
 

 

FACULTY OF TECHNOLOGY 

Registration accuracy of the optical navigation system 

for image-guided surgery 

Henri Remes 

 

 

 

 

Mechanical Engineering 

Master’s Thesis 

February 2022 

 



 

ABSTRACT 
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During the last decades, image-guided surgery has been a vastly growing method during 

medical operations. It provides a new opportunity to perform surgical operations with 

higher accuracy and reliability than before. In image-guided surgery, a navigation system 

is used to track the instrument's location and orientation during the surgery. These 

navigation systems can track the instrument in many ways, the most common of which 

are optical tracking, mechanical tracking, and electromagnetic tracking. Usually, the 

navigation systems are used primarily in surgical operations located in the head and spine 

area. For this reason, it is essential to know the registration accuracy and thus the 

navigational accuracy of the navigation system, and how different registration methods 

might affect them. 

In this research, the registration accuracy of the optical navigation system is investigated 

by using a head phantom whose coordinate values of holes in the surface are measured 

during the navigation after different registration scenarios. Reference points are 

determined using computed tomography images taken from the head phantom. The 

absolute differences of the measured points to the corresponding reference points are 

calculated and the results are illustrated using bar graphs and three-dimensional point 

clouds. MATLAB is used to analyze and present the results. 

Results show that registration accuracy and thus also navigation accuracy are primarily 

affected by how the first three registration points are determined for the navigation system 

at the beginning of the registration. This should be considered in future applications where 

the navigation system is used in image-guided surgery. 
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Viimeisten vuosikymmenien aikana kuvaohjattu kirurgia on yleistynyt laajalti 

lääketieteellisten toimenpiteiden aikana ja se tarjoaa entistä paremman mahdollisuuden 

tarkkaan ja luotettavaan hoitoon. Kuvaohjatussa kirurgiassa navigointilaitteisto seuraa 

käytetyn instrumentin paikkaa ja orientaatiota operaation aikana. Navigointilaitteistoilla 

on erilaisia toimintaperiaatteita, joiden perusteella ne seuraavat instrumenttia. 

Yleisimmin käytetyt navigointilaitteistot perustuvat optiseen, mekaaniseen, tai 

sähkömagneettiseen seurantaan. Yleensä kuvaohjattua kirurgiaa käytetään pään ja 

selkärangan alueen kirurgisissa operaatioissa, joten on erittäin tärkeää, että 

navigointilaitteiston rekisteröinti- ja siten myös navigointitarkkuus tunnetaan, sekä 

erilaisten rekisteröintitapojen mahdolliset vaikutukset kyseisiin tarkkuuksiin. 

Tässä tutkimuksessa optisen navigointilaitteen rekisteröintitarkkuutta tutkitaan päämallin 

avulla, jonka pintaan luotujen reikien koordinaattiarvot mitataan navigointitilanteessa 

erilaisten rekisteröintitapojen jälkeen. Referenssipisteet kyseisille mittauspisteille 

määritetään päämallin tietokonetomografiakuvista. Mitattujen pisteiden, sekä vastaavien 

referenssipisteiden väliset absoluuttiset erot lasketaan ja tulokset esitetään 

palkkikuvaajien, sekä kolmiulotteisten pistepilvien avulla käyttäen apuna MATLAB-

ohjelmistoa. 

Tulokset osoittavat, että rekisteröintitarkkuuteen ja siten navigointitarkkuuteen vaikuttaa 

eniten rekisteröintitilanteen alussa määritettävien kolmen ensimmäisen 

rekisteröintipisteen sijainti ja tämä tuleekin ottaa huomioon jatkossa tilanteissa, joissa 

navigointilaitetta käytetään kuvaohjatussa kirurgiassa. 

Asiasanat: kuvaohjattu kirurgia, rekisteröintitarkkuus, optinen seuranta, kirurginen navigointi   
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1 INTRODUCTION 

In recent years, image-guided surgery (IGS) has been an ever-increasing method in 

surgical operations, and it allows surgeries to be performed more accurately and safely. 

In addition, because it allows surgery to be performed less invasively, it also reduces 

recovery time for patients. The benefits that the IGS offer are not limited only to head 

area surgeries, but it also provides a helpful tool for other surgeries, such as orthopedic 

and cardiovascular surgeries.  In general, IGS is a broad concept and various navigation 

systems can be used during it, and tracking systems included in navigation systems are 

based on different physical phenomena. In this chapter, the concept of registration, the 

background of IGS, and the navigation device that is used during this study are presented. 

In addition, the main objective of the study and the research limitations are also presented.  

Before computer-aided image-guided surgery was developed, frame-based stereotaxy 

was used in neurosurgery. Frame-based stereotaxy has gone through two main 

developments over the years: frameless stereotaxy and markerless registrations. 

Frameless systems are replacing the challenging stereotactic frame with mechanically, 

optically, and magnetically tracked instruments. For image-guided surgery, it is essential 

to transfer the information from the image to the patient's body with extreme accuracy. 

Frame-based stereotaxy has been a widely used method in neurosurgery. With this 

technique, the position in the image data is calculated to a position in the patient’s head. 

This is done by using the frame that is visible in the image data, and the frame is also 

attached to the patient during surgery. Recent developments enable the situations where 

it is not necessary to attach the stereotactic frame to the patient’s head. The workflow 

differs between these two methods: after patient and image registration, a pointing device 

can be tracked continuously, and the device’s tip and its’ trajectory are displayed in real-

time in the image data on a computer workstation. In IGS, the main purpose of the 

registration is to transform the equivalent information in the different images into a 

common coordinate system. Registration can be seen as a foundational task in IGS, and 

it is done in order to provide higher-quality navigation and visualization to the surgeons. 

The development of frameless stereotactic systems has led to navigation systems that 
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have evolved the concept of stereotaxy beyond neurosurgery into many surgical fields 

like orthopedic surgery. (Eggers G. et al. 2006.) (Alam F. et al. 2018.)  

In frameless stereotaxy, after the patient and image are registered, any position of a used 

instrument in the patient’s body can be displayed according to the image data. Most often, 

the tip of the instrument is displayed as crosshairs. Many technologies can be used to 

track the position of an instrument, for example, mechanical tracking, acoustic tracking, 

optical tracking, electromagnetic tracking, and glass-fiber tracking. (Eggers G. et al. 

2006.) 

As (Eggers G. et al. 2006.) point out, it is crucial for image-guided surgery that the 

information from the medical image to the patient's body will be transferred with high 

accuracy. Therefore, the registration accuracy, among other accuracies of the surgical 

navigation device must be determined, so the surgeon and the other medical staff will 

know how accurately and minimally invasive they can operate. This also has a direct 

impact on the recovery time of the patient from the operation, and also, the risks during 

the surgery can be reduced. 

1.1 Research objective and methods 

This thesis focuses on the optical navigation system (ONS) and its registration accuracy 

of how well the registered data from the patient and image will correlate. We are also 

interested in how important it is to correctly determine the first three registration points 

from the patient at the beginning of the registration and how their incorrect determination 

affects the navigation results. In the correct situation, the first registration point is taken 

from the corner of the right eye, the second from the center of the nasion area, and the 

third from the corner of the left eye.  In addition, we consider the effect of registration 

being performed only on the forehead area or on the other side of the head, which reflects 

a situation where the patient is lying on his side, compared to a case where registration is 

orthodoxly performed on the entire head area. ONS refers to the complete device 

consisting of an optical tracking system (OTS), which includes cameras and reflecting 

spheres that are used to track the location and orientation of an instrument, but it also 

includes the hardware and the software. An ONS used in this research includes an OTS 
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that is a so-called passive system, which utilizes infrared (IR) light to measure the location 

and orientation of the instrument.  

The optical tracking system that uses infrared light can be active or passive systems, 

mainly depending on the type of the markers. Passive optical trackers use IR light-

emitting diodes (LED) placed around each camera lens to excite retroreflective markers 

placed on the trackers. Markers are usually spherical shaped, so-called fiducials because 

they can reflect the light coming from the camera almost exclusively into the direction of 

the incoming light. (Sorriento et al. 2019) 

The optical navigation system that is used in this research, uses image registration to 

display the navigation instrument's position and orientation as accurately as possible in a 

relation to a patient with a help of previously taken medical images of the patient, for 

example, magnetic resonance (MR) images or computed tomography (CT) images. 

Navigator registers the instrument and the medical image data with the help of points 

assigned to it from the patient’s head area.  

In order to determine the registration accuracy of the optical navigation system, an 

entirely new head phantom is designed and manufactured based on the previous head 

phantom, so that the registration accuracy could be examined as exactly as possible 

compared to the actual situation. Holes are drilled in the surface of the head phantom and 

the coordinates of the holes are determined using CT images taken from the new head 

phantom. Those coordinates serve as the reference coordinates in the study. After each 

registration scenario, some of the holes are measured with the navigation instrument, and 

the coordinate values reported by the navigation system are saved. The absolute 

differences (AD) between the measured and reference points are then calculated using 

MATLAB in each of the different registration situations. 

1.2 Research limitations 

Because this research will only focus on the registration accuracy of the optical navigation 

system, the spatial transformation that will occur during the medical operations or what 

is the so-called brain shift during neurosurgery is not taken into the consideration. In 
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addition, the accuracy of the registration may also depend on many different variables, 

such as the instrument's angle during the point-to-point registration, the distance between 

the instrument and the camera, and the lighting. However, all of these variables are 

ignored in this study, and the main objective is to study the registration accuracy of the 

optical navigation system and how it is affected by different registration methods. 
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2 IMAGE-GUIDED SURGERY 

During the last decades, image-guided surgery has shown its potential to treat patients in 

a whole new way by providing a more accurate and efficient method for head area 

surgeries. However, its use is not limited only to head area surgeries, it can also be used 

in other surgeries, such as orthopedic and cardiovascular surgeries. This method can also 

reduce the invasiveness of the procedure, and it can help reduce the patient's recovery 

time. This technique has a long history because it is based on a stereotactic frame that has 

been used in neurosurgeries for decades. However, IGS is based on many different stages, 

each of which must be performed carefully to achieve the desired task and the benefits of 

this technique. This chapter introduces the history of IGS and the medical imaging 

methods that can be used to obtain the medical images from the patients that are then used 

in IGS. In addition, various registration methods and tracking systems that can be used in 

navigation systems are presented.  

