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Abstract
Introduction This study aims to answer the question of whether adding mobile cone-beam computed
tomography (mCBCT) imaging to shape-sensing robotic-assisted bronchoscopy (ssRAB) translates into a
quantifiable improvement in the tool–lesion relationship.
Methods Data from 102 peripheral lung lesions with ⩾2 sequential mCBCT orbital spins and from
436 lesions with 0–1 spins were prospectively captured and retrospectively analysed. The primary outcome
was the tool–lesion relationship status across the first and the last mCBCT spins. Secondary outcomes
included 1) the change in distance between the tip of the sampling tool and the centre of the lesion
between the first and the last spins and 2) the per-lesion diagnostic yield.
Results Compared to lesions requiring 0–1 spins, lesions requiring ⩾2 spins were smaller and had
unfavourable bronchus sign and intra-operative sonographic view. On the first spin, 54 lesions (53%) were
designated as non-tool-in-lesion (non-TIL) while 48 lesions (47%) were designated as TIL. Of the 54
initially non-TIL cases, 49 (90%) were converted to TIL status by the last spin. Overall, on the last spin,
96 out of 102 lesions (94%) were defined as TIL and six out of 102 lesions (6%) were defined as non-TIL
(p<0.0001). The mean distance between the tool and the centre of the lesion decreased from 10.4 to
6.6 mm between the first and last spins (p<0.0001). The overall diagnostic yield was 77%.
Conclusion Targeting traditionally challenging lung lesions, intra-operative volumetric imaging allowed
for the conversion of 90% of non-TIL status to TIL. Guidance with mCBCT resulted in a significant
decrease in the distance between the tip of the needle to lesion centre.

Introduction
Rates of detection and sampling of pulmonary lesions has increased significantly over the past two
decades, primarily owing to widespread use of computed tomography (CT) and implementation of lung
cancer screening guidelines [1]. Within the context of lung cancer, American College of Chest Physicians
guidelines recommend bronchoscopy for tissue acquisition because it allows for concomitant mediastinal
lymph node staging [2]; however, the diagnostic yield of legacy guided bronchoscopy platforms has been
relatively low at a range of 65–73% [3–6]. While the safety profile of guided bronchoscopy in terms of
pneumothorax and bleeding is superb, its diagnostic yield rate remains inferior compared to the alternative
approach of transthoracic image-guided sampling [6–10].

Copyright ©The authors 2024

This version is distributed under
the terms of the Creative
Commons Attribution Non-
Commercial Licence 4.0. For
commercial reproduction rights
and permissions contact
permissions@ersnet.org

Received: 11 Dec 2023
Accepted: 16 Feb 2024

https://doi.org/10.1183/23120541.00993-2023 ERJ Open Res 2024; 10: 00993-2023

ERJ OPEN RESEARCH
ORIGINAL RESEARCH ARTICLE

B.C. HUSTA ET AL.

https://orcid.org/0000-0001-9462-7477
https://orcid.org/0000-0002-1699-2046
https://orcid.org/0000-0003-3814-5144
https://orcid.org/0000-0003-0523-4028
https://orcid.org/0000-0001-9856-627X
mailto:hustab@mskcc.org
https://crossmark.crossref.org/dialog/?doi=10.1183/23120541.00993-2023&domain=pdf&date_stamp=
https://bit.ly/42RZp8B
https://bit.ly/42RZp8B
https://doi.org/10.1183/23120541.00993-2023
mailto:permissions@ersnet.org


Robotic-assisted bronchoscopy (RAB) was developed to overcome legacy platform shortcomings, while
maintaining an excellent safety profile. Early reports of diagnostic yield rates for RAB were within the
range of 69–86% [11–15]. The remaining gap in diagnostic yield between RAB and percutaneous
sampling is primarily attributed to CT-to-body divergence [16]. To overcome CT-to-body divergence,
feedback provided by intra-operative volumetric imaging allows for the performance of real-time
micro-adjustments to improve the tool–lesion relationship. Cone-beam CT (CBCT) imaging was recently
integrated into RAB to allow precise intra-operative visualisation of the tool–lesion relationship [17, 18].
Mobile CBCT (mCBCT) integrates intra-operative volumetric imaging with mobility, but without the
augmented fluoroscopy module provided by fixed CBCT systems [17, 19, 20].

The combination of RAB and mCBCT can enhance the confidence in tissue acquisition through
visualisation of tool-in-lesion (TIL), but the value of mCBCT in improving the tool–lesion relationship
during RAB has yet to be extensively determined [19]. In this study, we aimed to quantify the incremental
contribution of mCBCT imaging to improving the tool–lesion relationship and achieving TIL status when
used in conjunction with shape-sensing RAB (ssRAB). Our a priori hypothesis was that in procedures
where multiple mCBCT scans (i.e. “spins”) were performed to guide catheter adjustment, the tool–lesion
relationship would improve between the first and last spins. Additionally, we examined the relationship
between TIL status and diagnostic yield.

