Fast 2D-3D registration
using GPU-based preprocessing
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Abstract—This paper describes the fast point-based 2-D/3-
D registration that will increase the registration speed of
intraoperative  two-dimensional  (2-D) fluoroscopy and
preoperative three-dimensional (3-D) CT images using GPU
(graphics processing unit)-based DRR’s preprocessing. Rigid
2-D/3-D registration of 2-D fluoroscopy images with 3-D CT
images can be used for image-guided surgery or
intraoperative navigation. X-ray fluoroscopy images provide
real-time visualization. However, in general, resolution of
fluoroscopy images is limited, these modalities are only 2-D
and features in the front of body overlap one. Because of its
drawback, three-dimensional imaging modalities such as
computed tomography (CT) and magnetic resonance {MR)
imaging are broadly used in clinical diagnostics and treatment
planning [1]. These have the spatial information and high
resolution, but at present their use as interventional imaging
modalities has been limited.

In this paper, to utilize CT information during interventional
procedures, a preoperative CT scan is aligned with an
intraoperative x-ray fluorescopy image. In preprocessing
procedure we generate CT-derived DRRs using graphic
hardware. This method is over 150 times faster than software
rendering. And for registration accuracy and speed, we
propose point-based 2D-3Dregistration of phantom dataset.
And to reduce computation cost, we apply point-based
registration technique. Because this method leads the
compuiation time to about one second, the registration speed
is enough to apply to intervention.,

1. INTRODUCTION

To develop image-guided surgery or intraoperative
navigation system, 2-D/3-D registration of intracperative 2-D
imaging such as x-ray and preoperative 3-D imaging such as
CT, MR is indispensable [2-5]. The key problem of 2-D/3-D
registration is to compare input images that are of different
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dimensionalities. In order to estimatc about relative spatial
relationship of images, the images must be compared in the
same space [1].

2-D/3-D registration technique is divided into two approaches.
One approach is based on 3-D/3-D registration using 3-D
reconstruction from 2-D images. The other approach is based on
2-D/2-D  registration using  2-D  Digitally Reconstructed
Radiographs (DRR) generation from 3-D CT volume. For 2-D/3-
D registration using 3-D reconstruction, closed-form solutions
using quaternions and orthonormal matrices respectively of
Horn [6] are generally used. This technique requires several 2-D
images. However, real-time obtainment of 2-D images is not
easy during operation.
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Figurc 1. The flowchart of 2-D/3-D registration

2D-3D registration using 2-D DRR generation requires
thousands ray-casting steps. [{ is heavy task. For registration of
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skuli, pelvis, and spine, Zollei {1] used mutual information
registration technique. And for registration of vertebra, Weese
[7] used DRR generation of small sectional CT and pattern
intensity registration technique. Because these techniques
require thousands of computation time, real-time application
is imposible.

In real-time to visualize anatomical information in 2-D x-
ray image, this paper proposes a fast registration method of
the 2-D images from 3-D volume using GPU-based DRR’s
preprocessing. For this registration task, our method is
composed of three main steps: fast CT-derived DRR
generation using graphic hardware, automatic extraction of
marker using connected component algorithm and point-
based 2-D/3-D registration using in- and out-plane
registration (see figure 1).

2. FAST DRRS GENERATION

Simulated projection images from CT volume are called
Digitally Reconstructed Radiographs (DRRs) {7]. In general,
these images are computed with the so-called ray-casting
algorithm from a CT volume of the patient acquired before
surgical operation. Ray-casting algorithm 15 to compute an
amount of light that a virtual ray from X-ray light source
penetrates 3D CT, and it arrives image surface like figure 2.
As this algorithm must visit every voxel of CT volume while
computing the projection image, it is needed to much
computational time. In order to reduce the computational time,
early ray termination is generally used. However, carly ray
termination is not able to apply our method because we do not
use opacity transfer function and we apply Maximum
Intensity Projection {MIP) to our composing method. Thus,
one DRR slice generation takes about 100seconds on Intel
Pentium 4 CPU 2.4Ghz machine. Besides, a few thousand of
DRRs are required for 2-D/3-D registration. In order to
overcome the very heavy task of DRRs generation, this paper
proposes a GPU-based DRRs generatton using graphics
hardware.
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Figure 2. DRRs gencration using CT volume data
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The DRRs image is generated by texture-based volume
rendering method using high level shading language (HLSL). At
first, we generate three dimensional volume data using acquired
each CT slice images like figure 3. When acquired CT slice
images, we are able to know about an interval of each slice
images. We generale threc dimensional volume data by
interpolating the interval using nearest neighbor interpolation.

