronchoscopy can enable successful navi-
gation and biopsy guidance, and (2) assessed the
added value of CBCT and AF imaging on a pri-
mary electromagnetic- and rEBUS-based navi-
gation. In this study, navigation success was the
primary outcome measure. If accessing the lesion by
primary navigation methodology was unsuccessful
on CBCT imaging, a cross-over between workflows
was applied. The secondary outcome measure was
diagnostic accuracy, relating true positives and true
negatives to the subjects included.

MATERIALS AND METHODS

Patient Inclusion
This prospective single-center study was

approved by the local institutional review body. All
patients with a peripheral pulmonary lesion sus-
pected of lung cancer with an indication for mini-
mally invasive biopsy were eligible for study inclu-
sion. Clinical indication to perform a minimally
invasive biopsy followed local clinical practice and
was defined in our multidisciplinary tumor board in
accordance with international guidelines.25 Patients
were eligible after informed consent was obtained
and when contraindications for endobronchial
procedures were absent. Patients with lesions that
could be diagnosed without the need for any navi-
gation guidance (ie, <5th-generation endobronchial
lesions or mediastinal lymph node involvement on
node involvement-CT) were excluded from this
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study. There was no further preselection for study
inclusion based on patient or lesion characteristics.
Randomization into one of both study arms was
determined by CBCT scanner room availability,
which alternated weekly. The primary CBCT-based
workflow utilized a ceiling-mounted Philips Allura
Clarity FD20 scanner (Philips, Best, The Nether-
lands). The primary EMN-based workflow utilized
Medtronic’s SuperDimension EMN system (version
7.0; Medtronic, Minneapolis, MN) in combination
with the floor-mounted Siemens Artis Zeego CBCT
system (Siemens Healthineers, Forchheim, Ger-
many). See Figure 1 for a CONSORT flow diagram
of subject inclusion.

Materials and Procedural Workflow
Preprocedural CT (≤ 1.0mm resolution) and/

or positron emission tomography-CT imaging was
available in all patients. The preprocedural CT
was used to plan a navigation trajectory on the
EMN planning platform irrespective of the pri-
mary study approach. Procedures were performed
under general anesthesia, preferably via laryngeal
mask (and if deemed impossible, by endotracheal

tube). Standard flexible video bronchoscopes with
a 2.8mm working channel were used for inspec-
tion bronchoscopy and consecutive catheter guid-
ance (EB19-J10; Pentax Medical, Tokyo, Japan).

The primarily CBCT-based navigation started
with an inspection bronchoscopy and a first CBCT
scan (8s roll, Lungsuite; Philips) to identify and
segment the lesion and pathway. The 3D segmen-
tations were automatically overlaid during fluoro-
scopy at any given angle. This AF under multiple
angles in combination with an rEBUS-based (UM-
S20-17S Radial EBUS miniprobe; Olympus,
Tokyo, Japan) confirmation was used for 3D
guidance (Figs. 2, 3). Straight catheters with steer-
able curette (Guide sheath kit; Olympus) or cathe-
ters with preformed curvature (Medtronic Extended
Working Channel, Minneapolis, MN) were used to
navigate. Additional CBCT scans were carried out
if AF confirmed positioning while rEBUS imaging
remained uncertain, or vice versa. After confirming
accurate positioning, tissue sampling was performed
under AF-guidance. If the CBCT and AF-based
approach remained unsuccessful, additional EMN
guidance was added (cross-over).

FIGURE 1. CONSORT flow diagram of study inclusion and exclusion. CBCT indicates cone-beam computed tomography;
EMN, electromagnetic navigation.
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FIGURE 2. Case example of CBCT and augmented fluoroscopy–based navigation. A, Preprocedural PET-CT showing FDG
uptake in 12×11×7mm solid lesion in the lower right lobe, near the diaphragm. B–D, Conformational CBCT after CBCT
and AF-based navigation. E and F, Augmented fluoroscopy under 2 different angles for verification of biopsy positioning.
Lesion delineated in blue. Envisioned endobronchial pathway, as segmented on the workstation intraprocedurally,
augmented as purple dots. Histopathology analysis of biopsy specimens found granulomatous disease, further proven to
be granulomatosis with polyangiitis through clinical follow-up. AF indicates augmented fluoroscopy; CBCT, cone-beam
computed tomography; CT, computed tomography; FDG, Fluorodeoxyglucose (18F); PET, positron emission tomography.