Study design and methods
Participant, lesion and procedure data
Data were acquired from a prospectively curated research electronic data capture (REDCap) database [21]
of all ssRAB cases performed at Memorial Sloan Kettering Cancer Center (MSK). All patients who
underwent mCBCT-guided ssRAB for the sampling of lung lesions between August 2020 and February
2022 were eligible for this study. This Health Insurance Portability and Accountability Act-compliant
study was approved by the MSK institutional review board (protocol identifier: 20–102).

The pre-operative CT was reviewed by two of the study authors (BCH and OK-D). Lesion size was
determined as the largest dimension in axial, sagittal and coronal projections. Centrality within the lung
parenchyma was determined by dividing the lung into an inner two thirds and an outer one third [22].
A positive bronchus sign was defined by the presence of an airway leading to the lesion or coursing
through it as an air bronchogram [23]. ssRAB (Ion Robotic-Assisted Endoluminal Platform; Intuitive
Surgical Inc., Sunnyvale, CA, USA) was performed by one of nine users as described previously [14].
Briefly, all procedures were performed under general anaesthesia and mechanical ventilation with
10 mL·kg−1 tidal volumes, positive end-expiratory pressure of 10 cmH2O and fraction of inspired oxygen
of 30–40%, as tolerated by the patient [24, 25]. Following navigation to the target lesion, radial probe
endobronchial ultrasound (rpEBUS) (UM-S20-17S or UM-S20-20R-3; Olympus Corp., Tokyo, Japan) was
deployed at the operator’s discretion. The sonographic image was classified as concentric, eccentric or no
view, with the best view acquired prior to sampling recorded [26]. Sampling was performed using a
cytology needle (Flexision; Intuitive Surgical Inc.) in all cases. Needle gauge as well as use of any
additional sampling tools were left to the discretion of the operator. Intra-operative fluoroscopic imaging
was accomplished with the Cios Spin Mobile 3D C-Arm (Siemens Healthineers Inc., Erlangen, Germany).
Pulsed two-dimensional (2D) fluoroscopy was used in all cases. mCBCT orbital scans (i.e. spins) were
performed at the discretion of the operator and under a breath hold using a “standard” imaging protocol
and “soft tissue” algorithm, as defined by the manufacturer. Axial, sagittal and coronal projection images
were reformatted and reviewed intra-operatively [27]. At the discretion of the operator, the robotic catheter
was then re-directed to augment tool–lesion approximation. This process was repeated, and additional spins
were acquired as needed to achieve optimal TIL status. Of note, this study was performed prior to the
formal integration of the Ion Cios Spin systems that allow for intra-operative target updating. Sampling
was undertaken once the most satisfactory position was achieved. Rapid on-site evaluation of cytology
material was employed in all cases.

