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Abstract 

Image guided navigation system has revolutionized the field of surgery. Surgical navigation system helps surgeon 
to enhance their knowledge about patient's anatomy and to perform pre-operative diagnosis and planning. The aim 
of this study is to develop an image guided surgical navigation system for pedicle screw placement. Firstly, a 
computed tomography (CT) imaging based virtual 3D model of pig spine is reconstructed, where CT images are 
segmented based on HU intensity values as threshold. Subsequently, Landmark registration was done between 
landmarks on pedicle screw and landmarks on pedicle of vertebra model developed from CT, where four landmarks 
were chosen respectively on pedicle screw and on pedicle of vertebrae. The pedicle screws were successfully 
placed into the pedicles of vertebra using the Landmark registration. Finally, a non-rigid landmark registration is 
done between US imaging based inverse image of vertebra and CT model of vertebra. 

Key words: Image guided surgical navigation system, Spine, CT images, Pedicle screw, Landmark registration, 
US imaging. 
 
1. Introduction 
 
Surgery involves higher risk than other medical 
treatment [1]. The use of image guided tracking 
technology and navigation system reduce the health 
risk and increase the treatment accuracy. Image 
guided surgical navigation is the process that uses 
image processing techniques for developing medical 
image based virtual 3D model. While, 3D model 
allows surgeon to make pre-operative planning.  

Pedicle screw placement is the treatment 
that performed when a person is subjected to column 
fusion surgery due to a degenerative disease 
traumatic, neoplastic, or infectious or due to a 
deformation of the spine, such as scoliosis. It is a 
surgery that required navigation system for tracking 
specific point and orientation on the vertebra to place 
pedicle screws. The main function of pedicle screws 
placement is to stabilize the spine by fixing and / or 
joining neighboring vertebrae. However, this process 
involves high complexity due to vertebrae has 
complex anatomy and vertebrae holds the vital 
vascular and the spinal cord [2]. Image guided 
surgical navigation is used to handle this complex 
process. It allows surgeon to visualize the virtual 
model before surgery and to visualize the trajectory 
of the screw within the real-time patient's body. As a 
result. Pedicle screw placement become more 
accurate and reliable [3].  

In this study, it is proposed to implement a 
surgical navigation system for assisting placement of 

pedicle screws in the spine phantom of a pig, using 
the 3D slicer open-source software (www.slicer.org). 
The first part of the work was the development of a 
system based on computerized tomography (CT) 
preoperative. Through these images is intended to 
reconstruct a 3D model of the column, so it can view 
the location of the surgical instrument in relation to 
the actual column. Secondly, a HU intensity based 
automated segmentation is done for finally 
reconstructing 3D virtual model of vertebrae column. 
Thirdly, point to point based landmark registration is 
done between landmarks on pedicle screw and 
landmarks on pedicle wall. By using the result of 
registration all the pedicle screws are placed into 
vertebrae. Lastly, non-rigid based landmark 
registration is done between CT imaging of vertebrae 
and ultrasound imaging of vertebrae.    
 
2. Acquiring a 3d Model 
 
The importance of 3d modeling in medical diagnosis 
have grown significantly. Acquiring a 3D model prior 
to the surgery is very essential for reducing the risk 
of surgery. It allows the surgeon to better plan the 
surgery intervention by knowing in advance the exact 
anatomical structures. As a result, surgeons are 
capable to provide highly accurate diagnosis. That 
helps them to determine the best treatment [4]. There 
are three main medical imaging approaches are 
widely used for acquiring 3d model representation of 
the bone. CT, MRI and ultrasound imaging. In this 



study, CT and ultrasound imaging of pig vertebra 
was used for reconstructing 3d model of a pig column 
phantom. The column was placed inside a box, 
emerged in a gel, as shown in Fig 1. 

