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Abstract

Purpose: To develop an imaging-based 3D catheter navigation system for transbronchial pro-
cedures including biopsy and tumor ablation using a single-plane C-arm x-ray system. The pro-
posed system provides time-resolved catheter shape and position as well as motion compensated
3D airway roadmaps.

Approach: A continuous-sweep limited angle (CLA) imaging mode where the C-arm contin-
uously rotates back and forth within a limited angular range while acquiring x-ray images was
used for device tracking. The catheter reconstruction was performed using a sliding window of
the most recent x-ray images, which captures information on device shape and position versus
time. The catheter was reconstructed using a model-based approach and was displayed together
with the 3D airway roadmap extracted from a pre-navigational cone-beam CT (CBCT). The
roadmap was updated in regular intervals using deformable registration to tomosynthesis re-
constructions based on the CLA images. The approach was evaluated in a porcine study (three
animals) and compared to a gold standard CBCT reconstruction of the device.

Results: The average 3D root mean squared distance between CLA and CBCT reconstruction of
the catheter centerline was 1� 0.5 mm for a stationary catheter and 2.9� 1.1 mm for a catheter
moving at ∼1 cm∕s. The average tip localization error was 1.3� 0.7 mm and 2.7� 1.8 mm,
respectively.

Conclusions: The results indicate catheter navigation based on the proposed single plane C-arm
imaging technique is feasible with reconstruction errors similar to the diameter of a typical
ablation catheter.
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1 Introduction

Transbronchial biopsy and tumor ablation are interventional procedures for the diagnosis and
treatment of malignant pulmonary nodules,1 wherein a catheter is navigated through the airways
to the treatment site to extract a tissue sample or apply local therapy. Accurate localization of the
catheter within the airways, both during navigation and at the final target location, is crucial for
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the success of the procedure whilst minimizing complications. Current clinical practice mostly
relies on bronchoscopy2–5 for visualization during the procedure. However, the limited range
of insertion, which makes it difficult to target smaller and more peripheral nodules, difficulties
in navigating the bronchoscope, and a lack of 3D location information have prompted the use of
additional imaging or alternative guidance techniques.6–8

X-ray fluoroscopic imaging is frequently used to assist with the guidance of bronchoscopes
for the biopsy of pulmonary lesions.5,9,10 It provides real-time 2D feedback of the device position
and may be combined with static overlays of the airways from previously acquired MRI, CT, or
CBCT images (augmented fluoroscopy).11–13 However, navigating complex 3D structures can be
challenging using 2D image guidance only and deformations of the airways due to respiration or
the stiffness of the catheter are not represented accurately. Device-based imaging techniques
such as fiberoptic bronchoscopy and endobronchial ultrasound (EBUS) can provide local im-
aging of the airways at the device tip without ionizing radiation, but do not provide information
of the current device shape and position within the airways.14,15 Alternative strategies, such as
electromagnetic (EM) tracking and robotic bronchoscopy, have been proposed, all of which rely
on previously acquired diagnostic CT or MRI images.9,16–18 While these techniques promise to
provide accurate 3D localization of the device in real-time, they require specialized equipment.
In many cases, the required manual registration steps for each patient are time-consuming and
the accuracy can degrade over the course of the procedure.19 Additionally, while previously
acquired diagnostic scans are generally available for most patients, registration to them is prone
to error due to differences in patient position and respiration (CT-to-body divergence) and does
not provide information on motion or deformation of the airways during the procedure.20,21

Recently, techniques such as 4D fluoroscopy have been proposed, which allow 3D device recon-
struction (e.g. catheters, guidewires, and prosthetic valves) from two simultaneously acquired
x-ray images from different views.22,23 However, these techniques require the use of biplane
x-ray fluoroscopy systems, which are not as readily available as single plane systems in some
clinical settings. Additionally, biplane acquisitions have the disadvantage of higher radiation
dose compared to single plane acquisitions if the same frame rate is used.