2.1 History 

The history of medical imaging can be considered to have begun when Wilhelm Conrad 

Röntgen discovered the x-rays when he was a professor of physics at Wurzburg. After his 

discovery, the prospects of x-ray-based diagnosis were immediately recognized. It is 

believed that the first x-ray taken for clinical purposes was performed in 1896. At the 

time, two British doctors were imaging a needle in a woman’s hand. After the image was 

taken, the surgeon J.H Clayton removed the needle in the first x-ray guided medical 

operation. (Webb 1988) 

The stereotactic frame has been important equipment for image-guided neurosurgery, and 

it is said to be the golden standard for that technology. Although there are many different 

kinds of frames available, they all have the same basic functions. All the frame models 

can provide a rigid reference system that establishes a coordinate system relative to the 

patient. Also, they offer an excellent mounting base and recognizable landmarks in the 

images used during the operations. The differences that separate the frames from each 

other are related to how the trajectory to the target point is specified and how the frame 
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will be attached to the patient’s head. During the mid-20th century, many research teams 

developed several frame designs. Each of them combined the referencing system of the 

frame with mechanical devices to guide a probe into the brain's deep structures but also 

allowed the position of the target to describe in terms of a frame-based coordinate system. 

(Peters 2006) 

In the 1980s, when computers began to evolve, frameless stereotactic systems were 

developed. Instead of a rigid stereotactic frame attached to the patient’s head, single 

markers are mounted separately to the patient’s head. In frameless stereotaxy, the 

geometry of the markers always differs, but in frame-based stereotaxy, the marker 

geometry is always similar. In frameless stereotaxy, the positions of those markers are 

measured using a targeting device. Its position is tracked by a computer system containing 

all image data obtained from the patient. Usually, this device is a pointer that the surgeon 

holds. (Eggers G. et al. 2006.) 

The advancement in computers and their computing power in recent decades has led to 

the rapid development of IGS. Modern tracking technology has been significantly 

improved, enabling IGS to be used in even more applications without using a stereotactic 

frame.  

2.2 Medical imaging methods in image-guided surgery 

The benefits of imaging methods in the medical field are well known, and different 

imaging modalities have been used to treat patients for almost a century. Each method 

has its strengths and weaknesses in terms of, for example, spatial accuracy and how well 

they can distinguish soft tissue from the rest of the anatomical structure. Due to the 

different strengths and weaknesses of imaging methods, it is common for the methods to 

be used to support each other to provide images that can be used to optimize patient 

treatment. The main working principles of x-ray imaging, magnetic resonance imaging 

(MRI), computed tomography (CT), ultrasound (US), and positron emission tomography 

(PET) are presented. The use of these methods in image-guided surgery in the field of 

neurosurgery is mainly considered. 
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2.2.1 X-ray imaging 

X-rays are a form of high-energy electromagnetic radiation that has so much kinetic 

energy in them that they can liberate electrons from the atoms that bind them. X-rays are 

ionizing radiation, and for this reason, these rays are distinguished from the rest of the 

electromagnetic spectrum. It is possible to produce x-rays with many different methods. 

Still, the most common method is an x-ray tube that emits bremsstrahlung and 

characteristic radiation. It is used in the vast majority of radiology departments around 

the globe.  Bremsstrahlung radiation is produced by accelerating the electrons inside the 

x-ray tube and colliding them with a metal target. When electrons collide with the metal 

target, their speed and direction are dramatically changed near the nucleus of an atom. 

This deceleration and change of direction are happened by the electric field of target 

nuclei. This breaking energy will cause the emission of bremsstrahlung radiation. 

Characteristic radiation is produced when electrons interact with the atomic electrons in 

the target material, which is usually a solid piece of metal. (Beutel J. et al. 2000.) 

The heated metal filament cathode produces the electrons that will bombard the target 

material. The anode inside the x-ray tube is the target of the accelerated electrons, and for 

general diagnostic imaging applications, the anode is also usually made of tungsten. The 

rotation of the anode plate enables cooling and larger tube currents to be used. Electrons 

that are boiled off the cathode filament are then accelerated towards the anode by the high 

voltage between the anode and cathode. The angle of the cathode will define the effective 

focal spot of the produced x-rays. The larger the anode angle, the larger the effective focal 

spot will be. (Beutel J. et al. 2000.) 

The photons emitted by x-ray tubes can go through various phenomena when they enter 

the patient. They may be absorbed, scattered, or transmitted without any interaction. The 

photons recorded by the image receptor form the image, but also the scattered photons 

will also affect the image by creating a background signal, which degrades contrast. It is 

possible to remove most of the scattered photons by using an anti-scattering device that 

can be placed between the patient and the image receptor. An anti-scattering device can 

be an air gap or grid formed from a series of lead strips. If the contrast is still not at the 

desired level, a contrast agent can be used if necessary. (Webb 1988) 
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The photons that pass through the grid will next advance to a detector located below the 

grid. X-ray detectors can be classified as direct or indirect. The difference between these 

detectors is that the direct detector will convert the x-ray energy directly into an electric 

charge pattern using a photoconductive diode. The indirect detector is a scintillator-based 

where the x-rays interact with a phosphor, causing it to emit light that has a wavelength 

in a visible range or near it. Those visible-light photons will propagate then by optical 

diffusion to a photodetector, such as silicon photodiode. Photodetector will record the 

pattern of visible light emitted from phosphor as an image. (Beutel J. et al. 2000.) 

X-ray imaging has successfully been used to visualize the differentiation between bone 

and soft tissue for many years. Still, it has limitations in distinguishing targets within the 

soft tissue, i.e., the human brain. The problem is that a radiograph taken from the human 

head area shows only a projection of the bony skull, and the intensity of the x-ray provided 

by the brain tissue doesn’t register on film. The abnormalities located inside the skull are 

not visible via x-ray if those abnormalities are not located in bone structures of the head. 

Standard radiography has two significant limitations. The first is that it only provides 

projections through the body, which causes us to lose three-dimensional (3D) data, and 

we only obtain two-dimensional (2D) data. The second limitation relates to the fact that 

the x-rays diverge from a point source. It will lead to situations where the sizes of imaged 

structures are distorted because there is a differential magnification factor. This makes it 

challenging to measure structure size or to determine distances by direct examination of 

the radiograph image. (Peters 2006) 

2.2.2 Magnetic resonance imaging 

MRI offers a noninvasive imaging method for patient treatment that will not use ionizing 

radiation for image formation, so it is also safer than x-ray imaging. In addition, it has a 

much better spatial resolution compared to x-ray imaging, so it is much more useful in 

detecting various malformations such as tumors. 

Nowadays, MRI is one of the most important medical imaging modalities in the modern 

world. If we want to understand the working principle of MRI, we need to look at things 

at the atomic level. The most common atom in the human body is the hydrogen atom. A 
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hydrogen atom has a unique property: it has the same atomic number and atomic weight, 

which is equal to one. Inside the nucleus, the protons with positive charge continuously 

rotate around the axis and create their own magnetic field. The magnetic field will be 

oriented in the axis of rotation, and we can imagine this magnetization like a magnet bar 

that has north and south poles. Magnetization can be described by a vector which is called 

a magnetic vector. When the proton is placed inside a magnetic field, they start rotation 

around the axis of the magnetic field direction. So-called magnetic resonance is produced 

during the interaction between the proton’s magnetic vector and magnetic field. The 

nucleus has a fundamental property which is called spin, and this property is directly 

related to magnetic resonance. Suppose the atomic number and atomic weight of the 

nucleus are even. In that case, the nucleus doesn’t have a spin, and in this situation, it is 

invisible to MR, which will lead to a situation where those elements cannot be imaged 

with MRI. Hydrogen nucleus H, which has a ½ spin, is the most common nucleus in our 

bodies, and that’s why it is the choice of the nucleus in MRI scanning applications 

nowadays. (Çelik A. et al. 2012.) 

During the MRI procedure, it is essential to create a strong homogeneous magnetic field 

so that the hydrogen nucleus will start to interact with the magnetic field. The magnetic 

field is produced by a huge electrical current that will go through the wires that are formed 

into a loop inside the MRI machine. Typically, the strength of the magnetic field inside 

the MR system is 1,5 Tesla (T). Nowadays, superconductive magnets are the most 

common method to produce those magnetic fields. When the patient is placed inside the 

MRI machine, the hydrogen atoms within the patient will be aligned in a direction that is 

parallel or antiparallel to the strong magnetic field. When the direction of hydrogen atoms 

is parallel to the magnetic field, so-called net magnetization is produced. Net 

magnetization is the source of MR signal, and it is used to create MR images. In the case 

of MR systems, there is also radiofrequency (RF) energy that comes in the form of quickly 

changing magnetic and electric fields. This RF energy is transmitted by an RF transmit 

coil. RF coils that are used come in varying sizes and shapes depending on what part of 

the body is under investigation. The receiving coil can also be the built-in coil, but 

nowadays, it is common that the receiving coil is anatomically shaped. As said earlier, 

when the hydrogen atoms have a parallel direction compared to the magnetic field, the 

net magnetization occurs, and this direction is called the longitudinal direction. The RF 
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pulse's energy is absorbed, which will lead to the situation where the net magnetization 

rotates away from the longitudinal direction. The strength and duration of the RF pulse 

will specify the amount of rotation. (Mikla V.I. et al. 2014.) 

As pointed out earlier, the strong magnetic field produced by superconductive magnets is 

the first magnetic field used to create MR images. The second magnetic field is the RF 

pulse, and it is applied at right angles to the original external field produced by 

superconductive magnets. When the RF pulse is created, it will cause the net 

magnetization vector of the hydrogen atoms to turn towards the transverse plane. The 

component of the net magnetization vector will induce the electrical current in the RF 

coil, and this specific current is known as the MR signal. This electrical current is the 

basis for the formation of an MR image. Many things affect the MR signal, for example, 

the number of hydrogen atoms inside the tissue, blood flow, chemical environment of the 

hydrogen atoms, 𝑇1 relaxation time, and  𝑇2 relaxation time. (Lisle D.A., 2012) 

Relaxation times will describe how long it will take the tissue to get back to equilibrium 

after an RF pulse. The value of  𝑇1 and 𝑇2 varies between different tissues. The relaxation 

will occur immediately when the RF pulse is switched off. All MR images are produced 

using a pulse sequence, which has two main types. The first type is called spin echo (SE), 

and the second one is gradient echo (GE). When the SE is applied, the sequence will use 

two RF pulses that will create an echo that measures the signal's intensity. SE sequences 

will produce the images that have the best quality, but they take a relatively long time. 