Tool–lesion relationship and distance measurements
The tool–lesion relationship was determined for cases in which mCBCT spin images were acquired. The
study cohort was dichotomised based on the number of mCBCT spins performed during the procedure.
Cases that included two or more spins per target were grouped into the Primary Outcome cohort, while
cases that included none or a single spin were grouped into the Comparison cohort. As illustrated in
figure 1, the tool–lesion relationship was defined by analysis of the intra-operative mCBCT images, using
Mimics Innovation Suite 25.0 and Materialise 3-matic Medical version 17.0 (both Materialise, Leuven,
Belgium). As a proof of concept, this method for quantitating (i.e. TIL versus non-TIL) and quantifying
(i.e. distance measurement) of the tool–lesion relationship was verified using the ATOM Radiology
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FIGURE 1 Phantom model-based proof of concept (a–j) and illustrative patient case (k–r) for lesion and needle
segmentation, definition of lesion volumetric centre and tip of the needle-to-lesion volumetric centre distance
measurement. Volumetric imaging was obtained using the Cios Spin Mobile 3D C-Arm (Siemens Healthiness
Inc., Erlangen, Germany) using a “standard” imaging protocol and “soft tissue” algorithm as defined by the
manufacturer. A non-tool-in-lesion (non-TIL) and a tool-in-lesion (TIL) condition were simulated using the ATOM
Radiology Phantom Adult Male Model #701 and a 21G transbronchial needle (Wang 21G Transbronchial
Cytology Needle, ConMed, Utica, NY, USA). Images in the axial, coronal and sagittal planes were then
reformatted into DICOM files. The unprocessed computed tomography images in DICOM format were loaded
into Mimics Innovation Suite 25.0 (Materialise, Leuven, Belgium). A mask was then generated based on radio
density thresholding, which was adjusted to ensure the most complete segmentation of both catheter and
needle. A region grow was performed to remove any voxels included in the model that were not part of the
catheter and needle. The mask was then edited in each plane to correct for artefacts and mistakes in the
thresholding. A second mask was generated with the boundaries confined to the area of the target lesion and
the threshold adjusted to ensure complete segmentation. A region grow was then performed to eliminate
voxels that fell within the threshold but were not connected to the mass. Again, the mask was edited in each
plane to correct for any unintentionally included or excluded voxels in the model. Each of the masks was then
converted to triangulated surface mesh files, which were exported to Materialise 3-matic Medical version 17.0
(Materialise) for finite element analysis. For each target lesion, a centroid point was generated to approximate
the volumetric centre for the lesion mesh. A measurement in millimetres was taken from the distal-most point
on the needle to the centroid of the mass. a–j) Simulation. a–c, f–h) Unprocessed DICOM images in the axial
(a, f ), coronal (b, g) and sagittal (c, h) planes, illustrating the needle-to-lesion relationship in a non-TIL (a–c)
and TIL (f–h) status. d, i) Three-dimensional reconstruction of axial, coronal and sagittal images, illustrating the
needle-to-lesion relationship in a non-TIL (d) and a TIL (i) status. e, j) Mask image after segmentation of the
needle (blue) and the lesion (orange), determination of the lesion’s volumetric centre (blue dot), and distance
measurement between the tip of the needle and the volumetric centre. Images illustrate the tip of the
needle-to-volumetric centre distance measurement in a non-TIL (e) and a TIL ( j) status. k–r) Patient case.
k–m) Initial mobile cone-beam CT spin images in the axial (k), coronal (l) and sagittal (m) projections along
with segmentation of the needle (blue) and target lesion (orange). The tool–lesion relationship was classified
as non-TIL. n) After identification of the lesion’s volumetric centre (blue dot), the distance between the tip of
the needle and the volumetric centre was determined as 7.81 mm. o–q) Final mobile cone-beam CT spin
images in the axial (o), coronal (p) and sagittal (q) projections along with segmentation of the needle (blue)
and target lesion (orange) after adjustments to the robotic catheter. The tool–lesion relationship was classified
as TIL. r) The distance between the tip of the needle and the volumetric centre was determined as 4.87 mm.
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Phantom Adult Male Model #701. In brief, a three-dimensional (3D) model was generated to 1) segment
the needle and the target lesion, 2) identify the lesion’s volumetric centre, 3) identify the tip of the needle,
4) define the tool–lesion relationship and 5) measure the distance between the tip of the needle and the
target lesion’s volumetric centre. In cases in which two or more spins were performed, this process was
repeated for the initial and final mCBCT spin images across all lesions included in this study. The
volumetric images were independently reviewed by two of the study authors (BCH and OK-D) and the
tool–lesion relationship on the first and last spin images was classified as either TIL or non-TIL. TIL was
considered achieved if the tip of the sampling tool was completely surrounded by the lesion in multiple
projections. For cases of multiple spins, the sampling outcome was then stratified based on the first to last
spin tool–lesion relationship as TIL–TIL, non-TIL–TIL, TIL–non-TIL and non-TIL–non-TIL
(supplementary figures S1–S4). The distance between the tip of the needle the lesion’s volumetric centre
as well as TIL status were then measured on the first and final spin for each given target (figure 1).

Outcome measures
The primary outcome measure of this study was the tool–lesion relationship status between the initial and
final mCBCT spins. Secondary outcomes included 1) the difference in distance between the tip of the
needle and the volumetric centre of the lesion between the first and last spins as well as 2) the per-lesion
diagnostic yield. Diagnostic yield was determined as described previously [14]. Lesions were classified as
malignant, non-malignant or insufficient, based on the cytology and pathology analysis. All malignant
lesions were considered diagnostic, unless proven to be false positive on subsequent surgical resection. All
insufficient samplings and samplings showing only undifferentiated atypical cells were designated
non-diagnostic. Non-malignant lesions were considered diagnostic if 1) the diagnosis was confirmed via an
alternative sampling modality, such as percutaneous biopsy or surgical resection; or 2) follow-up imaging
demonstrated either regression of the lesion or stability over ⩾12 months. This definition of diagnostic
sampling is aligned with “method 3” as described by VACHANI et al. [28] or the “intermediate” definition
as described by LEONARD et al. [29].