Our work presents a single C-arm–based technique to address some of the limitations of
previously proposed methods such as bi-plane-based 4D fluoroscopy. It provides high frame-
rate 3D imaging of interventional devices such as catheters or bronchoscopes using fluoroscopic
imaging and can be used by itself or in conjunction with bronchoscopy or EBUS to provide
information on the shape and position of the device relative to the airways as well as local
device-based imaging. In contrast to 4D fluoroscopy, which relies on simultaneous fluoroscopy
imaging from different angles using a biplane system, our method only requires the more readily
available single plane (single C-arm) x-ray fluoroscopy platform. The method consists of a spe-
cialized continuous-sweep limited angle (CLA) image acquisition mode and an iterative 3D
device reconstruction technique for accurate high frame-rate catheter localization.

2 Methods

Figure 1 shows an overview of the proposed airway navigation system based on live CLA x-ray
fluoroscopy. X-ray fluoroscopy over continuously changing angles allows for time-resolved 3D
catheter reconstruction, which can be displayed within a pre-acquired anatomic roadmap using
virtual endoscopic or semi-transparent rendering techniques.22,24 The CLA fluoroscopy mode
simultaneously provides image data for tomosynthesis reconstruction of the airways at regular
intervals, which can be used to update the airway roadmap and compensate for motion or defor-
mation. In the proposed clinical workflow, a pre-navigational, non-contrast cone beam CT
(CBCT) is acquired to obtain an initial 3D airway roadmap, and the CBCT roadmap is updated
throughout catheter navigation by performing a deformable registration between the CBCT
volume and the tomosynthesis volumes reconstructed at regular intervals. Reconstruction and
motion compensation algorithms were implemented on a research workstation (Precision
5810XL, Dell, Round Rock, Texas) with a 6-core processor (Xeon E5-1650, 3.6 Ghz, Intel,
Santa Clara, California), 64 GB DDR4 memory, and a dedicated GPU (Geforce GTX 1080TI,
NVIDIA, Santa Clara, California) using MATLAB R2020a.
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2.1 Continuous-Sweep Limited Angle Fluoroscopy

The foundation of the proposed single-plane imaging method is the CLA acquisition mode,
which provides frame-by-frame 3D information on device position. Image acquisitions in this
study were performed using an interventional C-arm system (Artis Zee, Siemens Healthineers,
Forchheim, Germany) equipped with a 30 × 40 cm flat panel detector (1920 × 2480 pixels) with
a native detector pitch of 0.154 mm. The imaging mode is a modification of an existing clinical
3D scanning protocol for cerebral perfusion imaging consisting of multiple back-and-forth rota-
tional acquisitions.25 In CLA fluoroscopy, the back-and-forth nature is retained to ensure that
there are always recent images of the moving catheter from a range of projection angles, as is
needed for 3D reconstruction, however the range of each sweep is limited to avoid interruptions
to clinical workflow caused by full-sweep rotational acquisitions. Fig. 2 shows the C-arm motion
during image acquisition using the CLA mode. A series of C-arm sweeps is performed over an
angular range θ. Within this work, a range between −45 deg and 45 deg (θ ¼ 90 deg) relative to
an anteroposterior projection angle was used, providing a maximum of 90 deg separation
between images without impacting physician access to the patient. During each sweep, 59 pro-
jection images are acquired with an angular step size of β ¼ 1.5 deg and a frame rate of 30
frames per second (fps). The time for a single sweep is 2.55 s followed by a break of ∼0.6 s

required by the C-arm to change directions. In the present study, five sweeps were performed per
scan resulting in a total acquisition time of ∼15 s. However, the total acquisition time can be as
long or short as desired and up to 75 s on the current prototype. In practice, we envision the
acquisition time to be extended dynamically while the user is pressing a foot pedal similar to
conventional fluoroscopy. The projection matrices for each angle (in each direction) were deter-
mined in a one-time calibration step using a phantom with metal beads of two different sizes

Limited angle
back-and-forth

Device 
reconstruction

Fig. 2 C-arm motion for CLA fluoroscopy mode with total sweep angle θ, minimum angular
increment β, and device reconstruction window α.
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Model-based reconstruction
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(deformable registration)
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Fig. 1 Overview of the proposed single plane airway navigation system using continuous-sweep
limited-angle fluoroscopy for 3D device reconstruction and tomosynthesis based motion
compensation.
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arranged in a helical shape. This geometric calibration is commonly performed for rotational
C-arm acquisitions such as 3D CBCT protocols. Thus, existing software for the calibration
of clinical C-arm systems26 provided by the x-ray system manufacturer was used.