GE sequences, in turn, create the echo by using a single RF pulse, which will also measure 

the signal intensity. As said earlier, the relaxation will occur immediately after the RF 

pulse has been switched off, and the tissue will aim towards equilibrium. When the tissue 

is experiencing relaxation, it will emit the absorbed energy as RF radiation, and the 

antenna coil will receive this specific signal. With the MR, it is possible to produce slices 

in any desired direction, such as coronal, axial, obliques, and sagittal planes. MR images 

that are obtained aren’t like x-radiographs because they are made up of thousands of 

pixels or voxels that are volume elements. One of the properties that separate MR images 

from x-ray images is that MR images are acquired digitally, whereas x-ray images are 

analog processes. Of course, the goal is to obtain pictures with the best possible quality. 
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To achieve this, it is mandatory to remove possible artifacts and noise from the image. 

(Graves M.J. et al. 2006.) 

2.2.3 Computed tomography 

Computed tomography, shortly CT, became a reality in clinical applications during the 

’70s because of the development of modern computer technologies in the 1960s. 

Although CT was not introduced into clinical use until the 1970s, the first ideas for that 

kind of device were formed before the middle of the century. The first CT images were 

taken in 1972, and the medical community immediately welcomed it, and it is said that 

CT is one of the most important inventions in diagnostic radiology since x-rays were 

discovered in the early 20th century. (Kalender W.A., 2006.) 

CT has a significant advantage compared to conventional planar projection radiographs 

because it can provide three-dimensional (3D) pictures of the patient’s anatomy with 

excellent contrast resolution. Therefore, it allows distinguishing tiny differences, but it 

has an inferior spatial resolution. CT has been going through significant improvements 

during the years what comes to its speed, resolution, and patient comfort. Scanning times 

have been reduced, which helps to eliminate artifacts that have been generated from the 

patient's motion during the scans, such as breathing. Faster scanning times have also 

reduced the x-ray doses that the patients are receiving during the scans. During the CT 

scan, the x-ray tube will rotate in a circular orbit around the patient. The plane of the 

circular orbit is perpendicular to the length-axis of the patient. During the movement, the 

x-ray tube will emit a fan-shaped beam with a variable thickness ranging from 1 mm to 

10 mm. Slice thickness defines resolution along the patient axis. The beam that is used is 

wide enough to pass the patient from both sides. The variables that will determine the 

efficiency of each x-ray source are the spectrum of x-ray energies generated, the size of 

the focal spot, and the x-ray intensity. The x-ray tube is pretty similar to the tubes used in 

planar radiography, but the tubes in CT machines are more powerful. CT systems also 

include so-called detector elements in various rows. The readings that have been received 

from detectors are then fed into a computer, and after numerous calculations, the 

computer will produce a tomogram of the patient, which is, in other words, a map of linear 

attenuation coefficients. Detectors in CT work similarly to the detectors in native 
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radiography. The photon that has been gone through the patient’s body will be detected 

by detectors inside the CT system, and its energy is then converted to an electrical signal. 

This particular analog signal will be converted to a digital signal, which can be 

reconstructed by a computer. (Mikla V.I. et al. 2014.) 

During the CT scan, the slice that has been obtained is divided into a matrix of 3D 

rectangular boxes of material, so-called voxels. The main objective of image 

reconstruction during the CT scan is to determine how much attenuation the x-ray beam 

experience in each voxel of the reconstruction matrix when the beam goes through the 

patient. When the attenuation values have been calculated, they are represented as gray 

levels in a 2D image of the slice. There are nowadays three main image reconstruction 

methods. The first one is back projection, which is a fast method, and it involves relatively 

simple calculations. Still, it produces blurry images and is sensitive to artifacts and noise. 

Therefore, filters are usually used to correct the blurry images obtained by using the back-

projection method. The second method is iterative reconstruction, which demands more 

computation capacity than back projection, but it is a good method to improve the image 

quality. It also provides an opportunity to reconstruct the image even if the data is 

incomplete. (Goldman L.W., 2007, Seeram E., 2016.) 

CT scan can be categorized into two main types: axial and spiral/helical scanning. During 

the axial scan, the table where the patient is lying remains still, and the x-ray tube and 

detector system will rotate around it. After the rotation is done, the table will move to the 

next location, and the x-ray tube rotation will start again. In a spiral CT scan, the x-ray 

tube and detector rotate continuously in one direction while the table where the patient is 

lying is moving through the x-ray beam. The radiation that has been transmitted thus has 

a spiral shape. This spiral scan provides the possibility to acquire the information as a 

continuous volume of contiguous slices instead of one slice at a time. Also, this allows 

the imaging of the larger anatomical regions during a single breath-hold, and this can 

reduce the number of artifacts in the image caused by patient movement. (Mikla V.I. et 

al. 2014.) 
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2.2.4 Ultrasound 

The properties of ultrasound were recognized more extensively in the 1940s, especially 

its ability to cause bioeffects. Researchers were trying to figure out the conditions under 

which this new technique is safe to use, and after that, they used it in surgery, therapy, 

and cancer treatment. However, this kind of ultrasound usage in medical applications was 

still far from today's applications if we compare it to diagnostic applications used 

nowadays. The first commercialized versions of the earliest ultrasound devices were used 

in the late 1940s and early 1950s in Japan, Sweden, and United Kingdom. Those devices 

opened a whole new world for medical diagnosis. (Szabo T.L., 2014) 

The ultrasound imaging method is based on sound waves, and they have many kinds of 

physical properties, for example, propagation characteristics in different types of 

materials. Sound waves travel exclusively as longitudinal waves when they go through 

human tissue, air, and fluids. When the ultrasound is propagating through tissue, it has a 

velocity of 1540 m/s, and all the ultrasound instruments are calibrated to that. It is worthy 

of mentioning that, like in tissue, the speed of sound in materials is relatively slow. Sound 

waves' reflection properties in certain mediums depend on the acoustic resistance, so-

called impedance, of the sound's propagation medium. The acoustic resistance is the 

product of the density times the speed of sound, so the speed of the ultrasound waves will 

depend on the medium. In an ultrasound examination, the main objective is to produce an 

image that’s quality is as high as possible, like in every other medical imaging method. 

To achieve this goal, it is good to remember that resolution can be improved by shorter 

wavelengths, but it will decrease the penetration depth of the ultrasound beam. Some 

methods can be used to affect the focusing of the ultrasound beam. The purposes of these 

methods are to achieve maximum resolution and improve the ability to detect small 

details. One of the focus adjustment methods is purely technical, in which the collecting 

lens is used, or the transducer face is made concave so it can produce a convergent beam. 

Other focusing methods are electronic focusing, mechanical focusing, and focus 

adjustment during the ultrasound examination. As said earlier, ultrasound is based on 

sound waves and their propagation, which means that those waves obey wave physics 

laws. This means that soundwaves can experience different phenomena when interacting 

with the tissues. These phenomena are reflection, scattering, refraction, absorption, and 
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attenuation. Especially the reflection is a fundamental characteristic in ultrasound 

applications because an image of an organ is generated from the returning echo signals 

by analyzing the impedance differences at acoustic interfaces. Like other imaging 

modalities, ultrasound is not immune to artifacts in the images that are obtained during 

the examination. Reflection as a physical phenomenon can cause so-called acoustic 

shadows in the image. These shadows are created when interfaces with high acoustic 

impedance, such as gallstones, reflect all the incident sound. When the ultrasound 

examination is performed, many techniques can be used: A-mode scanning, B-mode 

scanning, M-mode scanning, and various doppler imaging methods. (Schmidt G., 2006) 

Doppler effect offers an excellent opportunity to measure the blood velocity very 

accurately. Doppler effect means an apparent change in frequency when the source of the 

sound is moving with respect to the listener, or like in ultrasound, with respect to the 

transducer. When the sound source moves towards the listener, the waveform is 

compressed and, in the situation, where the source is moving away from the source, the 

waveform is expanding. This phenomenon will occur when the ultrasound propagating 

through the patient’s tissues will eventually interact with the blood cells and then reflect 

back to the transducer. The interaction with blood cells will cause a change in the detected 

frequency. If the blood has been moving towards the transducer, then the reflected 

frequency has been increased, and if the blood has been moving away, the frequency has 

been decreased. There are many doppler transducers available nowadays, which include 

continuous wave Doppler, pulsed Doppler, power Doppler, and duplex imaging. 

Continuous-wave Doppler is the most straightforward method that can be used. In this 

method, a continuous ultrasound signal is applied to the patient’s skin. When the 

ultrasound that has been reflected is received, the change in frequency is computed. 

Pulsed Doppler uses pulsed ultrasound, and it offers a possibility to select the tissue depth 

at which echo signals are examined for Doppler shifts. Power Doppler method will 

provide the strength of the Doppler shifts, and in this method, the red blood cells density 

is depicted, as opposed to their velocity. By using this method, it is possible to improve 

the sensitivity to motion, for example, slow blood flows. Duplex imaging will combine 

the real-time gray-scale image with the Doppler information. This technique makes it 

possible to obtain a 2D representation of the velocity and direction of blood flow on a 

gray-scale image. The blood flow that is moving towards the transducer is displayed as 
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red, and blood flow that is moving away from the transducer is presented as blue. In 

addition, contrast agents can be used to enhance the ultrasound image quality and to detect 

small lesions. (Dowsett, D.J. et al. 2006.) (Schmidt G., 2006) 

2.2.5 Positron emission tomography  

Positron emission tomography (PET) is one form of nuclear medicine that uses 

radionuclides which provide diagnostic information in a wide range of disease states. 

When performing the nuclear medicine examination, the compound which is labeled with 

a positron-emitting or gamma-ray-emitting radionuclide is injected into the patient’s 

body. This radiolabeled compound is usually called a tracer or radiotracer. When the 

radionuclide which has been injected into the patient’s body starts to decay, it will emit 

gamma-rays or high-energy photons. Those photons or gamma rays obtain so much 

energy that a significant amount can exit the patient’s body without being attenuated or 

scattered. A gamma-ray camera is then used to detect those gamma rays or photons 

emitted from the patient’s body. When the camera has been detected those particles, it 

will form an image of the distribution of the radionuclide, and hence the compound to 

which it was attached when it was injected into the patient’s body. Nuclear medicine 

imaging can be divided into two classes: positron imaging which includes PET imaging 

and single-photon imaging, which contains single-photon emission computed 

tomography (SPECT). During the single-photon imaging, the used radionuclides will 

decay by gamma-ray emission. By using single-photon imaging, a planar image can be 

obtained. This image is obtained by taking a picture of the distribution of the 

radionuclides in the patient from one specific angle. The image that has been obtained 

will include just a little depth information, but still, these kinds of images can be 

diagnostically useful. Also, it is possible to get tomographic images that can provide depth 

information, but these cases require that the data which is used to create those images 

must be collected from many angles around the patient. Positron imaging also uses 

radionuclides, but in this method, those nuclides decay by positron emission. Positron 

that has been emitted has a very short lifetime, and annihilation that will happen with an 

electron simultaneously produces two photons that have very high energies, and those 

photons are detected by a camera. This method also provides the opportunity to obtain 
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tomographic images, but it requires that the data is once again collected from many 

different angles around the patient. (Cherry S.R. et al. 2012.) 