FIGURE 3. Case example of CBCT and augmented fluoroscopy-based transparenchymal navigation. A–C, Preprocedural
CT scan where a ground-glass opacity of 10×9×6mm in the right upper lobe is visible. D and E, Multiangle augmented
fluoroscopy for verifying whether the transparenchymal access tool is positioned correctly. F, Utilizing the transparenchymal access
tool for transparenchymal navigation toward the lesion. G and H, After completing transparenchymal navigation, the distal end of
the catheter resides within the lesion. Histopathologic analysis of biopsy specimens led to a diagnosis of adenocarcinoma in situ.
CBCT indicates cone-beam computed tomography; CT, computed tomography.
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The primary EMN workflow utilized the
preprocedurally segmented CT-based pathway
from the EMN planning platform for navigation
guidance. After inspection bronchoscopy, the
EMN system was calibrated. Navigation was
consecutively performed as per the manu-
facturer’s instruction using catheters with pre-
formed curvature (Medtronic Extended Working
Channel). If positioning was estimated to be
accurate by the EMN system, the sensor was
exchanged for the rEBUS probe. If rEBUS
imaging confirmed lesion access, further con-
firmatory CBCT imaging was performed (6s roll,
Syngo DynaCT; Siemens Healthineers). If no
confirmation was obtained after repeated EMN
and rEBUS-based attempts, CBCT scanning was
performed to assess needed repositioning. Once a
CBCT was performed, CBCT and AF imaging
were used for subsequent biopsy guidance, and, if
necessary, navigation guidance (cross-over).

When endobronchial access was difficult in
either approach, transparenchymal access was
pursued. In all cases, this was carried out with the
help of CBCT and AF. Tools to facilitate trans-
parenchymal access varied, from TBNA needles
and consecutive guide sheaths, to using a dedicated
device (Cross-Country needle, SuperDimension).

After successful navigation, tissue sampling
was performed using commercially available tools
in an identical order: brush when central in lesion,
followed by needle and forceps biopsy for all
others, and then, if possible, and deemed safe,
cryobiopsy. Rapid on-site evaluation (ROSE) of
cytopathology was always available for confirming
lesion access. Histology samples were obtained
regardless of ROSE outcome.

Analysis
All procedural actions, conclusions, consid-

erations, and their timing were noted. Procedural
follow-up outcomes were found through electronic
health records. Navigation outcome was termed
“centered” if CBCT imaging unambiguously
showed center lesion access of tools. Navigations
were termed “in contact with” if CBCT imaging
showed tool contact with the outer boundary of the
lesion, but not a central access of the lesion. Nav-
igations were termed unsuccessful if intra-
procedural CBCT verification showed that the
lesion was not reached. Navigation success was
thus defined as CBCT imaging-confirmed tool
positioning residing centrally within the lesion or in
contact with the lesion (range: central—in contact
with—unsuccessful). The diagnostic accuracy was

defined on a patient level, where the count of true-
positive and true-negative findings (ie, analysis of at
least one nodule corresponding to follow-up out-
come) are related to the total amount of patients
included. In case tissue biopsy showed malignancy,
it was considered a true-positive diagnosis. In case
tissue biopsy was found to be benign or non-
representative (eg, blood, normal lung tissue),
follow-up with CT-guided transthoracic needle
aspiration, surgical biopsy, or unambiguous long-
term monitoring outcome (ie, ≥ 12mo) served as
gold standard to provide false-negative or true-
negative diagnostic procedural outcome.