2.2 3D Catheter Reconstruction

The device reconstruction method is an extension of a recently proposed approach using a differ-
ent model to represent the device.27 The purpose of the modified approach was to increase accu-
racy and decrease computation time for the reconstruction. The proposed single plane device
reconstruction algorithm uses a subset of the projection images acquired using the CLA fluo-
roscopy mode to determine the time-resolved shape and position of the catheter. The subset of
projection images used for reconstruction is a sliding window of the past n ¼ 59 image frames,
corresponding to an angular reconstruction window of α ∈ ½45 deg; 90 deg�, equivalent to the
maximum separation angle between any two frames in the subset. The maximum of 90 deg
separation is reached when the projection angle of the last frame is either at −45 deg or 45 deg,
whereas the minimum separation angle experienced when the projection angle of the last frame
is 0 deg. In the latter case the projection angles in the sliding window range is ½0 deg; 45 deg� ∪
½45 deg; 0 deg� or ½0 deg;−45 deg� ∪ ½−45 deg; 0 deg� depending on the current rotation
direction of the C-arm. Since the catheter position and shape might change within the sliding
window, the reconstruction technique is designed to determine the shape and position of the
catheter at the acquisition time of the most recent image frame, whereas the remaining frames
are used to improve depth localization. The more recent frames generally provide a device rep-
resentation that is closer to the current catheter position compared to the last frame but also havs
smaller separating angles, which increase the depth localization error.28 The opposite is the case
for early frames with large angular separation, which provide more accurate depth localization
but do not necessarily represent the latest device shape and position. Using a sliding window
allows for catheter reconstruction at high frame rates, up to the frame rate of the image acquis-
ition (30 fps).

For a given subset of projection images, the device reconstruction is performed by (1) seg-
menting the 2D centerline of the catheter from each projection image, and (2) iteratively opti-
mizing a 3D model representing the catheter to minimize a cost function based on the similarity
to the 2D device segmentations.

The catheter segmentation was performed using a convolutional neural network based on
the SegNet architecture29 and trained for the segmentation of guidewires in liver procedures.30

For clutter removal, a connected component analysis was applied, where for the first image frame
of the CLA acquisition, the largest connected component was selected, whereas for all other
frames, all components overlapping with the segmentation of the preceding image frame were
included. The centerlines were extracted using a topology preserving thinning approach31 followed
by a 2D path search.22 Finally, each point along the centerline was refined to subpixel precision by
fitting a Gaussian function to the cross profile of intensity (taken perpendicular to the centerline)
and updating the centerline point to be the location of the maximum of the Gaussian fit.

A set of m ¼ 8 control points was used as model for the reconstruction to describe the
position and shape of the 3D catheter centerline. The number of control points is dictated by
the flexibility of the device and was chosen empirically for the catheter used in this study. More
flexible devices such as thin guidewires, might require a larger number of control points. The
control points were connected by interpolating natural cubic splines using the centripedal
model32 for parameterization providing a smooth 3D curve passing through the control points.
If each control point were positioned freely in 3D space, the model would have 3 · m ¼ 24 deg

of freedom. The number of degrees of freedom was reduced by leveraging the prior knowledge
that each control point, when projected into the 2D space of the last projection image, has to lie
on the segmented 2D centerline. In other words, the 3D location of all control points is limited to
lie on the surface created by back-projecting the 2D device segmentation from the latest pro-
jection image into 3D space as shown in Fig. 3. Thus, the location of a control point can be
represented by two parameters ri and si (instead of three Cartesian coordinates), which describe
(a) the corresponding position along the 2D centerline of the last projection image and (b) the
depth of the control point si represented as the distance in mm from the focal point. The position
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along the 2D centerline is described by a scalar value ri within the interval [0; 1] with 0 and 1
being the proximal and distal ends, respectively. It is worth noting that r0 ¼ 0 is implicitly
defined and is not part of the optimization procedure. The total number of degrees of freedom
is therefore 2m − 1. In the following sections, the vectors containing all variables ri and si are
referred to as r and s, respectively. The relationship between the two parameters ½ri; si� of the
i’th 3D control point and the corresponding representation as 3D Cartesian coordinates pc;i is