 
Fig 1: Phantom column [2] 

 
2.1 Volume Reconstruction from CT Scan 
 
The 3d reconstruction of the pig column was made 
using 3D slicer open-source software 
(www.slicer.org). The CT images were taken at the 
Hospital Santa Maria in Lisbon [2]. CT imaging 
modality is most suitable for bone detection. It 
enhances the compact bone contrast, since the HU 
intensity values of bone is higher in relation to the 
other soft tissues. CT based on the X-ray absorption 
by different fabrics, such as conventional X-ray, but 
it allows to obtain cross-sectional images - slices. 
The CT images are formed by a set of pixels 
distributed in rows and columns forming a matrix. 
The images obtained from the CT performed 
phantom having a matrix of 512 × 512 pixels (Fig 2 
(a)). A total of 304 images acquired, which forms a 
volume of 512 × 512 × 304 voxels. It is possible to 
calculate the spacing between pixels is 0.4883mm, 
and the spacing between rows and columns slices is 
1.5 mm by knowing voxel for milliliter: (250 = 
512*0.4883) mm × (250 = 512*0.4883) mm × (456 = 
304*1.5) mm. In addition, thickness of each 
vertebrae is calculated using the slice thickness. 

     
Fig 2: Reconstructed Volume: a) 3D grid or volume is 

obtained by stacking all the slices together, b) the same 
volume using a different colormap for better visualization 

the vertebrae anatomy. C) cropped vertebrae 

2.2 Cropping CT 

The volume reconstruction module evaluates a 
volume directly from a CT scan (Fig 3). However, it 
is mandatory to crop region of interest (ROI) or 
vertebrae, before performing automatic 
segmentation. Volume cropping is performed for 
extracting from the main volume the sub-volumes 
containing only the vertebrae (Fig 3(b)). In order to 
achieve this, a crop volume module of 3d slicer was 
applied. In detail, the module was used to find the 
bounding boxes containing the vertebrae. The main 

idea behind this module is to set the bounding box 
along the Left axis (Fig 3(a)), the bounding box along 
the Superior axis (Fig 3(b)), and the bounding box 
along the Posterior axis (Fig 3(d)).  

 
Fig 3: a) Top left: red screen shows Left axis, b) Bottom 
left: yellow screen shows Superior axis, c) Top right: 3d 
view, and d) Bottom right: green screen shows Posterior 

axis 

 
2.3 Segmentation CT 

Image segmentation technique can be express by 
the equations below: 

                            I(x) ∈ R                          (1) 
                                   x ∈  Z                            (2) 
where an image I can be defined over its domain 
Z, which is an N-dimensional grid. A specific intensity 
value for each grid point is taken for the N-
dimensional Image function I. Where, the grid points 
are the pixels of a 2D image and voxels of a 3D 
image. The simplest and widely used image 
segmentation method is threshold segmentation 
[25,29]. Here, in this study, the segmentations 
module of 3D slicer was applied for obtaining 
threshold based automated 3D segmentation from a 
CT.                
   
2.3.1 Threshold based segmentation  

A simple threshold segmentation was performed 
based on the HU intensity values of the volume 
voxels. The value of the threshold changes for 
capturing demanding features along each direction, 
which depends on the direction where the bounding 
box is to be constricted. All pixels with HU intensity 
values between the range become one, defining the 
object pixels, and all the pixels out of the threshold 
range become zero, defining the background pixels. 
The threshold segmentation method was proposed 
due to the fact that the bone presents the high HU 
intensity value almost throughout its geometry. Fig 4 
shows the yellow region, the result of the 
segmentation using a HU intensity value ranging 
from 265 to 1300 as threshold. A high HU intensity 
threshold to capture the main geometry of the 
vertebral bones while disregarding the low intensities 
present in the joint regions. this way, a volume of 
vertebrae is obtained. 



 
Fig 4: Segmented vertebra: a) Top left: shows Left axis, b) 

Bottom left: yellow screen shows Superior axis, c) Top 
right: 3d view, and d) Bottom right: green screen shows 

Posterior axis 
 

Finally, a 3d model of vertebrae was reconstructed 
using MakeModelEffect operator of the editor 
module in 3d slicer. It shows in the Fig 5. 

 
Fig 5: 3d reconstructed model: a) Top left: red screen 
shows Left axis, b) Bottom left: yellow screen shows 

Superior axis, c) Top right: 3d view, and d) Bottom right: 
green screen shows Posterior axis 

 

2.4 3D Model Reconstruction from Ultrasound 
Imaging 

A 3d volume is reconstructed using the ultrasound 
imaging taken by ProSound 2, Aloka Medical 
marketed by Hitachi, Ltd., with a linear tube coupled 
to an instrument Polaris SpectraOne framegrabber 
was used for acquiring images at 33 frames per 
second and to visualize them in computer. The 
images obtained from the ultrasound performed 
phantom having a matrix of 576 × 760 pixels (Figure 
2.1 (b)). A total of 276 images acquired, which forms 
a volume of 512 × 512 × 276 voxels.  