Statistical analysis was performed using R.26

Our sample size calculation showed that, to prove a
70% diagnostic accuracy with 15% margin of error
and 95% confidence and to be further able to directly
compare approaches by cross-over design, a mini-
mum sample size of 40 in every study arm was
needed. A binomial proportions test using Pearson χ2
test statistics was performed to assess whether a
study approach had a significantly better chance of
success (P<0.05). A Student t test was used to
compare means.

RESULTS
Between December 2017 and January 2019, 87

study subjects were included. Subject inclusion rate
for both study arms unexpectedly varied due to
altering room availability, resulting in a slightly
higher inclusion in the CBCT arm (Table 1, Fig. 1).
A total of 8 study subjects were excluded from
analysis due to the following reasons: visible tumor
during inspection bronchoscopy (n=2); consid-
erably altered lesion dimensions at procedural
imaging (indicative of infectious disease rather than
malignancy, n=3); and lack of sufficient follow-up
(n=3). In the primary CBCT and AF-based
approach, 47 patients and 59 lesions were included.
Combined, these lesions had a mean long-axis dia-
meter of 16.6mm (1.12 cm3 median volume). In the
primary EMN approach, 40 patients and 48 lesions
were included. Their mean lesion long-axis diameter
was 14.2mm (0.80 cm3 median volume). Detailed
patient and lesion characteristics are summarized in
Table 1. A comparison of essential parameters
showed that malignancy prevalence, lesion volume,
and bronchus sign presence did not significantly
differ between study arms.

Navigation Success
Navigation success rate using CBCT with

AF and rEBUS as primary guidance modality
was 76.3%, which is significantly better than that
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of the primary EMN-based and rEBUS-based
approaches, being 52.2% (P= 0.016, Table 2).
The addition of EMN sensor guidance to the
primary CBCT-approach improved navigation
success from 76.3% to 89.9% per lesion (+13.6%,
P= 0.043). Oppositely, addition of CBCT and
AF guidance led to a 35.3% increase in navi-
gation success in the primary EMN-approach,
from 52.2% to 87.5% per lesion (P= 0.0002,

Table 2). Performing a primary CBCT and
AF-based navigation resulted in a significantly
higher fluoroscopy time and number of CBCTs
when compared with a primary EMN approach
(Table 3). A bronchus sign (based on ≤ 1 mm
resolution CT) was found less often in unsuc-
cessful navigations and in navigations only in
contact with the lesion (42% of cases vs. 66.4%
overall, P= 0.006, Table 1).

TABLE 1. Patient and Nodule Characteristics Across Both Study Arms

Study Characteristics Primary CBCT and AF Approach Primary EMN Approach

Patients (male/female) 47 (16/31) 40 (20/20)
Age (minimum-maximum) (y) 65 (41-85) 65 (44-81)
Lesions 59 48
Malignancy prevalence* (lesions/patients) 83%/83% 72.9%/72.5%
Median lesion volume* (cm3) 1.1 (0.1-19.9) 0.8 (0.2-18.8)
Mean long-axis diameter* (mm) 16.6 (5-43) 14.2 (7-48)
Bronchus sign*† (≤ 1 mm CT) (%) 62.7 70.8
Within lesion navigations [n/N (%)] 32/45 (71.1) 28/36 (77.8)
In contact with lesion navigations [n/N (%)] 2/8 (25) 3/6 (50)
Unsuccessful navigations [n/N (%)] 3/6 (50) 3/6 (50)

Lesion Locations Overall Malignant Overall Malignant

LUL/RUL 9/29 7/25 15/15 13/11
Lingula/RML 1/3 1/2 1/2 0/2
LLL/RLL 8/9 6/8 5/10 2/7

*Not significantly different between study arms. Significant of italic values: Malignancy prevalence: P= 0.3583; Median lesion volume: P= 0.5204; Mean
Long-axis diameter: P= 0.2155; Bronchus sign: P= 0.497.

†Bronchus sign, as assessed on preprocedural CT (≤1mm slice thickness) related to navigation outcome (range: within-edge-unsuccessful), as found by CBCT imaging.
AF indicates augmented fluoroscopy; CBCT, cone-beam computed tomography; CT, computed tomography; EMN, electromagnetic navigation; LLL, left

lower lobe; LUL, left upper lobe; RLL, right lower lobe; RML, right middle lobe; RUL, right upper lobe.