EQ-TARGET;temp:intralink-;e001;116;374pc;i ¼ ps;φ þ si ·
qi
qi
; (1)

where ps;φ is a three-element vector representing the 3D focal spot location for a given projection
angle φ and qi is a direction vector pointing from a given 2D image point to the focal spot
calculated by multiplying the inverseQφ of the upper left 3 × 3 elements of the projection matrix
with the 2D pixel coordinates corresponding to the control point location along the segmented
centerline

EQ-TARGET;temp:intralink-;e002;116;271qi ¼ Qφ ·

2
64
uφðriÞ
vφðriÞ
1

3
5: (2)

The functions uφðriÞ and vφðriÞ represent the 2D coordinates of a point along the segmented
catheter centerline of projection angle α, linearly interpolated at position ri, where ri is the
relative position along the centerline represented by a value in the interval [0; 1].

The cost function used for the iterative reconstruction is comprised of a data fidelity term
describing the similarity between the 3D model and the 2D images, and three regularization
terms. The data fidelity term is calculated by interpolating a set of 100 points p3D;jðr; Þ distributed
along the 3D spline curve and performing a forward projection into each of the image frames in
the narrow angular range under consideration using the pre-calibrated projection matrices. The
data fidelity dk is calculated in terms of the mean squared distance (MSD) between the forward
projected points and the corresponding points in the 2D centerline segmentation, where k
denotes the frame index in the reconstruction window. This can be written as

Segmented catheter centerline in 
the most recent image frame

3D solution is 
defined by control 
points constrained 
to lie on the surface 
defined by the 
backprojected
centerlineFocal spot 

positions

X-ray detector

ri

ps,

ps,

pc,i

si

Fig. 3 Visualization of the device reconstruction approach. Left: x-ray images acquired from
different focal spot positions ps;φ acquired during back-and-forth sweep of the imaging gantry while
the device is navigated. Right: Representation of the device model control points pc;i using the
position along the 2D centerline r i and depth si .
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EQ-TARGET;temp:intralink-;e003;116;735dkðr; sÞ ¼
Xj<100
j¼0

�
h2D

�
Pφ ·

�
p3D;jðr; sÞ

1

��
−
�
uφð˙rjÞ
vφð˙rjÞ

��
2

; (3)

where Pφ is the projection matrix corresponding to gantry angle φ, h2D is a function that divides
all components of a 2D homogeneous vector by its third component and ˙rj is the position along
the segmented 2D centerline corresponding to point p3D;jðr; sÞ. The parameter ˙rj is chosen such
that the 2D path length from the most proximal point of the device is the same for both seg-
mentation and forward projection of the spline model.

The data fidelity term for the k-th image frame acquired at time tðkÞ is weighted using a
scaling factor λtðkÞ based on the time difference from the most recent image acquired at t0, where

EQ-TARGET;temp:intralink-;e004;116;605λtðkÞ ¼ exp

�
−
ðtðkÞ − t0Þ2

σ2

�
: (4)

The weighting factor places higher emphasis on more recently acquired projection images,
where the device position and shape are likely to be similar to the latest frame. The parameter σ
regulates the balance between temporal resolution and depth resolution and was chosen empiri-
cally to be σ ¼ 1.7 · n, where n is the number of projection images in the sliding window.