   
Fig 6: Reconstructed Volume: a) 3D grid or volume is 

obtained by stacking all the ultrasound slices together, b) 
the same volume using a different colormap for better 

visualization the inverse structure of the vertebra no 2 and 
3. C) cropped the region of interest 

    
In order to extract the surface of the column in the 
US acquired images was necessary to cropped and 

segmentation. The crop volume module of 3d slicer 
was applied for getting region of interest (Fig 6c). 
Therefore, a HU intensity value-based thresholding 
segmentation was perform using segmentations 
module of slicer that shown earlier this study. The Fig 
7 shows the segmented ultrasound images below,  

 
Fig 7: Segmented ultrasound imaging: a) Top left: red 
screen shows Left axis, b) Bottom left: yellow screen 

shows Superior axis, c) Top right: 3d view, and d) Bottom 
right: green screen shows Posterior axis 

 
Finally, a 3d model of inverse vertebra was 
reconstructed using MakeModelEffect operator of 
the editor module in 3d slicer. It shows in the Fig 8. 

 
Fig 8: 3d reconstructed model: a) Top left: red screen 
shows Left axis, b) Bottom left: yellow screen shows 

Superior axis, c) Top right: 3d view, and d) Bottom right: 
green screen shows Posterior axis 

 
3.  Pedicle Screw Placement 

This section presents pedicle screw placement 
based on point to point based landmark registration. 
Where, registration is an image processing 
technique that align one to one correspondence 
between the coordinates of two or more images. 
Each point x of the source image will be mapped an 
automatically corresponding location in the moving 
image T(x) after coordinate transform. Image 
registration technique are two types according to 
transformation [5]. The first type is linear 
transformations, which includes rotation, scaling, 
translation, and another affine transform [6]. They 
are global in nature and cannot model local 
geometric between images [7]. The second type is 
nonlinear transformations, which allows nonrigid or 
elastic transformations. They are capable of locally 
warping the target image to align with the reference 
image.  



3.1.1 Rigid Registration 

The rigid registration is one of the simplest image 
registration method that are related by rotation and 
translation [8]. It is a linear coordinate transform that 
describes six degrees of freedom which includes 
three rotation and three translations. Rigid 
registration can be measured by feature based and 
intensity based. Features includes points, lines, 
vectors, surfaces, volumes, that are extracted from 
images prior to similarity measure. The main step of 
features-based registration is to identify and extract 
he homologous points or control points. In medical 
imaging registration, these points can be bones or 
artificial spots introduced in body for helping the 
registration. 

3.1.2 Non-Rigid Registration (NRR): 

Handling distortion in the images is a changing task 
for medical image processing. It requires more 
degrees of freedom than the rigid registration [9]. 
Although, object might be rigid, if distortion is 
present, least squares rigid motion SVD method 
unable to deal with the problem. Non-rigid 
registration is the image processing technique that 
capable to handle images with distortion. The non-
rigid registration can be expressed,  

                 T(r) = r + d(r)                    (3) 

where, parameters are described as transformation 
T(r), deformation d(r), and r is (x, y, z). As it is a 
nonlinear registration technique which uses image 
intensities for computing the transformation. The 
transform maps the points in the moving reference 
coordinate to the corresponding points in the fixed 
reference coordinate. There are several methods to 
achieve non-rigid registration. However, here in this 
study, non-rigid iterative closest point (ICP) is used 
for computing the transform between CT and 
ultrasound images.  

 
Fig 9: Non-rigid registration: Vector field (aka deformation 

field) T is computed from A to B [11] 
 

3.2 Pedicle Screw Placement Process 

Pedicle screw placement process includes steps, 

1) Firstly, the point to point base landmark 
registration or fiducial registration initiated by 
choosing four landmarks on pedicle screw (Fig 
10). 

2) Therefore, four landmarks were chosen for each 
pedicle of vertebra. 