Statistical analysis
Descriptive statistics are presented as n (%) for categorical variables, and as median (interquartile range
(IQR)) for continuous variables. To compare patient, lesion and procedural characteristics between the
Primary Outcome cohort and the Comparison cohort as well as between diagnostic and non-diagnostic
lesions, the t-test or Mann–Whitney–Wilcoxon U test was performed for continuous variables, and the
Chi-square or Fisher’s exact test for categorical variables. The tool–lesion relationship status between the
initial spin to the final spin was compared using the exact McNemar’s test. Wilcoxon signed-rank test was
used to compare the median difference between the initial and final distance between the tip of the needle
and the centre of the lesion. For the Primary Outcome cohort, a logistic regression model was used to
evaluate associations of radiographic and procedural characteristics with the diagnostic yield. Variables
were selected based on prior studies showing their relevance in predicting diagnostic yield [8, 9, 11, 13,
14, 17]. All statistical tests were two-tailed, and a p-value of <0.05 was considered statistically significant.
SAS software (version 9.4; SAS Institute Inc., Cary, NC, USA) was used for all analyses.

Results
Study participants, lesions and procedures
The study case workflow chart is illustrated in supplementary figure S5. During the study period, a total of
612 lesions were targeted by 535 mCBCT-guided ssRAB procedures. In 381 of these procedures,
encompassing 436 targeted lesions, none or one mCBCT spin were performed; this comprised the
Comparison cohort. Two cases were subsequently excluded from the Comparison cohort as they included
fiducial deployment only without target sampling. A total of 154 cases included ⩾2 spins per target. Of
these, we excluded 58 procedures owing to incomplete mCBCT imaging data. Ultimately, the Primary
Outcome cohort included 96 procedures, performed on 95 patients (one patient underwent two procedures)
and encompassing 102 lesions.

Demographic, anthropometric and clinical characteristics of the two study cohorts are presented in table 1.
The mean age was 68±12 years and 58% were female. The Primary Outcome and Comparison cohorts
were similar in terms of patient characteristics. Target lesion radiographic and intra-operative characteristics
are presented in table 2. Compared with the Comparison cohort (0–1 spins), target lesions in the Primary
Outcome cohort (⩾2 spins) were smaller in median diameter (15.8 versus 22.6 mm; p<0.001), had a lower
prevalence of positive bronchus sign (29% versus 60%; p<0.001), a lower prevalence of concentric
rpEBUS view (20% versus 45%) and a higher prevalence of “no view” on rpEBUS (39% versus 15%).
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Tool–lesion relationship
Across the two study cohorts, the rate of TIL documentation was similar (table 2). In the Primary Outcome
cohort (⩾2 spins), a mean of 3±1.2 spins were performed per lesion. As illustrated in figure 2, of the total
of 102 lesions, 54 (53%) were designated as non-TIL and 48 lesions (47%) were designated as TIL on the
first spin. Of the 54 initially non-TIL lesions, in 49 lesions (90.7%) a TIL status was documented on the
final spin (i.e. non-TIL–TIL) while five (9.3%) remained as non-TIL (i.e. non-TIL–non-TIL). Of the
48 lesions that were initially designated TIL, 47 (97.9%) remained so by the last spin (i.e. TIL–TIL) and
one (2.1%) converted to a non-TIL status (i.e. TIL–non-TIL). Overall, based on the last spin, 96 out of
102 lesions (94%) were defined TIL and six out of 102 lesions (6%) were defined as non-TIL.
Comparison of the first and the last spin tool–lesion relationship status revealed a statistically significant
increase in the rate of TIL status on the final spin (p<0.0001; supplementary table S1). Lesion
characteristics stratified by tool–lesion relationship are shown in table 3.

As illustrated in figure 3a, the mean distance from the tip of the needle to the volumetric centre of the
target lesion decreased from 10.4±5.1 mm on the first spin to 6.6±3.7 mm on the final spin (p<0.00001),
reflecting a mean decrease in distance of 3.7±4.1 mm. A decrease in the distance of 2.2±3.2 mm and 4.9±4.6
was also observed within the subgroups of TIL–TIL and non-TIL–TIL lesions, respectively (figure 3b
and supplementary figure S6).

Diagnostic yield
As shown in table 2, the overall diagnostic yield across the full study cohort was 77%. Diagnostic yield
was similar between the Primary Outcome and Comparison cohorts with rates of 72% and 78%,
respectively (p=0.17). There was no difference between the two cohorts in terms of malignant versus
non-malignant diagnostic samplings (p=0.23). A depiction of the breakdown of the pulmonary lesion
aetiologies across the Primary Outcome cohort is illustrated in supplementary figure S7. The diagnostic
yield rates for the Comparison cohort stratified by TIL status are provided in the supplementary appendix.
Diagnostic yield rates for the Primary Outcome cohort stratified by first to last spin tool–lesion
relationships are shown in figure 2. While the diagnostic yield rates for TIL–TIL and non-TIL–TIL lesions
were 72% and 76%, respectively, the yield for non-TIL–non-TIL lesions was 40%. Diagnostic yield rates

TABLE 1 Patient characteristics

Variable Collective study
cohorts

Individual study cohorts

Primary Outcome
cohort

(⩾2 spins)