Three regularization terms were added to the cost function to include prior knowledge and
improve reconstruction accuracy. Regularization parameters included the 3D curvature κiðri; siÞ
at each of the control points to account for the stiffness of the catheter, the average Euclidean
distance dprevðr; sÞ of all points p3D;jðr; sÞ of the current solution to the previous reconstruction to
smooth catheter motion over time, and the average distance of the 3D catheter points to the
airway roadmap drmðr; sÞ, which is zero for points inside of the airway lumen. The overall cost
function can be written as

EQ-TARGET;temp:intralink-;e005;116;425fcostðr; sÞ ¼
Xn
k¼0

λtðkÞdkðr; sÞ þ γ1dprevðr; sÞ þ γ2drmðr; sÞ þ γ3
Xm
i¼0

κiðri; siÞ; (5)

where γ1, γ2, and γ3 are weighting factors controlling the cost for large changes of the device
shape and position between consecutive frames, device centerline points outside the airway road-
map, and the device curvature, respectively. The cost minimization is performed using the
Nelder-Mead simplex approach with a termination tolerance of 1e−5 on the function value and
the parameter estimate. For 8 control points, the optimization procedure has 8 · 2 − 1 ¼ 15

degrees of freedom.
The goal of the optimization procedure is to find the parameter vectors r and s defining the

3D control points, which minimize the cost function. Every valid solution must have the proper-
ties r0 ¼ 0, rm ¼ 1 and ri−1 < ri for 0 < i ≤ m to ensure that the first and last control points
always correspond to the proximal and distal ends of the centerline and to ensure monotonicity of
the centerline. Instead of using a constrained optimization process to enforce these conditions,
the parameter vector r is re-expressed using a set of parameters r̃i describing the relative distance
of the i-th control point to the previous control point such that

EQ-TARGET;temp:intralink-;e006;116;220ri ¼
P

i
j¼1 jr̃jjP
m
k¼1 jr̃kj

: (6)

This guarantees both monotonicity and endpoint constraints and allows the use of any uncon-
strained optimizer.

The cost minimization is initialized using the control point positions reconstructed for the
previous sliding window position (time frame). For the first time frame, where no previous
reconstruction is available, an initial reconstruction is performed using the two-view reconstruc-
tion technique described in Wagner et al,22 where the first and last frame of the subset were used
as input images. The initial first-frame centerline is then converted to control points by mini-
mizing the root mean squared distance (RMSD) between a spline curve represented by the
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control points and the centerline. The control points are then used as initialization to minimize
fcost for the first frame.

2.3 Motion-Compensated Airway Roadmap

An initial airway roadmap was generated from the pre-navigational CBCT acquisition
(512 × 512 × 392 voxel, 0.47-mm homogenous voxel size). A Gaussian filter (σ ¼ 1 pixels)
was applied to the 3D CBCT followed by global thresholding (τ ¼ −615 HU) to segment the
low attenuation values within the airways from the surrounding lung tissue. Since the air outside
the body is also segmented, a connected component analysis was applied to each slice of the 3D
volume, where the largest component (representing the surrounding air) was removed. Figure 4
shows an example of a central CBCT slice through the lung along with the airway segmentation.

To account for airway motion or deformation during catheter navigation, the roadmap was
updated in regular intervals based on the CLA projection image data. For this purpose, limited
angle tomosynthesis reconstruction was performed after each 90-deg C-arm sweep. Projection
data was pre-processed (I0 normalization, ramp filtering) and reconstructed using the pre-
calibrated projection matrices for the system.33 A deformable registration approach (DEMONS)
was used to estimate a deformation vector field (DVF) between the initial CBCT volume and the
tomosynthesis reconstruction.34,35 Prior to registration, the high-intensity catheter was removed
from the tomosynthesis volume through thresholding, eliminating high-intensity inconsistencies
between the two volumes. The segmented roadmap derived from the baseline CBCT was than
deformed based on the DVF.

2.4 Evaluation

A porcine study was performed to evaluate the feasibility and accuracy of the proposed tech-
niques. Approval for this study was received from the local Institutional Animal Care and Use
Committee (IACUC). A total of eight catheter navigation sequences were acquired in three
female pigs (weight 50 to 55 kg) using the CLA imaging mode. A pre-navigational CBCT was
acquired for each pig to establish the 3D airway roadmap. To simplify the image acquisition,
CLA acquisitions were performed during the pullback of a catheter and guidewire and the
recorded image frame reversed retrospectively to simulate forward motion. Therefore, conven-
tional 2D fluoroscopy was used to place a transbronchial catheter (and guidewire) in a distal
airway branch. After catheter placement, a non-contrast CBCT was acquired to establish a gold
standard of the catheter shape and position by performing a global thresholding step followed by
centerline extraction.31 The CLA imaging mode was then used to acquire x-ray projection
images, whereas the catheter and guidewire were pulled back. Both CBCTand CLA acquisitions
were performed during breath holds to reduce respiratory motion. After reversing the order of the