3) Then, Fiducial registration was done between 
landmarks of pedicle screw and landmarks on 
pedicle of vertebra model developed from CT, 
were development of vertebrae from CT is 
shown earlier. Here, landmarks on pedicle 
screw is moving reference and landmarks on 
pedicle of vertebra is fixed reference.  

4) The fiducial registration results a rotation and 
transformation matrix of registered pedicel 
screw and root mean square (RMS) error. 

5) In this step, an intersection point for pedicle 
screw and an angle in LR and an angle in SI axis 
is calculated using the output of the fiducial 
registration. Here, the out file is extracted from 
3D slicer as .mat file and a MATLAB program 
was developed for calculation using the output 
file.  

 
Fig 10: Landmarks on pedicle screw 

 

3.2.1 Fiducial Registration 
 
Here, rigid registration is done between landmarks 
on pedicle screw and landmark on pedicle of 
vertebra using fiducial registration. After the 
registration, a transformation matrix describes the 
new location of landmarks on pedicle screw by 
rotation and translate. Therefore, using the 
transformation the angle in LR axis, the angle in SI 
axis and the intersection point for pedicle screw is 
calculated. 

Left Pedicle of Vertebra 1 

        Rotation, R =
0.78 0.62 0

−0.62 0.78 0
0 0 1

          (4) 

        Translation, t =
−0.55

−194.11
−395.01

                  (6) 

Angle: LR axis, α = 38.65°,  SI axis, γ = 1.1° 

         Intersection point, I =
15.25

−174.35
−395.01

       (7) 

  



  
Fig 11: Left axis view of left pedicle of vertebra 1: a) Top 
left: Landmarks on vertebra, b) Top right: Pedicle screw 

placed into vertebra, c) Bottom left: Translated Landmarks 
on pedicle screw, and d) Bottom right: Vertebra after the 

registration 

Root mean square (RMS) Error = 4.67221 

Right Pedicle of Vertebra 1 

Rotation, R =
0.82 −0.57 0
0.57 0.82 0

0 0 1
         (8) 

Translation, t =
−13.63

−194.54
−395.01

                 (9) 

Angle: LR axis, α = 34.5°, SI axis, γ = 2.4° 

Intersection point, I =
−27.39

−174.51
−395.01

         (10) 

  

  
Fig 12: Left axis view of right pedicle of vertebra 1: a) Top 
left: Landmarks on vertebra, b) Top right: Pedicle screw 

placed into vertebra, c) Bottom left: Translated Landmarks 
on pedicle screw, and d) Bottom right: Vertebra after the 

registration 
 
Root mean square (RMS) Error = 4.48032 

Left Pedicle of Vertebra 2 

Rotation, R =
−0.83 0.56 0
0.56 0.83 0

0 0 −1
         (11) 

Translation, t =
−0.72

−197.50
−358.55

                    (12) 

Angle: LR axis, α = 34.28°, SI axis, γ = 1.2° 

Intersection point, I =
14.2

−175.60
−358.55

              (13) 

   

  
Fig 13: Left axis view of left pedicle of vertebra 2: a) Top 
left: Landmarks on vertebra, b) Top right: Pedicle screw 

placed into vertebra, c) Bottom left: Translated Landmarks 
on pedicle screw, and d) Bottom right: Vertebra after the 

registration 
 
Root mean square (RMS) Error = 3.86425 

Right Pedicle of Vertebra 2 

Rotation, R =
0.81 −0.59 0
0.59 0.81 0

0 0 1
         (14) 

Translation, t =
−11.63

−196.70
−358.73

                 (15) 

Angle:  LR axis, α = 35.81°, SI axis, γ = 2.7° 

Intersection point, I =
−27.14

−175.21
−358.55

           (16) 

  

  
Fig 14: Left axis view of right pedicle of vertebra 2: a) Top 
left: Landmarks on vertebra, b) Top right: Pedicle screw 

placed into vertebra, c) Bottom left: Translated Landmarks 
on pedicle screw, and d) Bottom right: Vertebra after the 

registration 
 
Root mean square (RMS) Error = 3.65192 

Left Pedicle of Vertebra 3 

Rotation, R =
0.87 0.49 0

−0.49 0.81 0
0 0 1

         (17) 

Translation, t =
0.03

−198.09
−319.76

                 (18) 

Angle: LR axis, α = 29.03°, SI axis, γ = 2° 

Intersection point, I =
12.84
−175

−319.76
           (19) 