Med.Dictionary states that PET is an imaging technique that can provide 3D color images 

of human body functionalization. PET scanning is beneficial in situations where the main 

goal is to obtain information about metabolic activity, disease processes, or body 

function. In places where intensity is high, so-called “hot spots” can be seen images, 

which indicate that in that specific area, there is a high level of chemical or metabolic 

activity. On the contrary, areas with lower intensity values, so-called “cold spots” indicate 

that there is less chemical activity in these areas. Most commonly, PET is used in 

neurology, cardiology, and oncology applications. (Mikla V.I. et al. 2014.) 

However, there are some problems related to PET imaging. For example, if abnormalities 

are found during the pet scan, it could be challenging to locate the exact point of these 

findings because PET images have few anatomical landmarks. In the past, one way to 

solve this problem was to take the PET and CT images from the patient and fuse those 

images together, but this method had several issues. The acquired PET and CT images 

will not match if the patient moves during the scanning. This will lead to inaccuracies in 

determining the anatomical location of those abnormalities seen in PET images. To 

overcome these problems, it is nowadays common to use PET-CT cameras where these 

two medical imaging modalities are combined in a single unit. (Powsner E.R. et al. 2006.) 

2.3 Image registration 

In this paragraph, the concept of image registration is presented and why it is so important 

in IGS. The most important image registration aspect related to this study is, how it is 

possible to register image data from a patient with the anatomy of the patient. This 

paragraph also briefly introduces how different medical images can be registered or fused 

together. This case is briefly described because no such technique was used during this 

study because only one CT image data pack was used. 
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2.3.1 Registration of image data to patient’s anatomy 

Many advantages can be achieved by image-guided surgery, such as shorter procedures, 

reduced risk of sensitive tissue damage, and more complete and accurate ablation, tissue 

resection, or even biopsy. To achieve these benefits, it is required that the surgeon can 

operate with high accuracy and extract the targeted tissue so that the damage to 

surrounding structures is as minimal as possible. However, in general, surgical operations 

may involve many challenges which make it difficult to achieve these benefits. For 

instance, when the surgeon is operating, he is limited to seeing exposed surfaces within 

the surgical opening, so it may be challenging to visualize the best path to targets, but it 

may also be challenging to detect the positions of nearby critical structures that are 

hidden. It is also possible that the surgical opening will cause the situation where the 

visible landmarks are decreased. Thus, it is more complicated to determine the exact 

position of an instrument and to navigate safe trajectories to other structures. During the 

IGS, the important anatomical structures, and the location and trajectory of the instrument 

are visualized in real-time in relation to the patient for the surgeon. However, the success 

of IGS operation depends largely on how well the preoperative medical image data of the 

patient are registered with intraoperative physical anatomy. So, the main objective of 

image registration for image-guided surgery is to align the preoperative imagery with the 

actual patient position.  (Bankman I.N., 2009.) (Alam F. et al. 2018.) 

There are two main technical concepts to perform the patient-to-image registration. Those 

two techniques are called pair-point registration, and the most recent one is surface-

matching techniques. Pair-point registration, also known as point-to-point registration, 

can be divided into markerless and mark-based techniques. During the pair-point 

registration, it is mandatory to know at least three positions in physical space and image 

space. Selected positions must be linearly independent, and when those two sets of points 

are correlated in image data and physical space, it possible to register both coordinate 

systems unambiguously. The navigation system can then calculate a least-square solution 

for a transformation matrix that is used to transfer one set of points into the other. 

Markerless pair-point registration is a method where characteristic points, so-called 

anatomical landmarks, will be detected in image data but also on the patient. The 

advantage of this method is that there is no need to attach specific markers to the patient 
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before imaging, and there is no need to worry about the loss of registration if the marker 

gets lost between imaging and surgery. Markerless pair-point registration has limited 

accuracy since the surface landmarks are not definite or reliable because of the possible 

skin shift or swelling. During the marker-based pair-point registration, the markers are 

attached to the patient’s body before the imaging. The most crucial factor that affects the 

accuracy the most and what needs to be considered is that markers' position must remain 

the same between preoperative imaging and intraoperative registration. Many approaches 

have been designed to overcome the practical problem of marker attachment to the 

patient, for example, skin-mounted fiducials and bone-mounted fiducials. The surface 

registration method is trying to solve the problem related to pair-point registration. The 

problem is that the markers must be attached to the patient before the image-data 

acquisition. In the surface registration, the surface geometry of the face is used to perform 

the image-to-patient registration. The main difference between point-based registration 

and surface-based registration is that the point-based registration uses a relatively small 

number of point pairs that represent corresponding locations in the image space 

coordinate system and patient space coordinate system. Surface registration, on the other 

hand, uses two large sets of points where the number of points could be thousands that 

describe the same surface, but there are no point pairs like in point-based registration. So, 

we don’t know which point in the surface from image space will correspond to which 

point in patient space. Still, this problem is solvable by viewing the surfaces as a whole, 

and by using the surface-matching algorithm, it is possible to calculate the transformation 

that aligns both surfaces optimally. One way to estimate the success of this method is to 

measure the distance between surfaces, and it is optimal when the distance between them 

is at a minimum. Also, so-called hybrid registration techniques are proposed, which use 

surface registration and pair-point registration combined. The accuracy that is achieved 

by this method is better than in those situations where surface registration or pair-point 

registration is used alone. (Eggers G. et al. 2006.) 

Computer technology nowadays allows using the frameless stereotaxy methods, so it 

won’t be necessary to attach the whole stereotactic frame into the patient’s head and 

perform the image to patient registration that way. The frameless stereotaxy method is 

based on fiducial markers, which are attached separately to the patient’s head, and the so-

called targeting device is then used to track and measure the positions of those markers. 



19 

 

A targeting device is usually some kind of pointer held by the surgeon. Its position is 

followed by a computer system, which also contains the image data of the patient. After 

the registration is completed, it is possible to display the position of the targeting device 

on the computer screen where the surgeon can view it. (Eggers G. et al. 2006.) 

2.3.2 Registration of medical images with each other 

Many methods can be used for medical image registration. These methods include 

feature-based image registration, intensity-based registration, hybrid registration, 

hierarchical registration, and hardware registration. In general, registration methods are 

trying to optimize the cost function values or measure the similarities and define how well 

the used image sets are registered. Similarity measures that are performed can focus on 

the distances between some specific homogeneous features or the different gray level 

values between the used image sets. The main goal of feature-based image registration is 

to find the transformation and correspondence by using various anatomical features 

extracted from the used images. This registration technique usually needs a preprocessing 

step where the selected features are extracted manually, so this method can be said to be 

operator-dependent. Intensity-based registration won’t require segmentation or extensive 

user interactions, and still, it can use all the image intensity information. Intensity-based 

registration also has one significant advantage compared to feature-based registration, 

which is that it can be fully automated. The intensity-based method uses gray values of 

images. During this method, a cost function, which is based on raw image content and is 

sensitive to misregistration, is defined. The used image sets are iteratively transformed 

until the cost function has the most optimum value.  Hybrid registration, as a method, is 

trying to exploit the merits of both the feature-based and intensity-based methods, but at 

the same time, it is trying to avoid the bad sides of those methods. When performing the 

hierarchical registration, the datasets that are used will be divided into multiple resolution 

levels to form registration pyramids. After those pyramids are constructed, the procedure 

continues from low-resolution scales to high-resolution scales. Hierarchical registration 

has the potential to avoid local minima, increase the speed of registration and therefore 

improve the performance. The last registration method is called hardware registration, in 

which the functional imaging device, for example, the PET device, is combined with a 

device that can produce anatomical images, like a CT scanner, in one instrument. 
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Combining those two devices makes it possible to perform anatomical and functional 

imaging in one imaging session. This will minimize the patient's movements, and 

therefore it can be said that the patient’s positioning remains the same during the scan. 

This also provides the situation where the obtained data is ready to be used almost as soon 

as the scan is completed. Hardware registration methods can overcome the current 

limitations of software-based registration methods. As presented earlier, there are many 

registration methods, but the method must be adequately accurate and robust to be 

clinically useful. Those two features can represent the performance of the selected 

registration method. Accuracy can be determined by calculating the difference between 

the optimal solution, which is obtained from an algorithm, and the real correct solution. 

Robustness will indicate how frequently the algorithm is capable of achieving an 

optimum solution despite deformations. One opportunity to estimate the accuracy of the 

registration method is to use the phantom. The advantages of phantom studies are that the 

phantom is motionless in the imaging scenarios, and the artificial transformations and 

displacement information are known, so those won’t affect accuracy determination. 

However, some things are good to consider when performing phantom or simulated 

studies. First of all, the phantoms that are usually used during the studies are not made of 

natural tissue, and also, simulations cannot take every real-world issue and characteristic 

related to imaging into account, so they cannot be entirely realistic. (Feng D.D., 2008) 

2.4 Tracking systems 

Tracking systems play an important role what comes to image-guided surgery. The 

primary purpose of these devices is to track the position of an instrument, which is held 

by the surgeon relative to the patient’s anatomy. Nowadays, tracking systems have a 

variety of methods on which their working principle is based; for example, there are 

mechanical systems, acoustic systems, optical systems, and electromagnetic systems. The 

choice of the tracking system is highly application dependent, and the system should be 

selected so it is capable of performing accurately enough in the desired application. 

(Cleary K. et al. 2008.) 

Mechanical tracking systems were the first ones that are used in image-guided surgery 

applications. The system contained mechanical arms, and there were angular sensors in 
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the joints. The computer was able to calculate the position of the instrument’s tip because 

the geometry of the arm was known and the information from the sensors. This kind of 

technology provided the first working frameless stereotaxy systems. Of course, this 

method had some disadvantages: the limited accuracy and the fact that the mechanical 

arm was interfering with the surgical workspace. In addition, the patient’s head needed to 

be immobilized during the whole surgical procedure because the mechanical tracking 

system could track only the pointing device. However, it is possible to move the patient 

if the tracking system and the patient’s head will move in the same coordinate system. It 

is also possible to use acoustic tracking, which is one of the tracking methods that allows 

the orientation of the patient’s head to be changed during the operation and still maintain 

accurate navigation. The acoustic tracking system can be, for example, ultrasound-based. 

