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Abstract. Overlay of preoperative images is increasingly being used to
aid complex endovascular aortic repair and is obtained by rigid 2D-3D
registration of 3D preoperative (CT) and 2D intraoperative (X-ray) data.
However, for tortuous aortas large non-rigid deformations occur, thus a
non-rigid registration must be performed to enable an accurate overlay.
This article proposes the use of Thin-Plate Splines (TPS) to perform
non-rigid 2D-3D registration. Intraoperative X-ray data contain no spa-
tial information along the X-ray projection direction. Our approach ac-
counts for this lack of spatial information by the use of an approximating
TPS with non-isotropic error ellipsoids, where the major ellipsoid axis
is aligned with the X-ray projection direction. Experiments are carried
out using 1D-2D and 2D-3D simulated data and 2D-3D interventional
data. Simulated results show that our proposed method is 1.5 times more
accurate than interpolating TPS based registration. Interventional data
results show how large rigid registration errors of 9mm can be reduced
to 4mm using our proposed method.

Keywords: Non-Rigid, 2D-3D registration, thin plate spline,
non-isotropic errors.

1 Introduction

Complex endovascular aortic repair (EVAR), where the aneurysm extends over
visceral vessels, is increasingly being used instead of open surgery. Complex
EVAR is a technically challenging procedure requiring accurate 3D placement
of often seven or more stent-grafts. The standard imaging protocol includes a
contrast enhanced preoperative CT, showing 3D bony and vascular anatomy. The
procedure is carried out using fluoroscopy guidance which provides 2D images
of bony structures and interventional instruments, and 2D Digital Substraction
Angiography (DSA) images that are used to visualise the blood vessels.

Due to the complex nature of these procedures, computer assistance has been
proposed [1, 2], which involves rigid registration of the 3D preoperative data
with the 2D intraoperative data, to enable 3D information from the preoperative
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CT to be overlayed onto the intraoperative fluoroscopy (as seen in Fig. 5(a)).
However, in some cases (e.g. aortas with a neck angulation greater than 30◦

[3]), inserting instruments leads to non-rigid deformation of the patient’s aorta,
which can result in large errors if a rigid registration method is used.

Several authors have proposed non-rigid 2D-3D registration to address this
concern. Two such methods [4, 5] assume constant vessel length, and that de-
formations minimise a smoothness criterion. Liao et. al. ’s method uses a 3D
CT angiographic scan and proposes automatic segmentation of blood vessels
from 2D DSA images, which is difficult to achieve robustly on clinical images.
In addition, the deformations caused by stiff instruments inside the aorta are
likely to violate the assumption of a minimum bending energy made by these
two approaches.

We present a novel approach for 2D-3D non-rigid registration: Thin-Plate
Splines (TPS) plus Projection Uncertainties (which we refer to as TPS+PU).
After an initial rigid registration, aortic deformation is based on preoperatively
determined fixed landmarks and a small number (less than 10) of manually
identified moving landmarks in two fluoroscopy images. Unlike standard back-
projection methods, our approach does not require corresponding landmarks to
be identified in both fluoroscopy images. Such corresponding landmarks are diffi-
cult to find in clinical images. Instead our method models the lack of information
perpendicular to the 2D fluoroscopy images using non-isotropic error ellipsoids,
where the major axis lies along the back-projection lines.

2 Theory

Spline-based deformation algorithms have been widely used (see [6–8] for exam-
ples) for non-rigid registration when the source and target data have the same
dimensionality, and are based upon the matching of source and target landmarks
and minimisation of a smoothness criterion.

We propose a TPS-based registration method to register data sets with differ-
ent dimensionality: a 3D preoperative CT to 2D intraoperative fluoroscopy. This
configuration leads to projection uncertainties as the 3D position of landmarks
selected from a 2D image cannot be determined within the 3D space. When two
views are used, the 3D position of a landmark can be deduced from its corre-
sponding 2D positions in both views. However, due to the nature of the images
used during EVAR, corresponding landmarks are only rarely observed in both
views, thus 3D reconstruction is generally not feasible.

Our method uses approximating TPS with non-isotropic errors [8] in a two-
view scenario to cope with the aforementioned issue. As shown in Fig. 1, 3D
source points {si} and 2D target points {t2Di } are picked on the aorta surface
and in the fluoroscopy images. 3D target points {t3Di } are calculated from {t2Di }
as the closest point to {si} on the back-projection line {li} that joins {t2Di }
to the X-ray source. Covariance matrices {Σi} that represent the uncertainty
in matching points si to t3Di along lines li are computed as follows: the major
axis of the error ellipsoid is set to the direction of li and to have length 1000
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(approximate fluoroscopy focal length) while the two other axes are set to zero
length. Using these parameters for the ellipsoids and setting a weighting function
λ to 1 allows loose matching of landmarks along the back-projection lines. The
following energy function, which weights the smoothness of the deformation u =
(u1, u2, u3) against its ability to match source and target points, is minimised:
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and n is the number of source landmarks. The analytical solution is:
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with s = (sx, sy, sz)
T a point from the source image, φ1(s) = 1, φ2(s) = sx,