  



  
Fig 15: Left axis view of left pedicle of vertebra 3: a) Top 
left: Landmarks on vertebra, b) Top right: Pedicle screw 

placed into vertebra, c) Bottom left: Translated Landmarks 
on pedicle screw, and d) Bottom right: Vertebra after the 

registration 
 
Root mean square (RMS) Error = 4.42712 

Right Pedicle of Vertebra 3 

Rotation, R =
−0.88 0.49 0
−0.47 0.88 0

0 0 −1
         (20) 

Translation, t =
12.56

−199.04
−319.76

                     (21) 

Angle: LR axis, α = 27.76°, SI axis, γ = 1.4° 

Intersection point, I =
−25.28

−174.88
−319.76

               (22) 

  

  
Fig 16: Left axis view of right pedicle of vertebra 3: a) Top 
left: Landmarks on vertebra, b) Top right: Pedicle screw 

placed into vertebra, c) Bottom left: Translated Landmarks 
on pedicle screw, and d) Bottom right: Vertebra after the 

registration 
 
Root mean square (RMS) Error = 4.44003 

Left Pedicle of Vertebra 4 

Rotation, R =
−0.84 0.55 0
0.55 0.84 0

0 0 −1
         (23) 

Translation, t =
−3.19

−200.71
−283.17

                    (24) 

Angle: LR axis, α = 33.28°, SI axis, γ = 2.6° 

Intersection point, I =
11.41

−178.47
−283.17

               (25) 

  

  
Fig 17: Left axis view of left pedicle of vertebra 4: a) Top 
left: Landmarks on vertebra, b) Top right: Pedicle screw 

placed into vertebra, c) Bottom left: Translated Landmarks 
on pedicle screw, and d) Bottom right: Vertebra after the 

registration 
 
Root mean square (RMS) Error = 3.99611 

Right Pedicle of Vertebra 4 

Rotation, R =
0.90 −0.43 0
0.43 0.90 0

0 0 1
         (26) 

Translation, t =
−12.18

−200.64
−283.17

                  (27) 

Angle: LR axis, α = 25.38°, SI axis, γ = 2.6° 

Intersection point, I =
−23.50

−176.79
−283.17

             (28) 

  

  
Fig 18: Left axis view of right pedicle of vertebra 4: a) Top 
left: Landmarks on vertebra, b) Top right: Pedicle screw 

placed into vertebra, c) Bottom left: Translated Landmarks 
on pedicle screw, and d) Bottom right: Vertebra after the 

registration 
 
Root mean square (RMS) Error = 4.08929 

Left Pedicle of Vertebra 5 

Rotation, R =
−0.86 0.50 0
0.50 0.86 0

0 0 −1
         (29) 

Translation, t =
−2.97

−201.45
−246.81

                    (30) 

Angle: LR axis, α = 30.21°, SI axis, γ = 2.7° 

Intersection point, I =
9.61

−179.84
−246.81

              (31) 

  



  
Fig 29: Left axis view of left pedicle of vertebra 5: a) Top 
left: Landmarks on vertebra, b) Top right: Pedicle screw 

placed into vertebra, c) Bottom left: Translated Landmarks 
on pedicle screw, and d) Bottom right: Vertebra after the 

registration 
 
Root mean square (RMS) Error = 4.00776 

Right Pedicle of Vertebra 5 

Rotation, R =
0.89 −0.46 0
0.46 0.89 0

0 0 1
         (32) 

Translation, t =
−11.96

−201.50
−246.81

                 (33) 

Angle: LR axis, α = 27.33°, SI axis, γ = 1.6° 

Intersection point, I =
−23.99

−178.22
−246.81

            (34) 

  

  
Fig 20: Left axis view of right pedicle of vertebra 5: a) Top 
left: Landmarks on vertebra, b) Top right: Pedicle screw 

placed into vertebra, c) Bottom left: Translated Landmarks 
on pedicle screw, and d) Bottom right: Vertebra after the 

registration 
 
Root mean square (RMS) Error = 3.78972 

Left Pedicle of Vertebra 6 

Rotation, R =
0.93 0.38 0

−0.38 0.93 0
0 0 1

         (35) 

Translation, t =
−1.36

−202.63
−210.76

                 (36) 