This kind of system uses emitters that are attached to the patient. Some microphones are 

attached at various positions around the operating room, and those microphones will 

receive the ultrasound waves. The position of the patient and the emitter can be 

triangulated by the different runtimes of the ultrasound signal that is received by the 

microphones. This method also has a disadvantage that is affiliated to the accuracy, and 

it is also vulnerable to the change of the temperature inside the operating room because 

when the temperature changes, the speed of sound will change. (Eggers G. et al. 2006.) 

An electromagnetic tracking system uses a field generator to produce a magnetic field in 

the area where the operation is done. Coils that interfere with the produced magnetic field, 

depending on their orientation and position, are attached to the object that needs to be 

tracked. Interference is then measured, and it is possible to calculate the position of the 

coil in the field. There is a possibility that metal objects will affect the magnetic field and 

create interference, and because of the interference, it will decrease tracking accuracy. 

Metal object that can cause such interference is, for example, the surgical instrument that 

is used. One of the most recent tracking techniques is glass-fiber tracking, where the 

optical properties of glass-fibers will change when they go through some deformation, 

for example, bending, and those changes in properties provide a possibility to determine 

the position of the far end in relation to the base, and it won’t require any external 

hardware. Prototypes based on this technique have been demonstrated, but this tracking 

method is still developing. One of the possible applications for this technique is the 

integration into flexible endoscopes. (Eggers G. et al. 2006.) 
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One tracking method is considered to be the standard for intraoperative tracking, and this 

method is an optical tracking system based on IR light. These tracking systems can be 

active or passive, and the main difference between these systems is related to markers 

that are attached to the patient and which will emit the IR-light to the camera system, 

which will localize the position of those markers. The biggest disadvantage related to this 

method is the line-of-sight problem, which is related to situations where the camera 

system can’t register the marker because some objects block the line of sight. This will 

make the tracking impossible until the object is moved away. (Eggers G. et al. 2006.) 
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3 OPTICAL TRACKING SYSTEMS 

Optical tracking systems are considered to be the standard for intraoperative tracking. 

These methods are based on fiducial markers that will reflect or emit the IR light to the 

camera system, which allows the instrument's position and orientation to be calculated. 

This chapter introduces these devices in more detail, starting with their working principle. 

In addition, the definition for accuracy is presented, as well as the factors affecting the 

accuracy of the optical tracking systems are also presented in general, and what should 

be considered when using these kinds of devices. 

3.1 Working principle 

The basic working principle of all the optical tracking systems is that usually two cameras 

are used to detect the fiducial markers which are mounted to an object. Those markers 

can be active or passive depending on the device that is used. The main difference 

between these two marker types is that the active markers will emit visible or IR light, 

and the passive markers won’t emit light by themselves but will reflect the light that is 

coming from the used IR light source. Fiducial markers are placed in a known 

configuration around the object, and the cameras will detect their relative placements, and 

it is thus possible to calculate the location of the object but also the orientation. Of course, 

there are differences in performances between the devices, and usually, the performance 

varies with their price, but still, the general localization accuracy is less than a millimeter 

(mm). One of the most significant disadvantages related to these optical tracking devices 

is the line-of-sight that must maintain between the camera units and the fiducial markers. 

The manual of the device usually points out the minimum number of markers on which 

the line-of-sight must be maintained, so the system is capable of calculating the proper 

localization of an object. (Vaezy S., et al. 2009.) 

Optical tracking systems can be characterized into video metric tracking systems, IR-

based tracking systems, which can be active optical trackers or passive optical trackers, 

and laser tracking systems. All these systems use fiducial markers, but how the system 

detects them will separate them into different categories. For instance, video metric 
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tracking systems will identify the markers and their patterns by video image sequences. 

Those sequences are obtained by using several calibrated video cameras. This technique 

is most commonly used in the analysis of crash test dummies, not in surgical procedures. 

In IR-based tracking systems, the optical filter, in more detail, the optical band-pass filter, 

is used to filter out all ambient light of other wavelengths. This procedure will make 

marker identification a reliable and straightforward task. As presented earlier, this 

technique can be divided into active and passive systems. Active systems use LEDs as 

markers, and those LEDs will emit light in the near IR range, which has a wavelength of 

around 900 nanometers (nm). These LEDs are tracked with the camera module, which is 

made up of three linear charge-coupled device (CCD) units or two planar CCD units. The 

LEDs are fired sequentially, and then CCD units will detect them. Three is the minimum 

number of non-linear LEDs needed to determine an object's six-degrees-of-freedom 

(DOF) pose information. The active systems are traditionally also wired systems because 

the used LEDs must be powered. (Cleary K. et al. 2008.) 

In turn, passive systems use retroreflective spheres as fiducial markers, and those spheres 

are illuminated with the near IR light emitted from the camera system. Those reflective 

markers have a specific pattern that is then identified on a 2D image. Each probe that is 

used in tracking must have a unique pattern, so the unambiguous assignment of each one 

of them is feasible. These systems will always include the 2D CCD camera, and the main 

advantage of these systems is that there is no need for wires between the tracked spheres 

and the tracking system. Laser tracking systems will replace LEDs with a photosensor 

array that is mounted to a rigid carrier. The semiconductors are used to create two or three 

fans of laser light which are then reflected by rotating mirrors. The lasers which are made 

with the semiconductors will sweep the digitizer volume. The signal received from the 

photosensor and simultaneously sampled position of the swept fan is used to estimate the 

position of the rigid body. In general, optical tracking systems have achieved a very 

important role what comes to surgical operations, and the main reason for this is their 

high accuracy and reliability. There are some reported cases where the IR from the 

emitted LEDs of passive IR trackers interferes with other IR devices in the same operation 

room, but these are sporadic cases. Even though the OTS has the line-of-sight limitation, 

they are the standard in clinical applications at this time. (Cleary K. et al. 2008.) 
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Figure 1 illustrates two passive IR-based navigation systems. Figure 2 illustrates the 

camera systems of those navigation systems, which will track the fiducial markers during 

the navigation.  

 
Figure 1. Two passive IR-based optical navigation systems. 

 

 
Figure 2. Camera systems of two passive optical navigation systems, which will track 

the fiducial markers during the navigation. 
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3.2 Accuracy 

There is a fundamental difference between accuracy and precision. It is important not to 

mix them because they have different meanings. For example, the device can have 

different results for accuracy and precision. Figure 3 illustrates the difference between 

accuracy and precision. 

 
Figure 3. Difference between accuracy and precision. 

 

For apparent reasons, accuracy is an essential feature in IGS devices, and only the 

absolute position accuracy is considered relevant. When discussing navigation systems 

used in surgeries, and robotics, it is practical to divide the term accuracy into three 

categories: technical accuracy, registration accuracy, and application accuracy. What 

comes to these different categories the technical accuracy is typically in the range of 0.1–

0.6 mm, registration accuracy in the range of 0.2–3 mm, and application accuracy in the 

range of 0.6–10 mm. These different categories are related to various features of the 

device. First, technical accuracy will indicate the reliability of the device’s own placement 

definition. Technical accuracy applies to the device’s mechanical accuracy, and it will 

take into account the friction, random errors, and hardware problems related to it. For IGS 

devices, the technical accuracy should be higher than the device’s registration accuracy. 

Registration accuracy, in turn, is related to the object’s coordinate transformation to the 

navigator image set. It is good to consider that the technical accuracy will greatly affect 

the registration accuracy and the type and form of the used markers. Also, the movement 

of the patient during the imaging, the used imaging method, medical images’ slices 

thickness, and the quality of the medical images that are used influence the registration 
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accuracy. Application accuracy defines the overall error related to the entire procedure, 

and it will take into account the technical accuracy and the registration accuracy. 

Application accuracy can be used to point out how reliably the tip of the pointer device, 

which is held by the surgeon, in physical space will correspond to the anatomic position 

in the medical images during the medical operation. (Koivukangas T., 2012) 

In addition, the spatial transformation that will occur during the medical operations or 

what is the so-called brain shift during neurosurgery can affect the overall accuracy of the 

IGS. Because this research will only focus on the registration accuracy of the navigator, 

thus we won’t consider it but it's good to understand its existence and its effect on 

accuracy holistically. 

 

Intraoperative brain shift occurring during neurosurgical procedures is a well-known 

phenomenon caused by gravity, tumor size, tissue manipulation, use of medication, and 

loss of cerebrospinal fluid (CSF). (Bayer et al. 2017) 

This particular phenomenon has been studied in many different types of research. (Bayer 

et al. 2017, Hill et al. 1998, Hill et al. 1997) 

 

Several studies have shown that brain deformation can cause spatial inaccuracies in 

image-guided surgery. One study sought to find out the deformation of the dura and brain 

surfaces between the time of imaging and the start of surgery. The study was conducted 

with the help of 21 patients. The motion of the brain surface was measured twice, and the 

time between measurements was up to an hour after opening the dura but before 

performing resection. The brain surfaces and dura positions were carefully measured and 

then transformed to the coordinate space of a preoperative MR image. The results of this 

study pointed out that the mean displacement of the first and second brain surfaces and 

the dura were 1.2, 4.4, and 5.6 mm. One-third of the patients during the first brain surface 

measurement has a maximum displacement greater than 10 mm, and one-half of the 

patients during the second. (Hill et al. 1998) 

 

Surgical navigational systems assume that the patient’s skull and its contents would 

behave as a rigid body between imaging and the surgery and during the surgery. One of 

the studies done in the late ’90s concentrated on measuring shifts in the brain surface 
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relative to the skull between imaging and surgery with the help of five patients. The 

preoperative images were taken and then registered to the coordinates of the surgical 

localizer, which was using four fiducial markers screwed into the outer table of the skull. 