Comparison
cohort

(0–1 spins)

p-value

Patients (n) 474 95 379
Age (years) 68±12 68±11 68±12 0.9
Female sex 274 (58) 54 (57) 220 (58) 0.8
Smoking status 0.9
Never-smoker 143 (30) 30 (32) 113 (30)
Ever-smoker 331 (70) 65 (68) 266 (70)
Current 52 (16) 10 (15) 42 (16)
Former 279 (84) 55 (85) 224 (84)

Comorbidities
Hypertension 229 (48) 47 (49) 182 (48) 0.8
Obstructive lung disease 130 (27) 20 (21) 110 (29) 0.1
Coronary artery disease 67 (14) 16 (17) 51 (14) 0.4
Diabetes mellitus 52 (14) 14 (15) 66 (14) 0.8
Obstructive sleep apnoea 32 (8) 9 (9) 41 (8) 0.8
Chronic kidney disease 10 (2) 4 (4) 6 (3) 0.06
Heart failure 9 (2) 2 (2) 7 (2) 0.3
Interstitial lung disease 3 (1) 1 (1) 2 (1) 0.4
Cerebrovascular accident 13 (3) 1 (1) 12 (3) 0.2

Prior history of cancer
None 95 (20) 18 (19) 77 (20) 0.8
Primary thoracic 98 (20) 19 (20) 79 (21) 0.7
Primary extra-thoracic 281 (59) 58 (61) 223 (59) 0.6

Data are presented as mean±SD or n (%), unless otherwise indicated.
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stratified by lesion size are illustrated in supplementary figure S8. Supplementary table S2 illustrates the
radiographic characteristics across diagnostic and non-diagnostic samplings. Results of the logistic
regression model evaluating associations of radiographic and procedural characteristics with the diagnostic
yield across the Primary Outcome cohort are presented in table 4. Compared to non-TIL status on the last
spin, TIL status on the last spin was associated with a 5.68-fold increase in the odds ratio for a diagnostic
sampling (95% CI 0.98–32.93, p=0.053).

Safety
Across 475 procedures included in both study cohorts there was once instance of procedure-related
significant bleeding (0.2%) and one instance of pneumothorax (0.2%), requiring placement of a chest tube.
Both complications occurred in the Comparison cohort. There were no instances of early procedure
termination or death recorded.

Discussion
RAB has empowered clinicians to safely access pulmonary lesions with greater confidence and accuracy,
leading to increased interest in further development of this technology [11, 14, 15, 17, 20, 30]. In this
study, we explore, quantify and quantitate the incremental value of integrating mCBCT with ssRAB for the
achievement of TIL status. We are the first to demonstrate that the incorporation of mCBCT into ssRAB
allowed for the conversion of 90.7% of initially non-TIL sampling attempts into TIL by guiding the

TABLE 2 Lesion characteristics

Variable Collective study
cohorts

Individual study cohorts

Primary
Outcome cohort

(⩾2 spins)

Comparison
cohort

(0–1 spins)

p-value

Lesions (n) 538 102 436
Size (mm) 21.0 (14.7–32.1) 15.8 (11.0–21.0) 22.6 (1.55–3.49) <0.001
Radiographic consistency 0.5
Solid 356 (66) 65 (64) 291 (67)
Ground glass 43 (8) 9 (9) 34 (8)
Mixed 86 (16) 17 (17) 69 (16)
Other 53 (10) 11 (10) 42 (10)

Lobar location 0.5
Upper lobe 309 (57) 61 (60) 248 (57)
Non-upper lobe 229 (43) 41 (40) 188 (43)

Centrality 0.5
Inner 2/3 309 (57) 51 (50) 248 (57)
Outer 1/3 229 (43) 51 (50) 188 (43)

Radial EBUS
Utilised 403 (75) 90 (88) 313 (72) <0.001
Concentric 158 (40) 18 (20) 140 (45)
Eccentric 161 (40) 37 (41) 124 (40)
No view 84 (20) 35 (39) 49 (15)

Not utilised 135 (25) 12 (12) 123 (28)
Positive bronchus sign 294 (55) 30 (29) 264 (60) <0.001
Number of traversed airway generations 7 (6–8) 7 (6–8) 7 (6–8) 1.0
Number of spins performed 1 (0–1) 3 (2–3) 1 (0–1) <0.001
TIL documented 333 (92) 96 (95) 237 (91) 0.1
Diagnostic sampling 413 (77) 73 (72) 340 (78) 0.2
Malignant 279 (67) 45 (62) 234 (69)
Non-malignant 134 (33) 28 (38) 106 (31)

Complications# n/a
Pneumothorax 1 (0.2) 0 (0.0) 1 (0.2)
Pneumothorax requiring drainage 1 (0.2) 0 (0.0) 1 (0.2)
Significant bleeding 1 (0.2) 0 (0.0) 1 (0.2)

Data are presented as median (interquartile range) or n (%), unless otherwise indicated. EBUS: endobronchial
ultrasound; TIL: tool-in-lesion. #: per-procedure analysis on a total of 486 procedures, 96 of which were included
in the Primary Outcome cohort and 379 of which were performed on the Comparison cohort.
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refinement of the tool–lesion relationship. This is the first study to demonstrate that mCBCT-guided
catheter adjustments result in a statistically significant decrease in the distance between the tip of the
needle and the volumetric centre of the lesion. This decrease was more prominent in non-TIL–TIL lesions
compared with TIL–TIL lesions.