Segmented 
ablation 
catheter

Prior airway 
roadmap

A)

(b)(a)

Fig. 4 (a) Central CBCT slice with airway segmentation (beige). (b) Surface rendering of the
segmented airway roadmap from prior CBCT.
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projection images, the catheter was reconstructed retrospectively for each sliding window posi-
tion in the sequence and the final reconstruction was compared to the gold standard CBCT.
Reconstruction accuracy was determined using the RMSD and the tip localization error
(TLE) representing the Euclidean distance between the most distal catheter points of the recon-
struction and gold standard, respectively. Finally, the percentage of time frames was calculated
where the reconstructed catheter tip was within the airway roadmap, as an overall indicator of
reconstruction fidelity.

3 Results

The device reconstruction was performed with a frame rate of 30 fps using a sliding window of
59 frames representing a time difference between the first and last frame of 2.55 s. The weighting
factors were chosen empirically (γ1 ¼ 50, γ2 ¼ 1000, and γ3 ¼ 100). The average device tip
velocity was between 0.8 and 1.1 cm∕s (estimated based on the difference of the device length
between the pre- and post-pullback CBCT acquisitions), corresponding to an average displace-
ment of 2 to 3 mm within each sliding window. The lengths of the reconstructed device center-
lines at the most distal position (last frame) ranged between 5.6 and 19.7 cm.

The average 3D RMSD between the catheter reconstruction from the last frame of each CLA
sequence compared to the gold standard was 1� 0.5 mm for a stationary catheter and
2.9� 1.1 mm for a catheter moving at ∼1 cm∕s. For reference, the typical ablation catheter
diameter is ∼2 mm.36 The average TLE, calculated as the Euclidean distance between the most
distal point of the CLA reconstruction and the reference centerline extracted from the pre-pull-
back CBCT, ranged from 1.3� 0.7 mm (static device) to 2.7� 1.8 mm (moving device). In
88.6� 10.8% of the frames, the location of the distal catheter tip was located within the lumen
of the airway roadmap. When the reconstructed tip was outside of the roadmap, the average
distance of the tip location to the roadmap was 0.63� 0.56 mm. The individual results for all
cases are listed in Table 1.

Examples of 3D visualizations of the CLA device reconstructions within the airway roadmap
are shown in Fig. 5 for different cases and different time frames. The figure also shows a

Table 1 Individual results for all pig studies and catheter navigation sequences: Columns 1 and 2
show the TLE and RMSD along the body of the device compared to the gold standard CBCT for a
static device (no motion during CLA sweep). Columns 3 and 4 show the same results for the last
frame (most distal device position) of a moving device (∼1 cm∕s). Column 5 is the percentage of
image frames where the reconstructed device tip is inside of the airway roadmap. The last column
shows the average Euclidean distance of tip locations to the airway roadmap when the recon-
structed tip is located outside of the airway roadmap.

Case TLE RMSD TLE RMSD Inside (%) Distance

(Static device) (Moving device)