The surface of the brain was delineated from preoperative MR images. Then, the distance 

between this obtained surface and the brain surface points recorded intraoperatively were 

calculated. The results showed that the median shift of points on the brain surface ranged 

from 0.3 mm up to 7.4 mm. (Hill et al. 1997) 

 

Although this research does not consider the brain shift phenomenon, it is still important 

to remember its much-studied effects on the accuracy of image-guided surgery. Because 

as (Bayer et al. 2017) state in their research, “As intraoperative brain shift is a dynamic 

process and shows time dependency, the assumption in commercial image-guided 

neurosurgical systems (IGNS) that a patient’s head and brain is a rigid body is only valid 

for the initial step of the surgical procedure, but not for the intraoperative situations. As 

consequence, the correlation of structures identified in the preoperative image data and 

in the actual image data becomes incorrect, reducing the accuracy of the surgery. Thus, 

intraoperative brain shift may be the most significant limitation of IGNS.” 
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4 MATERIALS AND METHODS 

In this study, a commercially available optical navigation system is used. The main goal 

of this research is to determine its registration accuracy and how different registration 

scenarios will affect it. The robot is used as an aid in this study to ensure that hand-taken 

measurements do not cause excessive errors in the results. A completely new head 

phantom is designed and manufactured, so the measurement situation can mimic the real 

situation as closely as possible. In addition, a mounting plate for the head phantom and 

the adapter for the navigation instrument is also designed and manufactured. Reference 

coordinates are determined from the CT images of the new head phantom and the 

MATLAB script is created to analyze the absolute differences between measured and 

reference coordinates. This chapter introduces the practical phases of this study that are 

done before the actual accuracy measurements could be performed. 

4.1 Phantom 

The first phase is to design a phantom that allows the accuracy measurements of the ONS. 

The phantom should closely mimic the human head because this specific ONS is mainly 

used in neurological operations. Oulu University Hospital has an older head phantom, 

which is used as a model for creating a new head phantom, which will then be used in 

this study. Figure 4 illustrates the older head phantom.  



30 

 

 
Figure 4. Older head phantom. 

 

4.1.1 Design of the phantom 

At first, the CT scan is performed on the older head phantom and the resulting DICOM 

dataset is used to design a new head phantom. In addition, the commercially available 

MRI dataset is used to evaluate which one would provide a better approach for creating 

the new head phantom. A specific software needs to be used to visualize the DICOM 

formatted data because every image viewer software cannot open the DICOM data type. 

A 3D Slicer software is used in this study to visualize the DICOM data.  

The 3D Slicer is software capable of solving advanced and complicated image computing 

challenges, and its main focus is on clinical and biomedical applications. Several image 

processing operations can be performed with this software; for example, the software 

allows image segmentation, visualizations, transformations, surface renderings, and 

annotations. All these processes can be done in 2D, 3D, or four-dimensional (4D). 

Nowadays, it is even possible to perform the visualization on a desktop or in virtual 

reality. 3D Slicer can also be seen as a research platform because it will allow researchers 

to develop new methods and techniques and distribute them to clinical users. 3D Slicer’s 

features and programs are available and extensible in C++ and Python. One of the most 

significant advantages is that the 3D Slicer provides a complete Python environment 
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where it is possible to install and combine the desired Python packages with built-in 

features. This software can be used to process the medical images of multiple organs 

throughout the human body, so its capacity is not limited only to some specific anatomical 

parts. Also, the software support multi-modality imaging, for example, CT, MRI, US, and 

nuclear medicine. 3D Slicer is completely free software so that anyone can download it 

for their own use, but the 3D Slicer is not approved for clinical use, and the distributed 

application is intended for research use. (3D Slicer, 2021) (Fedorov A. et al. 2012.)  

The comparison between CT and MRI datasets is performed to evaluate which would be 

better suited to design the new head phantom. The MRI dataset used is one of the 

generally available datasets, which is then visualized with the 3D Slicer software. Figure 

5 illustrates the visualization of the MRI dataset. 

 
Figure 5. MRI dataset visualized in 3D Slicer software. 

 

The segmentation from the MRI dataset turned out to be much more complicated than 

from the CT dataset. The main idea of the segmentation is that the bony structures or the 

areas representing the bones of the skull are segmented, and then it would be possible to 

create a surface related to those structures. However, the MRI dataset has many 

disadvantages associated with this task. For example, as seen from Figure 5, there are 
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many regions with the same greyscale value. This will make the segmentation task very 

difficult, at least for a person who has relatively little user experience from a 3D slicer. 

Due to this, the dataset obtained from the CT scan of the older head phantom is used. The 

older head phantom's CT scan instantly provides a much better starting point for the 

segmentation. Furthermore, as we can see from Figure 6, which illustrates the raw CT 

scan data in a 3D slicer environment, it is relatively easy to make the segmentation 

because the contours are highly visible.  

 
Figure 6. Raw CT scan data visualized in 3D Slicer software. 

 

The next phase is to segment only the contours related to the head phantom and discard 

the contours that belong to the support frame. Again, the 3D Slicer software provides a 

useful tool to achieve this goal. One of the most important goals of the segmentation is 

that the segmented area must be utterly uniform because if it is not, then the model's 

surface wouldn’t be uniform after the 3D printing. When a sufficient wall thickness is 

reached by the segmentation, the next step is to save the model as an STL file and open 

it in Autodesk Meshmixer software. Figure 7 illustrates the final state of segmentation of 

the older head phantom. Those segmented areas will form the surface of the new head 

phantom model. 
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Figure 7. Selected areas after the segmentation is completed. 

 

3D Slicer software allows the 3D representation of the segmented areas. Therefore, after 

the segmentation is completed, it is possible to examine the new head phantom in 3D 

space and check if there are critical spots in its surface, for example, holes or other 

discontinuities. Figure 8 illustrates the 3D model that is created by 3D Slicer software. 

The older head phantom includes a large hole on the left side of the head as seen in Figure 

8, and since the new head phantom is designed based on the old one, the new phantom 

will also have that hole. This hole has no use in measurements. 
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Figure 8. The 3D presentation of the new head phantom model. 

 

As stated earlier, the next phase is to transfer the created model into the Autodesk 

Meshmixer software, which allows more specific examination and modification of the 

surface areas created by segmentation. Autodesk Meshmixer is free software that is 

accessible to all. It is possible to import many different types of files into the software 

and open them, such as STL files. The software will create triangle meshes to the model, 

and it will automatically calculate the appropriate number of triangles that are needed to 

create the model, but it is also possible to increase or decrease the number afterward.  The 

software allows many different operations that modify the surface of the model. The 

dimensions can also be easily modified, which is a huge advantage considering that we 

want to set the dimensions for the model before performing the 3D printing. Figure 9 

illustrates the Meshmixer model. 
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Figure 9. Model created with Autodesk Meshmixer software. 

 

After the model is selected, it is possible to run the command to search the potential error 

areas and highlight them to the user. This is very convenient, especially when we are 

importing the file from the other software. After the error areas are highlighted, it is 

possible to fix those areas one by one manually or with automatic correction. Error areas, 

in this case, mainly are very tiny holes in the surface of the model because the software 

uses triangle meshes to create the surfaces, so those areas include some challenging areas 

that are not formed correctly. In this case, automatic corrections are performed. Figure 10 

on the left illustrates the founded errors in the model, and on the right is the situation after 

the automatic corrections.  

As seen in Figure 10, different colors represent different kinds of issues in the model. The 

pink color indicates an independent body that will be removed when the automatic repair 

of the model is done for the first time. Red color indicates more significant defects in the 

model, but automatic correction is a very efficient way to get rid of them and make the 

proper corrections to the model. 
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Figure 10. On the left are the detected error areas in the head phantom model and on the 

right is the situation after the automatic corrections. 

 

After the error areas are corrected, the platform for the model is designed because, without 

the platform, the phantom would constantly be tilting in different directions. Also, the 

proper platform allows the model to be firmly mounted, and it will reduce the 

measurement errors that are originated from the movement of the model.  

The corrected phantom model is exported as an STL file and opened in Siemens NX 

computer-aided design (CAD) software, which provides a great tool to design the 

platform. The dimensions of the platform are selected by the dimensions of the model so 

that the platform’s width in the sagittal and frontal plane is close to the model’s 

dimensions in those directions. Four holes are designed in the platform, so it will be 

possible to mount the platform with M3 bolts. Sharp edges are removed to save on the 

amount of printing material during the 3D printing and because the sharp edges are not 

necessary for the platform. Also, the thickness of the skull’s walls is checked to conclude 

that the model will be robust enough for upcoming measurements. Wall thickness is 

examined using the Siemens NX CAD software, which allows cross-section modeling 

and an accurate measuring tool. The minimum thickness in the skull’s wall is slightly 

over 3 mm. This thickness is considered sufficient to allow upcoming measurements to 

be made, especially when the printing material's hardness is taken into account. Figure 11 

illustrates the cross-section view of the model. 
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Figure 11. Cross-section of the head phantom.  

 

3D printing is done in the Fab Lab area that operates within the University of Oulu. It is 

a working area that allows different kinds of manufacturing methods to be done, and it is 

widely used by students and staff of the University of Oulu. Fab Lab is the second fab lab 

existing in Finland, and it contains many tools that can be used for different projects, such 

as 3D printers, vinyl cutters, laser cutters, workbenches for electronics, and precision 

milling machines. (University of Oulu, 2021) 

After the dimensions are checked to be appropriate, the next phase is to perform the 3D 

printing. The printing is done in Fab Lab, and the printing machine is selected by its 

ability to print an object, which dimensions are 216 x 170 x 220 mm. Stratasys Fortus 

380mc 3D-printer is chosen for printing. The final dimensions of the model are selected 

to correlate with the older head phantom. Meshmixer software provides an easy option to 

change the model's dimensions because the software includes the “Units/Dimensions” 

tool where the user can change the desired dimensions as much as needed. Figure 12 

illustrates the final dimensions that are selected for the model. 
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Figure 12. Final dimensions of the model. 

4.1.2 Manufacturing method and used material 

The printing of the head phantom is performed with the Stratasys Fortus 380mc – 3D 

printer. It is selected because it can print an object over 200 mm high. At first, when the 

final model is complete, and its dimensions are correct, the STL file of the model is 

created, and it is then opened in Stratasys own software. The software allows examining 

the estimated printing time and the material intake during the printing. The final printing 

time for the model is 32.5 hours, the volume of the model is 891 cubic centimeters (cm3), 

and support volume is 222 cm3.  

The material used in printing is ABS plastic, which stands for acrylonitrile butadiene 

styrene. It is widely used plastic because it has a relatively low melting temperature, and 

it is also easy to manufacture, so it is useful in injection molding manufacturing processes 

or 3D printing. Also, it is relatively cheap, structurally sturdy, stiff, and robust plastic, 

and it holds up well against impacts. (Creative Mechanisms, 2021) 

All those properties made ABS plastic, more specific ABS-M30 plastic, suitable for the 

head phantom.  
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4.1.3 Formation of the point grid 

After the printing, the structure materials are removed inside the phantom by drilling a 

small hole to the bottom of the phantom and placing it into the lye bath. Figure 13 

illustrates the 3D-printed model after the lye bath. The head phantom became two-color 

due to the original white plastic ran out during the printing and no more was able to obtain. 