Real-time intra-procedural manipulation of the catheter loaded with a sampling tool and confirmation of
TIL using adjunct imaging modalities has the potential to overcome some of the current challenges
associated with navigational bronchoscopy. Furthermore, it may hold the key to increased confidence in
the accuracy of diagnostic material obtained from the target lesion. Consequently, there has been
significant interest in combining navigational bronchoscopy platforms with intra-procedural volumetric
imaging [17–20, 31].

Regardless of bronchoscopy platform, navigational systems aid in enhancing the bronchoscopist’s
understanding of the respiratory tree anatomy, thus augmenting procedural capabilities. The navigation
pathway is planned in advance using a virtual roadmap that is based on a pre-operative CT scan, usually
performed at end-inspiration to best approximate the lung volume at total lung capacity. This allows for
optimal airway segmentation to achieve both accuracy and detail. However, an impediment arises with
alterations in intra-procedural lesion localisation due to the changes in lung anatomy that are induced by
mechanical ventilation. These changes lead to discrepancies between the estimation of the virtual target
and the real-time target location, termed CT-to-body divergence. CT-to-body divergence has been
previously shown to impact diagnostic accuracy, especially in smaller, distal and lower lobe-located
targets [16, 32].
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FIGURE 2 Tool–lesion relationship on initial and final mobile cone-beam computed tomography (mCBCT)
spins along with the corresponding rates of diagnostic yield by group. In this line plot, each line represents
one lesion. The tool–lesion relationship (x-axis) is demonstrated across the initial and final mCBCT spins
(y-axis). The line trajectories create four outcome groups: TIL–TIL, non-TIL–TIL, non-TIL–non-TIL and TIL–
non-TIL. The diagnostic yield for each group is represented by line colouring as well as a rate on the
right-hand side, except for the TIL–non-TIL group (n=1). TIL: tool-in-lesion.
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FIGURE 3 The change in distance from the tip of the needle to the volumetric centre of the lesion between the first and final mobile cone-beam
computed tomography spins. a) The box-and-whisker plot describes the distribution of the median distance between the tip of the needle and the
volumetric centre of the lesion for the initial and final spins across all lesions and stratified by tool–lesion relationship. Wilcoxon signed-rank test
was used to compare the median difference between the initial and final distance between the tip of the needle and the centre of the lesion. b)
The box-and-whisker plot describes the distribution of the change in median distance between the tip of the needle and the centre of the lesion
between the initial and final spins across all lesions and stratified by tool–lesion relationship. Data not shown for the non-TIL–non-TIL and TIL–
non-TIL groups owing to the small number of observations (n=5 and n=1, respectively). For both a and b, the “×” inside each box represents the
mean and the line inside each box represents the median. The surrounding box represents the interquartile range. The lower whisker extends from
the 25th to the 5th percentile and the upper whisker extends from the 75th to the 95th percentile. TIL: tool-in-lesion.

TABLE 3 Comparison of lesion characteristics across the tool–lesion relationship groups within the Primary
Outcome cohort

Variable Tool–lesion relationship

TIL–TIL Non-TIL–TIL Non-TIL–non-TIL

Lesions# (n) 47 49 5
Size (mm) 17.0 (13.0–22.1) 15.0 (11.0–21.0) 10.3 (9.0–28.1)
Radiographic consistency
Solid 29 (62) 34 (70) 2 (40)
Ground glass 4 (8) 4 (8) 1 (20)
Mixed 9 (19) 7 (14) 1 (20)
Other 5 (11) 4 (8) 1(20)

Lobar location
Upper lobe 31 (66) 26 (53) 2 (40)
Non-upper lobe 16 (34) 23 (47) 3 (60)

Centrality
Inner 2/3 25 (53) 22 (45) 4 (80)
Outer 1/3 22 (47) 27 (55) 1 (20)

Radial EBUS
Utilised 40 (85) 45 (92) 4 (80)
Concentric 6 (15) 11 (24) 1 (25)
Eccentric 18 (45) 17 (38) 1 (25)
No view 16 (40) 17 (38) 2 (50)

Not utilised 7 (15) 4 (8) 1 (20)
Positive bronchus sign 15 (32) 13 (27) 2 (40)
Number of traversed airway generations 7 (6–8) 7 (7–8) 7 (6.5–7.5)