TABLE 2. Navigation Outcome and Diagnostic Outcome for Both Study Arms

Primary CBCT and AF Approach (%) Primary EMN Approach (%)

Navigation Outcome (Lesion) Center In Contact Total Center In Contact Total

Primary navigation 66.1 10.2 76.3* 50.1 2.1 52.2*
Combined with EMN/CBCT +10.2 +3.4 +13.6† +25.0 +10.4 +35.4†
Total 76.3 13.6 89.9‡ 75.0 12.5 87.5‡

Total (per patient) 87.2 8.5 95.7‡ 75.0 15.0 90.0‡

Diagnostic Accuracy (Patient) Overall [n (%)] Overall [n (%)]

Primary navigation 29 (61.7) 20 (50)
Combined with EMN/CBCT 4 (+8.5) 10 (+25)
Overall 33 (70.2§) 30 (75§)

The navigation outcome corresponds to the navigation success of the primary workflow on a per lesion basis. Navigation success was determined by tools proving center
lesion access (center) or tools being in contact with but not centered within the lesion (in contact). The “combined with EMN/CBCT” row showcases outcome when all
guidance modalities (CBCT+AF+EMN+rEBUS) were used in combination. The diagnostic accuracy is on a per patient basis.

*Significant navigation success difference between arms (P= 0.016).
†Significant increases in navigation success by addition of EMN-guidance to primary CBCT-based guidance and by addition of CBCT to primary EMN-

based guidance (P= 0.043 and 0.0002, respectively).
‡Nonsignificant differences in final navigation success between study arms. Significant italics values P= 0.4974 and P= 0.5291 for a per nodule and per

patient comparison, respectively.
§Diagnostic accuracy significantly lower than navigation success (P= 0.0007, but nonsignificant differences between study arms).
AF indicates augmented fluoroscopy; CBCT, cone-beam computed tomography; CT, computed tomography; EMN, electromagnetic navigation; rEBUS,

radial endobronchial ultrasound mini probe imaging.

J Bronchol Intervent Pulmonol � Volume 28, Number 1, January 2021 Cone-Beam CT-controlled Navigation Bronchoscopy

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. www.bronchology.com | 65



Diagnostic Accuracy
Whereas combining all navigation modalities

(rEBUS, EMN, CBCT) resulted in an overall
navigation success in 93% of patients, the overall
diagnostic accuracy in the combination of both
study arms was significantly lower (72.4%,
P= 0.0007). The diagnostic accuracy with the
combined use of technologies was 70.2% for the
primary CBCT-arm and 75% for the primary
EMN-arm (P= 0.797, nonsignificant difference).
For this, a mean of ∼10 biopsies were taken using
3.4 different biopsy tools across both study arms.
Using this combination of biopsy tools with
intermittent image verification took ∼ 24 minutes
in both study arms (Table 3).

Navigation Time
Average navigation time across study arms

was 27.4 minutes (Table 3). Navigation time in the
EMN arm was considerably higher than in the
CBCT arm, largely due to the calibration time of
the EMN system (5.7min). In both arms, a CBCT
was carried out for verification in all but 3 primary
EMN cases, wherein rEBUS combined with fluo-
roscopy gave unambiguous confirmation, and the
operator decided to perform first sampling pre-
ceding to CBCT verification, which then showed
malignancy in ROSE. The time to obtain a CBCT
was different in both study arms, using the 2 dif-
ferent systems. It took an average of 7.9 minutes
on the floor-mounted system (EMN-arm) and
4.3 minutes for the ceiling-mounted system
(CBCT-arm, P< 0.0001, Table 3). Segmenting the
lesion and pathway for augmentation on the work
station after having obtained a CBCT was often
carried out in parallel with other procedural tasks.
This took an average of 6.4 minutes on the
floor-mounted system and 5.3 minutes on the

ceiling-mounted system (time from having
obtained CBCT to first use of AF by the physician,
nonsignificant differences).