Nearest Nelghbor
interpolation

Each CT slice data 3D CT volume data

Figurc 3. A generation of three dimensional volume data

When loading a volume data in three-dimensional texture, it is
impossible to load the data if a resolution of the data is over
512x512x512. Thus, we alter the volume data size of each voxel
from 12bit to 8bit, and we load the 8bit volumetric data in three-
dimensional texture. Although the method may happen to lose
information, it is not serious problem. Our objective is to
segment the markers and perform registration between DRRs
and X-ray image. Moreover, the markers have a high intensity
value, so0 it is possible to take a higher 8 bit data from 12 bit data
to segment markers.

After loading in the texture, we apply texture-based volume
rendering method. In general, proxy geometry is generated using
parallel projection. As simulating X-ray image, we generate
proxy geometry using perspective projection. Figure 4 shows a
proxy geometry generation method.
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Figure 4. A gencration of proxy geometry using perspective projection
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We map three-dimensional texture in the memory of
graphics hardware onto generated proxy geometry. The
mapped slices onto proxy geometry render using a
compositing mode. The compositing mode consists of three
techniques: minimum intensity projection, average intensity
projection, and maximum intensity projection. Among them,
we select maximum intensity projection that is the best
method to represent the markers.

The DRRs image quality acquired from this method is as
good as the image quality acquired from ray casting method
-as shown in Figure 5. Moreover, one DRRs slice generation
from this method takes about 0.45 seconds on Intel Pentium 4
CPU 2.4GHz machine and ATI Radeon 9600 GPU with
256MB of memory.

(a) softwarc-bascd DRRs

(b} hardwarc-based DRRs

Figurc 5. Result Images of SW/HW Rendering

3. AUTOMATIC MARKERS SEGMENTATION

For point-based registration, automatic confirmable
markers segmentation method is used, However, x-ray images
lack clearness, have low sensitivity, and have noises. In order
to accurately extract, we automatically extract markers using
thresholding [8] and connected component method. First,
candidate regions of markers from each x-ray images, we use
housefield unit value above a chosen threshold. And then
these regions saved as binary maps. Second, because there are
noise and other features in these maps, they must be removed.
They are identified using connected component algorithm.
Identified regions are compared with standard marker model.
If they are small or large than standard marker model, they
are regarded as noises or other features. Finally, centroids of
extracted regions are computed.

Figure 6 shows result of 2-D/3-D registration. The red
region is markers of x-ray, and the cross markers are centroids
of marker of CT.

Figurc 6. The Scgimentation Results

4. REGISTRATION

2-D/3-D registration is to align the coordinate of 2-D x-ray
image with the coordinate of 3-D CT or to determine the
correspondence between the intraoperative x-ray image and the
preoperative  CT  volume. In order to determine the
transformation in three-dimension space, in general, translation
and rotation compenents for x, y, and z axis are computed in six
degrees-of-freedom. But this system increases computation cost
in six degrees. In this paper, to reduce the growth rate of
computation cost, we propose separated registration steps of out-
plane registration and in-plane registration. This method leads
the computation cost to just two degrees.

Out-plane registration is to compute the position of x- ray
source in 3-D space. To find the source position, we apply to two
rotation vectors of spherical coordinate system and search the
rotation vectors that optimize the correspondence between x-ray
image and CT volume. In order to estimate the similarity, we use
the reot-mean-square-error (RMSE) of the in-plane registration
result. RMSE defined by

RMSE =

where T, is x-ray marker and Py is nearest CT marker with T;.

In 2-D in-plane registration step, we determine the optimal
translation and rotation vectors of markers using the principle
axes registration method {9,10]. This methed computes each
axes of markers in two images using the Singular Value
Decomposition (SVD) as

A=ULVT o E=U"4¥
L =diag(a,,---,0,)

(1)

where U and V are unitary, and 2 is real diagonal elements.
The o; are called the singular values. In-plane rotation vector 8
is the differential angle between axes. And in-plane translation
vectors Ty, Ty for each axis is computed by the weighted mean
of the markers' center positions.
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TABLE !