Data are presented as median (interquartile range) or n (%), unless otherwise indicated. EBUS: endobronchial
ultrasound; TIL: tool-in-lesion. #: n=101, TIL–non-TIL status was documented in one case and data therefore
not shown.
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rpEBUS and conventional 2D fluoroscopy have been used intra-operatively to improve the tool–lesion
relationship; however, these tools provide limited information [33]. The value of conventional 2D
fluoroscopy is limited in very small or ground glass consistency targets [33]. Regardless of lesion size or
consistency, by virtue of providing only 2D images, conventional fluoroscopy is unable to confirm the
precise volumetric spatial relationship of the sampling tool with the target lesion [34]. While augmented
fluoroscopy and tomosynthesis-based fluoroscopic navigation platforms provide better understanding of 3D
intra-operative spatial relationships, studies of these systems remain small and are limited to high-volume
single-centre experiences and their image resolution remains inferior to that provided by CBCT platforms
[35–38]. rpEBUS provides valuable confirmatory information when showing a concentric sonographic
view. While an eccentric sonographic view is also valuable, it cannot be used to guide directionality. The
role of rpEBUS in lesions without a leading or adjacent airway or in “no view” sonographic image is
limited [39]. Indeed, in the Primary Outcome cohort of our study, 80% of rpEBUS images were
unfavourable in terms of guiding sampling, e.g. eccentric or no view. Furthermore, conventional rpEBUS
does not provide real-time TIL confirmation. Although a real-time rpEBUS-guided sampling needle was
recently introduced, this tool has yet to illustrate improved diagnostic accuracy [40].

CBCT employs cone-shaped X-ray beams projected onto a flat panel detector system to produce
cross-sectional multi-planar and 3D volumetric images in one single rotation of the source and detector
around the patient. Volumetric intra-operative imaging, such as fixed and mobile CBCT, provide means to
overcome CT-to-body divergence by providing feedback regarding the real-time tool–lesion relationship
and allowing refinement of this relationship to assist in achieving TIL status. CBCT orbital scans, or spins,
are best performed during a breath-hold manoeuvre to improve accuracy and minimise motion artefact [24].
Certain mechanical ventilation parameters are also effective in attenuating CT-to-body divergence and can
be combined with intra-operative imaging modalities to further augment accuracy [25].

Several studies have demonstrated feasibility as well as higher rates of navigational success and diagnostic
accuracy, albeit with varying diagnostic yield, when combining navigational bronchoscopy with CBCT
technology [17, 18, 30, 31, 41]. Fixed CBCT platforms provide high-quality image resolution, but,
depending on the institutional context and environment, may come at varying costs and require the use of
a designated hybrid operating room [41, 42]. By combining electromagnetic navigation-based RAB with
fixed CBCT, CUMBO-NACHELI et al. [18] reported a 100% TIL status and a 65% diagnostic yield rate in the
sampling of 20 pulmonary lesions. STYRVOKY et al. [17] sampled 209 pulmonary lesions with a
combination of ssRAB and augmented fluoroscopy CBCT platform with a reported diagnostic yield rate of
89%. The alternative platform of mCBCT provides the convenience of a mobile C-arm with volumetric
imaging capabilities, albeit with an image resolution that is inferior to that of fixed CBCT platforms.
CHAMBERS et al. [31] reported a 97% TIL rate with a diagnostic yield of 77% in 79 lesions targeted with
the combination of ssRAB with a mobile O-arm CT (Medtronic, Minneapolis, MN, USA). Similarly,
REISENAUER et al. [20] reported a TIL rate of 97% and a diagnostic yield of 93.3% in a prospective study of
30 lesions sampled by the combined use of ssRAB and mCBCT imaging. Our group previously reported
an improvement in the tool–lesion relationship when combining mCBCT and ssRAB in the sampling of
10 lesions. Intra-operative volumetric imaging allowed for improvement of the tool–lesion relationship in
three out of 10 instances and TIL was ultimately documented in nine out of 10 cases [19].