Added Navigation Guidance
Reasons to add EMN-guidance in the

CBCT-arm were a need for guidance combined
with catheter steerability (n= 7 patients) and
1 case wherein the pathway on preprocedural
planning could not be found during intra-
operative CBCT imaging. Causes for adding
CBCT and AF-imaging to the EMN arm were
cases wherein the planned pathway was shown to
be incorrect intraprocedurally (n= 2), wherein
EMN had difficulty distinguishing multiple par-
allel bronchi (n= 1), EMN and rEBUS suggested
having reached the location while CBCT imaging
showed inaccurate positioning (n= 5), EMN
guidance was shown to be inaccurate due to tis-
sue displacement (because of lower segment
breathing motion or due to scope-induced tissue
manipulation, n= 4), or there was need for a
transparenchymal approach (n= 6).

Transparenchymal Navigation
In both study arms combined, a trans-

parenchymal approach was performed in 18 lesions.
CBCT Image guidance was used in all these cases
(Fig. 3). In the EMN arm, transparenchymal nav-
igation was successful in 5 of 8 lesions, with 4
leading to an accurate diagnosis. In the CBCT arm,
it was successful in 8 of 10 cases, resulting in an
accurate diagnosis in 7 cases.

Complications
Observed complications across both study

arms were as follows; pneumothorax (n= 3),
COPD exacerbation following the procedure
(n= 1), moderate bleeding intraprocedurally

TABLE 3. Procedural Tool Use and Timing

Procedural Characteristics Primary CBCT and AF Approach Primary EMN Approach P

Navigation time (min) 26.9 (2-69) 35 (4-74) 0.039
EMN system calibration time (min) — 5.7 (3-11) —
Biopsy time (min) 22.4 (9-55) 25.5 (2-50) NS
No. biopsy tools 3.1 (1-7) 3.7 (1-7) 0.042
No. tissue samples 10.0 (1-23) 9.1 (1-18) NS
CBCTs made 2.2 (1-5) 1.5 (0-3) 0.0014
CBCT preparation time (min) 4.3 (2-10) 7.9 (3-11) < 0.0001
CBCT segmentation time (min) 5.3 (2-10) 6.4 (2-14) NS
Fluoroscopy time (min) 9.9 (1-22) 7.3 (2-23) 0.021

Average times and counts, as derived from procedural report forms. Minimum to maximum range in between brackets. Navigation time definition: from start
of navigation modality until decision to start biopsy. Primary EMN navigation also includes the calibration process in timing. Biopsy time definition: From stop
of navigation until the last biopsy was taken. Biopsy tools and samples are calculated from lesions wherein at least 1 biopsy was taken. CBCTs and fluoroscopy
time derived from total amount of procedures.

AF indicates augmented fluoroscopy; CBCT, cone-beam computed tomography; EMN, electromagnetic navigation; NS, nonsignificant.
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following cryobiopsy (n= 1), and minor fever
(< 4 h, n= 1). All study subjects—except 1 having
pneumothorax requiring chest tube and 1 case of
COPD exacerbation—were able to return home
the same day.

DISCUSSION
We show that CBCT and AF-based 3D

image guidance can be used successfully as a
primary tool for navigation bronchoscopy. The
addition of CBCT and AF imaging to a work-
flow wherein EMN and rEBUS are already being
used furthermore significantly improved navi-
gation success. By combining all available guid-
ance modalities, almost 90% of small lesions in
these patients were reached. As a single guidance
modality, CBCT AF guidance had a significantly
higher navigation success than EMN-guidance,
but, required higher radiation dosage. However,
the overall diagnostic accuracy remains consid-
erably lower than the navigation success in both
study arms. Improving the tissue acquisition
methodology may be crucial to enhancing navi-
gation bronchoscopy success.