φ3(s) = sy, φ4(s) = sz and U a suitable radial basis function. The ak,v and wk,i

are sets of coefficients that respectively account for the rigid and the non-rigid
part of uk. Solution is obtained by solving the system:
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Fig. 1. Approximating TPS can be used to account for the uncertainty along the back-
projection lines: 3D-3D TPS registration is performed using landmarks {si} and {t3Di }
with associated error ellipses with their major axes along the back-projection lines

The solution of this system is computed and applied to the aorta surface. We
refer to this novel method as the ‘single warp’ strategy (see Fig. 2(left)). We
compare it to a ‘sequential warp’ strategy which registers to each 2D image in
turn and does not use non-isotropic error ellipsoids (see Fig. 2(right)).
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Fig. 2. Single warp strategy: registration is performed using target points from both
views. Sequential warp strategy: a first registration is performed using target points
from the first view, yielding an intermediate surface. A second registration is then
performed using target points from the second view to warp the intermediate surface.

3 Experiments

3.1 Data

Three sets of data were used: (1) simulated 1D-2D synthetic data, (2) simulated
2D-3D data generated from interventional data, (3) 2D-3D interventional data.

Simulated 1D-2D synthetic data was produced to resemble an axial 2D
slice of the aorta at the site of the renal arteries. This 2D slice is the simulated
preoperative image (see Fig. 3 (a)), which was then warped to generate intra-
operative datasets as follows: TPS transformations were carried out using five
fixed points (the corners of a square around the aorta to anchor the deformation
and the ostium of the left renal artery) and a single moving point at the right
renal ostium which was displaced by 10mm at an angle of i × 45◦, i = 1, . . . , 8
for each ith deformation. From each of these warped images two 1D simulated
intraoperative datasets were generated by a) projecting the ostia of the renal
arteries onto one 1D plane (rr and lr in Fig. 3 (b)) and then b) projecting the
edges of the aorta onto a second, 30◦ rotated, 1D plane (ae and pe in Fig. 3 (b)).

Simulated 2D-3D data generated from interventional data was pro-
duced using a patient CT as the preoperative data. Intraoperative data sets
were generated by warping the CT image, eight times, using a TPS transfor-
mation. Fixed points were the corners of a large bounding box surrounding the
abdominal aorta, the centres of vertebrae L1 to L5 and the bifurcations of the il-
iac arteries. Moving points were placed on the renal artery ostia and anterior and
posterior edges of the aorta level with the renal arteries. These points were dis-
placed 10mm. From each simulated ‘intraoperative’ CT scan, two intraoperative
DSA images, with 30◦ difference in view direction, were synthesised.
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2D-3D interventional data were used from a complex EVAR procedure.
The data consisted of a preoperative CT scan, two intraoperative DSA images
acquired after insertion of stent delivery device (views differed by 20◦ rotation).

3.2 Methods

For each experiment, the aorta was deformed with either a single warp (TPS+PU,
Fig 2(left)) or a sequential warp (interpolating TPS, Fig 2(right)). Each experi-
ment used a set of fixed points (picked preoperatively) and moving points (picked
from intraoperative images). The fixed points were as follows: for the 1D-2D syn-
thetic experiment, corners of a square surrounding the aorta were fixed. For the
2D-3D experiments, corners of a large cube surrounding the aorta, centre of
lumbar vertebrae and bifurcation of common iliac arteries were fixed.

Moving points for 1D-2D synthetic data were picked as illustrated in Fig.
3 (c). As in the case with real DSA images different information is visible in
different views. We assume that the renal ostia are visible, and so can be picked,
in plane 1 (equivalent to an anterior-posterior DSA), whereas only the outline
of the aorta is likely to be visible from the rotated view, plane 2.

Fig. 3. (a) interpolating TPS is applied to the preoperative aorta to obtain the in-
traoperative aorta (b) 1D intraoperative points: left, right renals (lr, rr) and anterior,
posterior edges (ae, pe), are generated by projecting the intraoperative aorta onto the
1D planes. (c) 1D target points are selected on the 1D intraoperative planes and the
points on the relevant aortic area closest to the back-projection lines are selected as cor-
responding 2D source points. The points on the back-projection lines closest to the 2D
source points are selected as corresponding 2D target points. For the single warp, error
ellipses are produced along the back-projection lines. (d) Result of applying non-rigid
TPS + PU registration on the aorta using 2D source and 2D target points.