Across both cohorts in our current study, the diagnostic yield was 77% despite a 92% documented TIL
rate. Interestingly, the diagnostic yield rates for the Primary Outcome (⩾2 spins) and the Comparison
(0–1 spins) cohorts were not significantly different. The reason for this finding lies in the differences in

TABLE 4 Association between radiographic and procedural characteristics and diagnostic yield

Univariate model Multivariable model

OR (95% CI) p-value OR (95% CI) p-value

Tool–lesion relationship on final mCBCT spin Non-TIL 1.0 1.0
TIL 5.68 (0.98–32.93) 0.053 5.27 (0.89–31.17) 0.07

Lesion size <20 mm 1.0 1.0
⩾20 mm 1.37 (0.53–3.52) 0.52 1.40 (0.53–3.69) 0.50

Radial EBUS view No view 1.0
Any view 1.12 (0.42–2.98) 0.82

mCBCT: mobile cone-beam computed tomography; EBUS: endobronchial ultrasound; TIL: tool-in-lesion.
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target lesion characteristics between the two cohorts. In general, target lesions in the Comparison cohort
were larger and had a more favourable bronchus sign status and rpEBUS view (table 2). This indicates that
the operator likely had sufficient confidence in sampling these lesions without CBCT imaging or by
obtaining only one spin. In contrast, the only two significant procedure-related complications described in
this study occurred in the Comparison cohort. The observed complication rate of 0.4% over 475 procedures
in our combined cohort is lower than that reported in other studies [43]. With a high rate of CBCT
imaging use in our study, this may suggest that CBCT imaging provides a more comprehensive spatial
understanding of the thoracic anatomy and may assist in maintaining a safe distance from large blood
vessels and the pleura prior to tissue acquisition.

Across the Primary Outcome cohort (⩾2 spins), the diagnostic yield was comparable for lesions in which
TIL was documented on the last spin regardless of whether non-TIL or TIL were documented on the first
spin (72% and 76%, respectively), while it was significantly lower at 40% for lesions in which TIL was
not documented on the last spin. TIL status on the final mCBCT spin was associated with a 5-fold increase
in the rate of diagnostic sampling in univariate and multivariate analysis models. Although this odds ratio
was not statistically significant, likely owing to an underpowered number of observations, the direction of
point estimates is aligned with our hypothesis and carries a clinical significance. It should also be noted
that a diagnostic yield rate of 40% for documented non-TIL lesions is higher than expected and it can be
postulated that in some of these cases a confirmatory spin was not obtained after final needle positioning.

Collectively, our data and that of others [17, 18, 20, 31] indicate that a 4–22% gap remains between the
rates of TIL status and diagnostic yield. This implies that TIL is an imperfect surrogate for a diagnostic
procedure. The reasons underlying non-diagnostic sampling despite intra-operative TIL status remain
obscure and may represent the residual gap in diagnostic yield between RAB-guided and image-guided
percutaneous sampling. The choice of sampling tools may explain some of this gap. While fine needles
and small forceps are used commonly in RAB, percutaneous sampling allows for the use of coaxial core
biopsy needles, which are likely to provide a higher volume of diagnostic material. Within that context,
experience in the performance of cryo-biopsies via RAB is growing and may bridge some of this tissue
volume gap [44–46].

Several limitations of this study warrant attention. Despite the intent to include all lesions sampled via
ssRAB in which ⩾2 mCBCT spins were performed, 58 lesions were excluded from the analysis due to
inadequate or partial image availability. Although technical in nature, elimination of those cases may
introduce a degree of bias to the results. Having several operators from different training and experience
backgrounds perform RAB introduces heterogeneity into the practice. Indeed, the performance of RAB in
our institution has yet to be standardised and several aspects of the procedure, such as use of rpEBUS, use
and number of mCBCT spins and sampling tool selection, are left to the discretion of the operator. This
calls for internal standardisation of the RAB procedure based on institute-derived data for the purpose of
continuous improvement in yield and safety. The interpretation of intra-operative volumetric imaging and
the tool–lesion relationship may be prone to visual bias introduced by tool deployment, metal artefact and
temporal differences in target characteristics between the pre-operative CT and intra-operative imaging. In
the current study, we attempted to attenuate this bias by incorporating a dual independent observer review
of the imaging to define the tool–lesion relationship. The overall generalisability of these findings could be
affected by several factors, including the RAB platform employed, the CBCT platform used, the
incorporation of rapid on-site evaluation into the workflow, the higher pre-test probability of malignancy in
a cancer centre patient population and operator experience. Finally, recent advances in technology allow for
the integration of the Ion ssRAB platform with the Cios Spin mCBCT to enhance attenuation of
intra-operative CT-to-body divergence and potentially improve TIL status acquisition. Cases included in
this study were performed prior to the formal integration. As the focus of an ongoing multicentre trial [47],
it is possible that the outcomes described in the current study could hypothetically be improved with the
latest integration of the two systems.

Interpretation
This is the first study to demonstrate a significant qualitative and quantitative improvement in achieving
TIL status through the incorporation of ssRAB with mCBCT. Although achieving TIL status did not fully
translate into a similar rate of diagnostic yield, the potential positive impact of volumetric intra-operative
imaging on the diagnostic sampling was implied in lesions in the extreme low range of the diameter
spectrum. Further prospective, multicentre studies are warranted to further confirm our findings and
evaluate the relationship between intra-operative volumetric imaging and diagnostic yield as well as the
gap between achievement of TIL status and diagnostic sampling.
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