Seq #1 (Pig A) 1.6 mm 1.3 mm 2.5 mm 3.5 mm 96.6 0.2 mm

Seq #2 (Pig B) 2.1 mm 0.7 mm 1.7 mm 3.0 mm 94.5 0.5 mm

Seq #3 (Pig B) 1.2 mm 0.9 mm 6.8 mm 4.5 mm 76.8 1.7 mm

Seq #4 (Pig B) 0.3 mm 2.1 mm 3.4 mm 1.6 mm 97.9 0.2 mm

Seq #5 (Pig C) 0.8 mm 0.8 mm 1.6 mm 3.5 mm 99.2 0.1 mm

Seq #6 (Pig C) 1.9 mm 0.6 mm 1.7 mm 1.8 mm 87.3 0.4 mm

Seq #7 (Pig C) 0.5 mm 0.8 mm 2.8 mm 1.5 mm 87.3 0.9 mm

Seq #8 (Pig C) 1.7 mm 1.0 mm 1.2 mm 3.6 mm 69.2 1.2 mm

Average� STD 1.3� 0.7 mm 1.0� 0.5 mm 2.7� 1.8 mm 2.9� 1.1 mm 88.6� 10.8 0.7� 0.5 mm
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comparison between the CLA reconstruction of the last time frame and the gold standard
extracted from CBCT. The last column shows all device tip locations during the sequence
as individual spheres. Fig. 6 shows intermediate steps of the single-plane reconstruction
approach with the segmented 2D catheter [Fig. 6(a)] and the first and last frame of the recon-
struction window with the estimated spline model and control points superimposed [Figs. 6(b)
and 6(c)]. In this example the catheter is moving, and the model shown is representative of the
time point corresponding to the last frame. Therefore, as expected, when the model is forward

t = 6 s t = 9 s t = 13 s

Fig. 5 3D renderings of the CLA device reconstructions (green) for three different cases (rows).
The first three columns represent different time frames at 6, 9, and 13 s after the start of the
sequence, respectively. The third column is the last frame of the sequence, which also includes
the gold standard device position (blue). The last column shows all device tip positions during the
acquisition sequence.

(b) X-ray image (first frame) (c) X-ray image (last frame)(a) Segmented ablation catheter

Fig. 6 Single-plane device reconstruction method. (a) Binarized fluoroscopy image (last frame)
with device centerline. Panels (b) and (c) are the first and last fluoroscopy frames of a sliding
reconstruction window with reconstructed device control points corresponding to the last frame
and path superimposed as yellow line and red dots. The device reconstruction was derived from
all frames in the reconstruction window including the x-ray images shown in (b) and (c).
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projected and superimposed on the first image frame as in Fig. 6(b), the tip position in the x-ray
image does not line up with the tip position of the model.

The proposed CLA-based device reconstruction in combination with the pre-navigational
CBCT allows for different visualization techniques, which could be used to aid in the navigation
such as cut-plane views through the CBCT volume with virtual device tip, virtual endoscopic
views and 3D renderings with semi-transparent airway surfaces. Figure 7 shows examples of
these three visualization techniques for the same time frame in a navigational sequence generated
retrospectively using MATLAB R2020a (axial view) and the open-source software Blender
2.79b (endoscopic and semi-transparent view). In practice, these visualizations could be shown
side-by-side or specific views could be selected based on user preferences and would be updated
dynamically as the probe moves.

4 Discussion

This work presents a high frame-rate (30 fps) 3D image guidance technique for transbronchial
biopsies and ablations using widely available single plane (single C-arm) x-ray systems, which
could provide real-time information on catheter device location within the airways without
the need for specialized equipment. The enabling technology is the CLA imaging mode, which
leverages the ability of the C-arm to perform small back-and-forth angular sweeps to obtain
continuously updated 3D information on the catheter and airway anatomy. An iterative,
model-based approach was developed to reconstruct the catheter shape from a sliding window
of image frames corresponding to a range of projection angles, and a temporal weighting scheme
was introduced to allow for the possibility that each projection image might represent a slightly
different device position due to device motion. Finally, it is demonstrated how the images
acquired in CLA mode can also be used to perform shift-and-add tomosynthesis during device
navigation. These tomosynthesis images may be used to update a pre-navigational CBCTairway
roadmap using CBCT-to-tomosynthesis registration, enabling time-resolved 3D display of both
catheter device and airway roadmap.