The discrepancy between navigation success
and diagnostic accuracy, as found in this study, is
significant. We believe that the rigidity of the tools
used for sampling, breathing motion, and move-
ment due to manipulation of the endoscope and
catheter are likely to cause small displacements and
thus reduce diagnostic accuracy. In our centimeter-
sized lesions, the used EMN system was often
found inaccurate. Chen et al27 reported an average
of 17.6mm lesion movement from inspiration to
expiration, which is larger than our average lesion
long-axis diameter. To our opinion, the lack of
intuitiveness in combining multiple modalities and
tools may be additional important factors in the
diagnostic accuracy. In that regard, EMN guid-
ance is a useful tool, building on pre-existing
endoscopic imaging experience, although CBCT-
based navigation is likely more susceptible to a
learning curve. We furthermore cannot assess
whether other commercially available EMN sys-
tems would have resulted in different findings.
Similarly, we do not know whether other techno-
logy such as robotic bronchoscopes or far smaller
bronchoscopes with an outer diameter of <3mm
would have improved both navigation and diag-
nostic outcome. That being observed, we
hypothesize that the combined use of technology
needs to become further integrated, adaptive, and
intuitive.

Although the discrepancy in navigation suc-
cess to diagnostic accuracy might be caused by
tool use,28,29 we did not design the study to
compare differences in tool outcome. In this
study, we however did aim at performing sys-
tematic specimen acquisition by using tools in an
identical order (brush when central in lesion,
followed by needle and forceps biopsy for all
others, and then, if possible and deemed safe,
cryobiopsy). In all cases, we had both CBCT-
imaging and ROSE available for confirmation of
biopsy accuracy. Although CBCT had proven
lesion access, we found that ROSE often did not
provide unambiguous outcome. Despite this
observation, our final analysis would prove
diagnostic in the majority of cases. A similar
experience has been reported by others.28 Inter-
estingly, Pritchett and colleagues17 describe fully
relying on ROSE while performing repeated
attempts and report an impressive diagnostic
yield of 83.7% in 93 lesions with 16.0 mm median
size.

We corroborate previous findings that both
lesion size and bronchus sign presence are stringent
indicators of navigation success.9,30 Yet, the pres-
ence of a bronchus sign remains subject to debate,
as it correlates to CT imaging quality and observer
interpretation. A bronchus sign that can only be
identified by repeatedly following branching of the
bronchial tree on high-resolution CT with 0.5mm
slice thickness is likely invisible on a coarser 3mm
slice thickness reconstruction.

Utilizing CBCT and AF provides for the
option to meticulously reposition and verify
access. This is not only essential for gaining
accurate transparenchymal access but also
when performing and monitoring endoscopic
treatments.18,31,32 A transparenchymal approach
in 18 cases had 72% navigation success leading to
an accurate diagnosis in 61% of cases in our study.
During the conduct of the study, we were limited
to only 2 differently curved catheters. We feel that
the lack of availability of catheters with higher
curvature or active steerability prevented lesion
access in several cases, as was also postulated by
others.13,17

This study assigned patients to a clinical
workflow based on procedure room availability.
Because of unanticipated variations in room
availability, the group size ended up not being
equal. As the essential parameters affecting navi-
gation outcome (ie, lesion volume and bronchus
sign presence) were found insignificantly different,
we feel this did not influence our conclusion.
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Furthermore, in every primary EMN case, rEBUS
was extensively attempted. Only when proven
inaccurate with CBCT, additional CBCT image
guidance was used. Having CBCT imaging and
AF available could have affected our decision
making. In addition, once a confirmation CBCT
was made in either study arm, AF was routinely
used. It is likely that the addition of AF enhanced
EMN diagnostic accuracy and procedure time, as
it provided additional biopsy guidance.

CONCLUSIONS
CBCT and AF imaging are highly valuable as

a stand-alone means of guiding endobronchial
navigation toward peripheral pulmonary lesions.
Furthermore, CBCT imaging can significantly
enhance navigation success in a workflow where
EMN and rEBUS are already being used. Although
navigation success using all guidance modalities is
high, the diagnostic accuracy was significantly
lower. Improving the tissue acquisition method-
ology may be crucial to further enhance navigation
bronchoscopy diagnostic accuracy in the future.
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