For this reason, the rest of the head phantom is black. Two different colors have no 

separate purpose in this work. 

 

Figure 13. 3D-printed head phantom.  

 

The next phase is to create a point pattern to the surface of the phantom. This pattern will 

illustrate the places of holes, which will be drilled into the phantom. At first, a preliminary 

point pattern is created on the surface of the head phantom using tape to ensure the desired 

shape of the pattern. In the desired shape, there would be a distance of 15 mm between 

the points in each direction. Figure 14 illustrates the preliminary point pattern formed 

with the pieces of tape.  
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Figure 14. Preliminary point pattern created with the pieces of tape. 

 

After the desired point pattern is achieved, a white dot is drawn in place of each piece of 

tape. A small, drilled hole would later replace that white dot. Figure 15 illustrates the final 

point pattern created on the surface of the phantom. 

 

Figure 15. Final point pattern on the surface of the phantom before drilling. 
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The next phase is to replace the drawn spots with small holes, which each have a depth 

of 2 mm. The holes are created using the Dremel drill with a drill bit with a diameter of 

3 mm. The phantom is mounted to the table during the drilling to ensure its stability. 

Finally, the fastening is carried out utilizing clamps, which allows a sufficiently strong 

attachment of the phantom. Figure 16 illustrates the fastening of the phantom during the 

drilling.  

 
Figure 16. Fastening of the phantom during the drilling.  

 

The depth of the holes is 2 mm because, according to the wall thickness of the phantom 

that is previously determined, the holes cannot go through the model, as such would not 

be suitable for this study. All the drilled holes may not be exactly 2 mm in depth, but that 

is not a problem because the coordinates of the bottom of each hole will later. Figure 17 

illustrates the head phantom after the holes are drilled. 
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Figure 17. Head phantom after the hole drilling. 

4.2 Coating of the phantom 

The phantom needs to be coated so that measurements are possible to perform. The head 

phantom is printed using ABS plastic, which is nonconductive. This will create a problem 

if the accuracy measurements are performed at this point because the tool that is used 

with the optical navigation system will depend on the fact that the surface where the tip 

of the instrument is placed is conductive. So, it is necessary to create a conductive layer 

on the surface of the head phantom.  

The conductive layer is created with graphite spray, providing a convenient and relatively 

cheap way to overcome the problem. The used graphite spray is a commercially available 

product, and it is used to avoid electrostatic buildup. The phantom is sprayed five times, 

so the layer is clearly visible. A visible and relatively thick layer will also be useful 

afterward because whenever the tip of the instrument will touch the surface of the 

phantom, the thickness of the conductive layer will reduce, so it is more useful to create 

a thick layer at the beginning so the usefulness of the phantom will last longer. Figure 18 
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illustrates the phantom after it is coated with the graphite spray, and the conductive layer 

is created. 

 

Figure 18. Coated head phantom. 

4.3 Mounting plate  

The mounting plate needs to be designed to ensure the proper mounting for the head 

phantom during the accuracy measurement. The plate is designed by using the Siemens 

NX software, and many different plans were created, of which the final version is 

presented in this section. Many different characteristics must be considered when 

designing the mounting plate for it to function properly during the measurements. It must 

be rigid enough to prevent the phantom from moving during the measurements. In 

addition, it must support the weight if separate tools are attached to it during the 

measurements in the future. Because the mounting plate and the phantom will be attached 

to the side of the robot’s cage, it must be attachable to aluminum beams. Finally, the 

mounting plate must allow the phantom to be mounted at an angle from which the robot 

can operate in the largest possible area around the phantom. It was known that the robot 

would not reach every hole in the phantom, but the mounting angle of the phantom should 

be such that the robot could operate as many different hole areas as possible. The main 
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holes that the robot should reach with the instrument are the tip of the nose, both corners 

of the eyes, the nasion area, frontal region, mid-scalp region, and crown region of the 

head. The mounting plate is designed based on these requirements. 

The thickness of the mounting plate is selected to be 4 mm to ensure sufficient robustness, 

and two holes are drilled into it so that it could be attached to the aluminum beams. Since 

the phantom will be attached to the angle compared to the robot, the plate must have 

brackets for it. In terms of measurements, it would be useful to mount the phantom so 

that it would always mount in the same place in the future, even if it would be sometimes 

removed from the plate. This is achieved by using two metal pieces that are mounted at a 

90-degree angle to the metal plate using bolts. These two metal parts always place the 

phantom in the same position, and because the edges of the phantom base are straight, 

they rest nicely on the 90-degree angle formed by the metal pieces. In addition, four 3 

mm diameter holes are drilled in the plate, from which the phantom is attached to the 

mounting plate with bolts. These are considered to ensure adequate fixation of the 

phantom. Figure 19 illustrates the model of the finished mounting plate and the phantom 

attached to it. 

 

Figure 19. Mounting plate and phantom. 

 

The design of the mounting plate succeeded very well, and it allows very robust mounting 

of the head phantom. Figure 20 illustrates the finished and manufactured mounting plate. 
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Figure 21 illustrates the phantom attached to the mounting plate before the measurements 

as seen from both sides. 

 

Figure 20. Mounting plate. 

 

 

Figure 21. Phantom attached to the mounting plate as seen from both sides. 
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4.4 Adapter for the navigation instrument 

The ONS that is used in this study uses a navigation instrument of which movement it 

will be tracking with the OTS during the procedures, so it is necessary to ensure reliable 

and adequate attachment during the accuracy measurements. This is performed by 

designing the adapter that will hold it during the measurements, and the adapter could be 

installed on the robot’s gripper. The design of the adapter is started by measuring the 

critical dimensions of the navigation instrument, such as length and thickness. The 

navigation instrument includes 10 centimeters (cm) long metallic part, which is 5 mm in 

diameter. It has a thicker plastic part at its end, including electronic components. The plan 

is to create an adapter so that the instrument always rests on the edge of the wider plastic 

part against the adapter. To ensure the proper design of the adapter, it is designed with 

the Siemens NX software, as well as the navigation instrument by using its critical 

dimensions. The adapter consists of two parts, the bottom, and the top. This allows the 

instrument to be clamped firmly into place by using bolts. Many versions of the adapter 

are created, but the dimensionally appropriate version is obtained by selecting the length 

of the back pieces of the adapter to be 10 mm. With this length, the adapter stays firmly 

in the robot’s gripper and can support the weight of the instrument well. Figure 22 

illustrates the final version of the bottom part of the adapter. 

 

Figure 22. The final version of the adapter’s bottom part. 

 

To ensure the adapter's functionality, an assembly model is created using the model of 

the gripper that is created by using its actual dimensions, both parts of the adapter, and a 

rough model of the navigation instrument. Figure 23 illustrates all these parts before the 

assembly model is finished. Figure 24 illustrates the finished assembly of all components, 

which is used to ensure the size and location of the holes.  
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Figure 23. Parts that were used to ensure the proper functionality of the adapter. 

 

 

Figure 24. Final assembly for navigation instrument and adapter design. 
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4.5 Determination of reference coordinates 

The reference coordinates for accuracy measurements are determined using the DICOM 

image dataset obtained from the CT scan of the new head phantom. The first accuracy 

measurement has 89 measurement points, and the rest have 64 points in each. 

Reference coordinates are defined using the 3D Slicer software, wherein a marker is 

placed at the bottom of each hole that is used in measurements. Each marker’s coordinate 

values are transferred in an excel-file. Markers are placed in the order of which they are 

measured from the phantom during the measurements. This is done so that the MATLAB 

script can calculate the absolute differences between each measurement point and the 

corresponding reference point. Figure 25 illustrates the situation where the markers for 

the reference points are placed in the CT image of the head phantom. It also illustrates 

how the markers are placed in each hole. The markers are always placed on the bottom 

of the hole to touch the surface of the phantom. 

 
Figure 25. The situation where the markers for the reference points are placed in the CT 

image of the head phantom. 
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Because there are a different number of points in the first measurement than the rest, two 

separate excel-files containing the reference coordinate values are created. Therefore, 

when reviewing the results, it should be considered that the corresponding file with the 

correct reference points is always selected for the measured coordinate points.  

However, although CT scan can be considered to have very high spatial accuracy it may 

still contain some errors. As (Ginat D.T. et al. 2014) state in their research, for instance, 

the flat-panel-based cone-beam computed tomography (CBCT) devices allow a spatial 

accuracy of 150 micrometers (µm). The head phantom doesn’t include any solid metallic 

parts and the movements during the CT scanning can be found to be minor. For this 

reason, it can be stated that the reference points determined in this way are precisely 

determined. 

4.6 MATLAB script for results evaluation 

MATLAB script is created, so that the absolute differences between the coordinate values 

obtained in the measurement situation and the reference coordinate points can be 

evaluated reliably and quickly between different measurements. Measured holes and their 

coordinate values can be extracted from the ONS in excel format, so the reading function 

of the script has to be able to deal with the data in that format.  Users can set a folder path 

inside the reading function, and this folder is then opened when the script is run. As a 

default, the reading function will search only the excel-files from the directories because 

the file extracted from the ONS is in that format. Multi-selection is enabled for files, so 

the user can select as many files as needed. This feature must be enabled because two 

files must always be chosen for the script to work correctly: reference coordinates and 

measured coordinate values. If the user won’t select any files, the pop-up window tells 

the user to select the files containing the reference and measured coordinate values.  

After the user has selected the files, the script calculates the absolute differences between 

the x, y, and z coordinates of each measured point and the x, y, and z coordinates of the 

reference point corresponding to that measured point. The method for absolute difference 

calculation is presented in formula (1). After the script is calculated the absolute 

differences for each point, it will calculate the length of the vector that is formed by the 
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x, y, and z coordinates for each point. The vector length calculation is performed by using 

the formula (2). 

 

AD = |𝑥 − 𝑦|,  (1) 

where AD is the absolute difference, 

 𝑥 is the reference coordinate value, and 

 𝑦 is the measured coordinate value. 