For a stationary catheter, accuracies of 1 mm (RMSD) and 1.3 mm (TLE) were achieved.
These values increased to 2.7 and 2.9 mm for RMSD and TLE respectively when the catheter
was moving. The higher localization error for a moving device can be expected. Since the cath-
eter is moving at 1 cm/s and the time difference between first and last frame of each sliding
window is 2.55 s, the difference in visible device length would be up to 2.55 cm. Since the
distal end of the device is only present in a very narrow angular range of the sliding window,
depth localization of these points largely depends on regularization using the assumption of a
stiff catheter. Nevertheless, the reconstruction error for moving catheters was found to be
comparable to the typical ablation catheter diameter of approximately 2 mm and smaller than

Fig. 7 Three different visualization techniques for device navigation based on CLA reconstruction
showing the same time frame: (a) axial view through the CBCT volume with the device tip shown
with blue cross hairs (inset shows a magnification of the region with the device), (b) virtual endo-
scopic view with device shown as a green tubular structure (virtual camera placed just behind the
device tip), (c) 3D rendering with a semi-transparent airway surface and the device shown as a
green tubular structure.
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lesions currently targeted during transbronchial biopsies or ablations (>5 mm).36 Previously
reported accuracy results for alternative strategies such as EM-tracking and EBUS with simul-
taneous localization and mapping (SLAM) approach are usually on the order of 4 mm and
higher.37–39 Additionally, Leong et al.40 defined a registration error <5 mm as acceptable for
device navigation during bronchoscopic procedures. For this feasibility study, computation time
was not a primary focus and the prototype was implemented in MATLAB without optimization,
multi-threading or GPU processing. In this study, average computation times for the device
reconstruction were 8.1 � 1.5 s, however, with optimization and GPU processing41,42 clinically
relevant frame rates of 15 frames per second or higher should be achievable.

The main limitations of this study were the relatively small number of subjects (three ani-
mals) and the use of catheter pullbacks rather than forward motion. A prospective study with a
larger number of subjects and real-time guidance is needed to validate the findings of this study
and to evaluate the benefits of this technique with respect to accurate navigation to specific
targets. Such a study should also include an investigation into the different parameters of the
imaging mode such as the sweep duration, angular step size, and angular range, which can be
varied. Additionally, this study uses breath holds during device navigation to avoid respiratory
motion. Due to the relatively long window used for tomosynthesis relative to the typical time of a
respiratory cycle (2.55 s compared to 3 to 5 s) the proposed registration of the initial CBCT to
tomosynthesis reconstruction is best suited for slowly changing deformations such as diaphragm
drift and deformation of airways due to the catheter stiffness. Future work should investigate
shorter windows as well as retrospective gating for tomosynthesis reconstruction to account for
respiratory motion. Finally, while not a primary focus of this study, the proposed C-arm–based
device navigation system requires radiation exposure. If CLA acquisitions are performed at sim-
ilar dose levels and with similar frame rates as conventional fluoroscopy, the integral dose to the
patient and operator dose from scatter is expected to be comparable to procedures guided using
conventional or augmented fluoroscopy. However, a reduction of patient skin dose compared to
fixed-view-angle fluoroscopy is expected due to the spreading of primary x-rays over a larger
area at the patient entrance. Although radiation exposure presents a disadvantage of this tech-
nique over device-based imaging techniques such as bronchoscopy or EBUS, interventional
x-ray imaging is routinely performed with similar dose levels in other current vascular and
non-vascular percutaneous procedures and the added benefit of 3D device localization and
image-based motion compensation of the airways could help improve placement accuracy and
reduce procedure time.

Overall, the study showed promising results with device localization errors similar to or
smaller than those reported for alternative strategies such as EM-tracking (4 to 6 mm).37–39

Additionally, our technique provides a reconstruction of the full catheter shape including the
body, compared to the tip only for most of the previously proposed techniques. The CLA im-
aging mode would cause minimal interruptions to the clinical workflow due to the very narrow
angular range compared to conventional 3D acquisition protocols. Finally, the CLA-based
approach could be implemented on clinical and widely available single-plane C-arm systems
without the need for specialized devices or hardware.

5 Conclusion

Amethod for 3D catheter navigation during transbronchial biopsies or ablation procedures using
a single C-arm x-ray system has been proposed. In an initial animal study, the technique yielded
frame-by-frame reconstruction of the catheter shape and position for a moving catheter with an
accuracy comparable to the device diameter. The proposed system could be deployed on widely
available conventional x-ray systems without the need for adjunct device-specific navigation
technologies. Future work should prospectively evaluate this technique using a real-time
implementation.
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