EXPERIMENTAL DATASETS

Expcrimental CT Set Imagt': CT Siice DRR DRR Slice
Datasct Resolution Number Interval Number
Data A CTi 512*512 566 0.5 3600
Data B CT2 512*512 101 0.5 3600
Data C CTt 512*512 566 1 200
Data D CTz2 512*512 391 | 200
Data E CT | 512*512 566 2 225
Data F CT2 312*512 391 2 225

m(a) Registration of

Figure 7. 2.D/3-

5. REsULTS

All our implementation and test were performed on an Intel
Pentium [V PC containing 2.4 GHz CPU and 1.0 GBytes of
main memory. Our method has been successfully applied to
two phantom datasets for evaluating accuracy and
computation time. Dataset A and B have 3600 DRRs with
intervals of 0.5 degree, dataset C and D have 900 DRRs with
intervals of 1 degree, and dataset E and F have 225 DRRs
with interval of 2 degree (see table I).

Table iI shows DRR generation time using graphic
hardware (HW) and software (§W) rendering techniques. HW
rendering technique is over 150 times faster than SW
rendering technique.

TABLE I1
DRR GENERATION TEME OF HW/SW

Experimentat HW rendering SW rendering
Datasct (min} (nmin)
Data A 24.2] 5707.85
Data B 2348 3664.28
Data C 6.02 1427.01
Data D 5.87 916.06
Data E : 1.50 356.67
Data F 1.47 229.03

(b) Registration of
2 degree interval DRR 1 degree interval DRR . 0.5 degree interval DRR

{c) chis?ralion of

[} Registration Results

Table i1l shows that the registration speed is enough to apply
to intervention. The computation time was less than 0.05
seconds in dataset A and 0.1 seconds in dataset B. And
registration time increases in proportion to the number of DRRs.

TABLE It
PROGRESSING TIME OF 2-D/3-D REGISTRATION

. Processing Time
Expcerimental Datasct o g ¢

{milliscc)
Data A 1372
Data B 1286
Data C 315
Data D 369
Data E B7
Data F 92

In figure 7, background images are x-ray images, black points
express markers of x-ray images, and crisscross patterns express
markers of CT. In case of registration of 2 degree interval DRR,
markers of CT are not matched with markers of x-ray. The other
sides, in case of registration of 1 or 0.5 degree interval DRR,
markers are exactly matched.

For accuracy test, we evaluated the root-mean-square-error
(RMSE) between DRRs and x-ray markers. In our experiments,
RMSE is less than 3 in dataset A and 20 in dataset B.
Experimental results showed that our method is as accurate as
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TABLEII

EVALUATING ACCURACY OF 2-D/3-D REGISTRATION

Translation Parameter Rotation Parameter
Dataset Ground-Truth Parameter Ground-Truth Paramcter  ® RMSE
{Tx, mm) ¢ Ty, mm } { Ox .dcg) ( Py .deg) | ( fz .deg)
Data A 30.9 30.1 535 48 56,5 27
31 29 53.7 479 56.3
12.3 . b b
Data B 17.6 355 50.5 A 455 18
12 18 5.7 50.3 454
29.7 46.4 2 2
Data C 6 > 20 4 11.3
29 47 leé 50.5 41.6
. 30.
Data D 225 8 36 42 42 86
24 30 36.2 41.6 41,9
’ 20.6 28, 4
Data E 8 > > 38 19.7
21 27 549 53.5 494
15.7 158 47
Data F 2 4 36 54 227
6. | 3 [ 461 36.9 54,8

the conventional registration and gives more fast computation
than the conventional one,

CONCLUSION:

We proposed the fast point-based 2-D/3-D registration
using GPU-based DRRs generation and in-/out-plane
registration for muiti-dimenstonal registration. Our GPU-
based DRRs generation algorithm was performed rapidly. The
proposed marker extraction could remove the noise with
accuracy using the connected component-based labeling. The
in- and out-plane registration reduces the search space to two
degrees-of-freedom from six degrees-of-freedom. And
processing time is sufficient to apply to real-time surgery such
as image-guided surgery or intraoperative navigation.
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