1D target points are selected on the 1D intraoperative planes and the cor-
responding points on the aorta are selected as 2D source points. For the renal
positions corresponding points were the 2D renal artery ostia (see Fig. 3 (c)).
For aortic edge positions corresponding points were the closest 2D edge points
to back projection lines from the 1D point positions.
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Moving points for the simulated 2D-3D data were picked at the ostia of
the renal arteries and the Superior Mesenteric Artery (SMA) on the first DSA
image and at the outline of the aorta on the second DSA image. The location of
corresponding 3D source and 3D target points was found in a process equivalent
to the one presented in Fig. 3 (c).

Moving points for the interventional data were picked at the ostia of
the vessels when visible, generating 3D source and 3D target points as in the
case of simulated 2D-3D data. The rigidly-registered aortic CT surface was then
overlayed onto the first DSA image and the location of largest displacement with
respect to the aortic outline was located. An additional moving point was picked
at this location, non-rigid registration was performed using all previously picked
points and the displayed aortic overlay was updated. This process was repeated,
generating one additional moving point at each iteration until the aortic overlay
closely matched the DSA image (i.e. within ≈ 2mm). Moving points were selected
in the second DSA image using the same procedure. Overall, 7 moving points
were picked within approximately 2 minutes.

3.3 Validation

For simulated data experiments Target Registration Errors (TRE) were calcu-
lated to the known ground truth using the following regions of interest: ROI 1
was 26 × 26mm2 or 30 × 30 × 30mm3 region centred on the aorta at the level
of the renal arteries for the 1D-2D and 2D-3D data respectively. ROI 2 was a
2× 2mm2 or 2× 2× 2mm3 region centred on the right renal artery ostium (for
the 2D-3D data ROI 3 denotes the left renal ostium).
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Fig. 4. All TRE values are expressed in mm. (a) 1D-2D synthetic data: Single Warp
vs. Rigid Registration TRE (b) 1D-2D synthetic data: Single Warp vs. Sequential Warp
TRE (c) 2D-3D synthetic data: Single Warp vs. Rigid Registration TRE (d) 2D-3D
synthetic data: Single Warp vs. Sequential Warp TRE.
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No ground truth was available for the interventional data. Instead the po-
sition of the CT overlay was compared to a DSA image acquired later in the
intervention. Reprojection error distances were calculated (as described in [2])
at the left (ROI 1 ) and right (ROI 2 ) renal artery ostia.

4 Results

Results comparing TRE values for rigid registration, single warp and sequential
warp for the 1D-2D and 2D-3D synthesised data are shown in Fig. 4. The single
warp results show a major improvement compared to rigid registration: registra-
tion accuracy is on average 3.8 times higher for the 1D-2D data and 3.1 times
higher for the 2D-3D data. The single warp results also show an improvement
compared to the sequential warp: registration accuracy is on average 1.4 times
higher for the 1D-2D data and 1.6 times higher for the 2D-3D data.
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Fig. 5. (a) Comparison of CT overlay with DSA image before and after warp. Aorta
outline from overlay (red) matches more accurately to DSA (cyan) after warp. (b)
Registration accuracy at renal ostia using rigid registration, sequential and single warp.

Fig 5(a) visually shows the improvement in using the single warp compared
to rigid registration on clinical data. Numerical results are presented in Fig. 5(b)
where applying the single warp halved the rigid registration error.

5 Discussion and Conclusions

Two approaches (sequential warp with interpolating TPS and single warp with
TPS+PU) to deform the aorta were described and compared. Results on sim-
ulated data show a clear improvement in accuracy when using TPS+PU. A
recent study [3] reported a range of up to 11mm (mean 4.5mm) for aortic move-
ment. Despite applying deformations of 10mm, almost at the top of this reported
range, we managed to achieve the required registration accuracy less than 3mm
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(as proposed in [3]) for half the single warp registrations. No sequential warp
registration achieved < 3mm accuracy (see Fig. 4(d)).

Our method fits well within the standard clinical workflow. It requires knowl-
edgeable manual input for point picking, but only a few points are required,
which are usually located in standard clinical images within a few minutes (com-
pared to the procedure time of 4+ hours). Automated landmark identification
would be preferred, however this is very difficult to achieve with guaranteed
100% robustness, and subsequent required checks on automated landmark selec-
tion are likely to require knowledgeable manual visual inspection. 2D-3D rigid
registration is performed regularly to account for rigid patient, and fluoroscopy
gantry, movement during complex EVAR. Our current approach assumes that
only one major non-rigid deformation (which occurs after inserting a stiff wire)
takes place during the procedure. Therefore, the non-rigid registration algorithm
would only need to be applied once per procedure. This assumption remains to
be clinically verified.

In conclusion, we present a new non-rigid 2D-3D registration method using a
TPS with non-isotropic error ellipsoids to model projection uncertainties. Results
show improved accuracy using TPS+PU, which has the potential to increase the
number of EVAR patients who can benefit from computer-assisted surgery.
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