Angle: LR axis, α = 22.08°, SI axis, γ = 2.9° 

Intersection point, I =
7.17

−181.88
−210.76

           (37) 

   

   
Fig 21: Left axis view of left pedicle of vertebra 6: a) Top 
left: Landmarks on vertebra, b) Top right: Pedicle screw 

placed into vertebra, c) Bottom left: Translated Landmarks 
on pedicle screw, and d) Bottom right: Vertebra after the 

registration 
 
Root mean square (RMS) Error = 4.04822 

Right Pedicle of Vertebra 6 

Rotation, R =
0.97 −0.25 0
0.25 0.97 0

0 0 1
         (38) 

Translation, t =
−16.28

−202.45
−210.76

                 (39) 

Angle: LR axis, α = 14.2°, SI axis, γ = 1.8° 

Intersection point, I =
−22.05

−179.67
−210.76

           (40) 

  

  
Fig 22: Left axis view of right pedicle of vertebra 6: a) Top 
left: Landmarks on vertebra, b) Top right: Pedicle screw 

placed into vertebra, c) Bottom left: Translated Landmarks 
on pedicle screw, and d) Bottom right: Vertebra after the 

registration 
 
Root mean square (RMS) Error = 3.99116 

Left Pedicle of Vertebra 7 

Rotation, R =
−0.91 0.42 0
0.42 0.91 0

0 0 −1
         (41) 

Translation, t =
−4.31

−205.94
−175.73

                    (42) 

Angle: LR axis, α = 24.72°, SI axis, γ = 1.2° 

Intersection point, I =
5.64

−184.32
−175.73

              (43) 

  



  
Fig 23: Left axis view of left pedicle of vertebra 7: a) Top 
left: Landmarks on vertebra, b) Top right: Pedicle screw 

placed into vertebra, c) Bottom left: Translated Landmarks 
on pedicle screw, and d) Bottom right: Vertebra after the 

registration 
 
Root mean square (RMS) Error = 3.63028 

Right Pedicle of Vertebra 7 

Rotation, R =
−0.94 −0.34 0
−0.34 0.94 0

0 0 −1
         (44) 

Translation, t =
−15.31

−205.51
−176.21

                       (45) 

Angle: LR axis, α = 19.8°, SI axis, γ = 2.4° 

Intersection point, I =
−23.1

−183.87
−176.21

                 (46) 

  

  
Fig 24: Left axis view of right pedicle of vertebra 7: a) Top 
left: Landmarks on vertebra, b) Top right: Pedicle screw 

placed into vertebra, c) Bottom left: Translated Landmarks 
on pedicle screw, and d) Bottom right: Vertebra after the 

registration 
 
Root mean square (RMS) Error = 3.71733 
 

  
Fig 25: Intersection markups placed on vertebra in 

posterior view 
 

 
Fig 26: Pedicle screw placed into semitransparent 

vertebra posterior view 
 

 
Fig 27: Pedicle screw placed into semitransparent 

vertebra left view 

 
3.2.2 Discussion 

 
All of the pedicle screws were successfully mapped 
into the intraoperative coordinate frame. The 
registrations resulted the pedicle screws placed 
sufficiently accurately into the vertebra, where none 
of the screw perforated the pedicle walls. As the root 
mean square (RMS) error for each registration is 
pretty similar, around 4 ± 0.4. For all the vertebra, Fig 
(d) shows the placement of the translated landmarks 
on screw inside the pedicle. The result of this study 
is sufficient for satisfying our goal, the pedicle screws 
placement. As it is based on Closed form solution 
model [10], which provides absolute orientation to 
the least square problems by measuring the 
difference between the centroid of the coordinates in 
one system and the rotated and scaled centroid of 
the coordinates in the other system. In addition, the 
result agrees with the study done by Ungi et al.[3]. 
  

3.3 Registration between CT and US 
 
The point to point base landmark registration is done 
between CT based virtual vertebral model (Fig 28a) 



and US imaging based virtual model of inverse 
image of vertebra (Fig 28b).  
 

   
Fig 28: a) CT model, b) US model inverse image of the 

vertebra 
 

The registration initiated by choosing six landmarks 
on top of the CT based vertebral model and six 
landmarks on bottom of the US imaging based 
vertebral model. Therefore, non-rigid landmarks 
registration was done between the landmarks of CT 
based vertebral model and the landmarks of US 
imaging based vertebral model. Here, landmarks on 
CT based vertebral model is moving reference and 
landmarks on US imaging based vertebral model is 
fixed reference.  
 

  
Fig 29: Registration between CT model and US model: a) 

view from Superior axis, b) view from Inferior axis 
 
The result of the registration is presented by rotation 
and transformation matrix and root mean square 
(RMS) error.  

Rotation, R =
0.04 2.59 0.28

−0.09 0.28 −2.59
−2.60 0.03 0.09

         (47) 

Translation, t =
365.62

−1186.73
156.44

                       (48) 

 

  

  
Fig 30: Registration between CT model and US model: a) 

Top left: view from Left axis, b) Bottom left: view from 
Posterior axis, c) Top right: view from Right axis, and d) 

Bottom right: view from Anterior axis 
 

Root mean square (RMS) Error = 20.645 
 
3.3.1 Discussion  
 
The transformation of the CT based vertebral model 
is represented by the resultant rotation and 
translation matrix. It is clearly seen in Fig 29 and 30 
that CT based vertebral model and US imaging-
based model of inverse image of vertebra is 
successfully registered and after the registration both 
the model match fairly. However, the RMS error is 
higher. It is due to ultrasound imaging are very noisy. 
 
4. Conclusions and Future Work 
 
Image guided navigation improves the accuracy of 
minimally invasive pedicle screw placement during 
the surgery on spine. The navigation on spine 
surgery consists of 3D virtual model reconstruction 
of spine and real-time tracking of spine. While, with 
the help of virtual 3D model surgeon can make pre-
operative planning and the real-time tracking allows 
surgeon to visualize current anatomy of patient’s 
spine. This study aimed to establish a surgical 
navigation technique for pedicle screw placement in 
vertebrae. In particular, this study was designed to 
address two questions. First, how to reconstruct 3D 
virtual model of spine or vertebrae column? Second, 
can this study accurately able to map preoperative 
pedicle screw plans into the intraoperative 
coordinate frame into pedicle? With respect to the 
first question, CT and ultrasound imaging based 3d 
model of a pig column phantom was reconstructed 
using 3D slicer open-source software. For model 
reconstruction: CT images were acquired and 
cropped for getting region of interest (ROI) or 
vertebrae. After getting the cropped vertebrae, HU 
intensity values-based threshold segmentation was 
performed for constructing 3d virtual model of 
vertebrae. Since, CT imaging modality is the most 
suitable for bone detection and it enhances the 
compact bone contrast. Moreover, the HU intensity 
value of bone is higher in relation to the other soft 
tissues. In this study, CT based 3d model of 
vertebrae was constructed by segmenting with a HU 
intensity value ranging from 265 to 1300 as 
threshold. The same procedure was followed in 
constructing ultrasound-based model. However, 
ultrasound-based model is the inverse image of the 
vertebrae, as ultrasound does not pass through the 
bone, but reflected. With regard to the second 
question, all of the pedicle screws were successfully 
placed into the pedicles of vertebra, where none of 
the screw intersected the pedicle walls. Landmark 
registration was done between landmarks of pedicle 
screw and landmarks on pedicle of vertebra model 
developed from CT, where four landmarks were 
chosen respectively on pedicle screw and on pedicle 



of vertebrae. The registration result was sufficiently 
accurate, as the root mean square (RMS) error for 
each registration was around 4 ± 0.4. It was sufficient 
for satisfying our goal, the pedicle screws placement. 
In addition, this study produced similar results to that 
of Ungi et al.[3]. 
 
However, this study is not without limitation. First, 
landmarks on pedicle screw and pedicle of vertebra 
were initiated manually in landmark registration. It 
caused the registration affected by operator error. 
Future development in landmark registration should 
initiate landmarks automatically. Second, this study 
was done on pig spine which is similar, but not same 
as human spine. Additionally, this study is a 
theoretical approach, as no screws were physically 
placed on pig spine. I leave it to the future study 
where physical screw placement error will be 
considered. Although, the physical screw placement 
would reduce the accuracy of theoretical approach, 
it would be more reliable. Despite the fact that 
physical placement error was not considered, this is 
a proof of concept study, where the results are 
adequate for making foundation to the future study.  
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