 

‖𝑣‖ = √𝑎2 + 𝑏2 +  𝑐2,  (2) 

where ‖𝑣‖ is the length of the vector, 

 𝑎 is the x coordinate value,  

 𝑏 is the y coordinate value, and 

 𝑐 is the z coordinate value 

In addition, the script plots two figures for the user. The first figure contains the absolute 

differences between the measured and corresponding reference coordinates after the 

vector length is calculated for each point. The results are presented as a bar graph. The x-

axis of the figure shows the number of measured points, and the y-axis the AD in 

millimeters. The y-axis is fixed in the interval of 0–16 mm, so it would be the same for 

each measurement. The second figure contains the 3D point cloud that is created using 

reference points, where the color of each point indicates the magnitude of the absolute 

difference between the reference point and the measured point.  Green color indicates an 

error between 0–2 mm, yellow color an error between 2–4 mm, orange color an error 

between 4–6 mm, and errors greater than 6 mm are shown in red. This same coloring 

method is used in bar graphs. The 3D point cloud includes also gray points, which are 

measured from the head phantom’s CT images, such as the reference points. These gray 

points are used in the 3D cloud to better represent the shape of the head phantom and 

have no other use in this study. The code used in this study to analyze the results is 

available via the link in Appendix 1.  
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4.7 Use of a robot in research 

During this study, the robot is used to obtain better results and improve the accuracy of 

the measurement but also to minimize sources of errors during the measurements. During 

the measurements, the robot is used to measure coordinate values of the predefined points 

by using manual operation. The values of those points are then compared with those taken 

by hand to see if the points taken by hand produce too much error in the results. The robot 

that is used in this study is manufactured by KUKA, and it is the property of the University 

of Oulu. 

4.7.1 Desired task 

At the beginning of each measurement, after the registration, the robot is driven manually 

into the desired holes on the phantom and used to collect reference coordinates from those 

points. Those values are then compared with the values taken manually by hand. This 

way, it is possible to compare the errors between the hand taken coordinates and 

coordinates taken with the robot, so we can evaluate the errors occurring due to shaking 

of the hand.  

For instance, during the first measurement, there is a total of 32 points that are measured 

with the robot. The navigation instrument’s tip is guided to those points by using the 

robot, and the coordinate values reported by the navigation system for those points are 

saved. The same 32 points are then measured by manually controlling the navigation 

instrument, and their corresponding coordinate values are recorded. In addition to those 

32 points, 25 other points are also measured from locations where the robot is not 

reaching. By using this approach, the coordinate value of the hole obtained by robot 

control can be compared with the one taken by the hand, and the possible errors produced 

by the hand can be estimated in the measurements. If in the first measurement it is found 

that there are no significant differences between the coordinate values taken by the robot 

and the hand, then the number of points taken by the robot can be reduced to speed up the 

measurements. 
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4.8 Fastening of the robot and phantom 

The robot is transferred from the University of Oulu to the Oulu University Hospital. The 

measurements are performed in the surgery department so the navigator could operate in 

its natural environment. The head phantom and mounting plate are installed on an 

aluminum beam in the robot’s frame with bolts so that the phantom and mounting plate 

are on the side of the robot. In addition, the robot is moved and mounted in the center of 

the frame to maximize its reach. Figure 26 illustrates the situation where the mounting 

plate and head phantom are installed. 

 

Figure 26. Phantom and mounting plate installed to the robot’s frame. 

 

In addition, two flat-edged pieces with bolts are installed to the same aluminum bar as the 

mounting plate, and the plate will be located between these two pieces. This allows that 

if the plate is removed, it will always be positioned very close to the same location as 

before. 
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5 ACCURACY MEASUREMENTS OF THE NAVIGATION 

SYSTEM 

The registration accuracy of the optical navigation system in this study is investigated by 

using a total of six different registration scenarios. After the registration, a certain number 

of holes in the surface of the head phantom are measured with the navigation instrument 

and the coordinate value for each hole that is obtained from the navigator is saved. The 

absolute differences between the measured and reference coordinates are then calculated 

for each measurement separately. This chapter introduces the measurement arrangement 

and the different registration methods. 

5.1 Arrangement of measurements 

The robot and ONS are placed against each other so that there is an optimal distance 

between the navigation instrument, patient-tracker, and the camera unit of the OTS. The 

patient-tracker is mounted next to the head phantom so that the OTS could see its fiducial 

markers. The navigation instrument is placed to the adapter and attached to the robot’s 

gripper. In addition, the camera unit of the OTS is positioned so that the navigation 

instrument and patient-tracker are at the best possible angle to the cameras. This 

arrangement aims to minimize errors due to distance and oblique angles. Before the 

measurements, it is checked that the robot would reach the nose point of the phantom and 

other measurement points around the phantom. Figure 27 illustrates this test and the 

attachment of the navigation instrument and patient-tracker. 
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Figure 27. Measurement arrangement during the accuracy measurements. 

 

5.2 Measurements  

There are ten main measurements and six registration scenarios in this study. At the 

beginning of each measurement, the ONS will show the 3D model of the phantom 

obtained by CT-imaging the new head phantom in its screen. At the beginning of the 

registration, the ONS asks the user to define three points, using spheres that appear on the 

screen, those spheres need to be placed at specific anatomical locations. The first sphere 

will determine the location of the right lateral canthus (corner of the eye where lower and 

upper eyelids meet), the second sphere needs to be placed to the nasion area, and the third 

needs to be placed to the left lateral canthus. Figure 28 illustrates the holes in the head 

phantom where spheres are placed during seven measurements. 
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Figure 28. Locations of the three spheres at the beginning of the registration during 

seven measurements. 

 

Spheres are placed manually by using the 600 % zoom on the navigator’s screen, and 

their position is always determined to be at the bottom of the hole in the plane of the 

surface. Due to the 600 % zoom, it can be said that the spheres are always very close to 

the same place in each measurement.  

After the spheres are set, the navigator asks the user to touch the right lateral canthus with 

the navigation instrument. In an optimal situation and when performed correctly, the user 

touches the instrument as close to the position of the previously defined sphere as 

possible. Next, the navigator asks the user to touch the nasion area and the left lateral 

canthus. Also, in these situations, the user should strive to touch as close to the area of 

the previously defined sphere as possible. After those three registration points are 

acquired, the rest of the registration is performed by touching arbitrarily selected points 

around the head area. In this study, these remaining registration points are always defined 

by touching the surface of the phantom and not on the bottom of the hole. This is done to 

make the situation as realistic as possible concerning the actual situation. 

 

The measurements include six different registration scenarios. The registration scenarios 

differ in how the positions of the three spheres are determined at the beginning of the 

registration and which area of the head phantom is used to perform the registration after 

the three spheres are set.  
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5.2.1 The first registration scenario 

At first, the three spheres are placed to positions illustrated in Figure 28. After the spheres 

are set, the first three registration points are defined to be located at the same points as 

the spheres. The rest of the registration points are collected around the forehead area of 

the phantom.  

After the registration is performed, the robot is used to collect the coordinate values of 32 

different holes. The tip of the navigation instrument is always placed in each hole to the 

bottom, and as centered as possible, after that the coordinate value reported by the 

navigator for that point is saved. 

Figures 29, 30, 31, and 32 illustrate the holes, which coordinate values are measured using 

the robot during the first measurement. The coordinate values are measured in the order 

shown in the Figures.  

 

Figure 29. Holes, whose coordinates are measured using the robot in the first 

measurement as seen from the front. 
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Figure 30. Holes, whose coordinates are measured using the robot in the first 

measurement as seen from the right. 

 

 

Figure 31. Holes, whose coordinates are measured using the robot in the first 

measurement as seen from the left. 
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Figure 32. Holes, whose coordinates are measured using the robot in the first 

measurement as seen from above. 

 

After the robot is used to measure the coordinates of those 32 holes, the same 32 holes 

are measured by hand. The absolute differences between those 32 coordinates collected 

by the robot and manually by hand are examined to investigate whether the coordinate 

values taken by hand differ significantly from those taken by the robot. The results show 

that there are no significant differences between those coordinate values. Thus, it is 

possible to reduce the number of coordinate values measured by the robot to speed up the 

measurements. For this reason, in the following measurements, nine holes and their 

coordinate values are used as a reference to those taken by hand. In this way, the error 

produced by the manually measured coordinates in the final results can be estimated.  

In addition, 25 other holes are also measured from locations where the robot does not 

reach. The total number of coordinate values obtained from the holes in this measurement 

is then 89. This allows coordinate values to be measured comprehensively around the 

entire head phantom area. Locations of those 25 holes are illustrated in Figures 33 and 

34. 



59 

 

 
Figure 33. Holes measured manually by hand from the occipital region of the head 

phantom in the first measurement as seen from the left. 

 

 
Figure 34. Holes measured manually by hand from the occipital region of the head 

phantom in the first measurement as seen from the right. 
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The new measurement is then performed using the same registration method as in the first 

measurement, but the robot is used during the measurement to collect only the previously 

mentioned nine coordinate values from different holes. Figures 35, 36, 37, and 38 

illustrate the locations of those nine holes. These 9 holes and their coordinate values are 

always measured using the robot in all remaining measurements. The obtained coordinate 

values are used to investigate whether hand-measured points cause significant errors for 

the results. 

 

Figure 35. Holes, whose coordinates are measured using the robot in the remaining 

measurements, as seen from the front. 

 

 

Figure 36. Holes, whose coordinates are measured using the robot in the remaining 

measurements, as seen from the right. 
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Figure 37. Holes, whose coordinates are measured using the robot in the remaining 

measurements, as seen from the left. 

 

 

Figure 38. Holes, whose coordinates are measured using the robot in the remaining 

measurements, as seen from above. 

 

After those nine holes are measured with the robot, then 32 holes illustrated in the Figures 

29, 30, 31, and 32 are measured by hand. In addition, 23 holes are measured from the 

occipital region of the head phantom shown in Figures 39 and 40. Thus, the total number 

of coordinate values obtained from the holes is 64. These same 64 holes and their 

coordinate values are measured in all remaining measurements. 
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Figure 39. Holes that are measured manually by hand from the occipital region of the 

head phantom during the second measurement using the first registration method, as 

seen from the right. 

 

 
Figure 40. Holes that are measured manually by hand from the occipital region of the 

head phantom during the second measurement using the first registration method, as 

seen from the left. 
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5.2.2 The second registration scenario 

The three spheres are placed to positions illustrated in Figure 28. After the spheres are 

set, the first three registration points are defined to be located at the same points as the 

spheres. The rest of the registration points are collected from the left side of the phantom, 

from the phantom’s point-of-view (POV), where the patient-tracker is also located. After 

the registration, the nine reference coordinates are measured from previously presented 

holes using the robot, and a total of 55 coordinate values are measured by hand, so there 

are 64 points in total. This measurement is performed a second time by using the same 

registration method and same holes.  

5.2.3 The third registration scenario 

In this scenario, the three spheres are placed to positions illustrated in Figure 28. After 

the spheres are set, the first three registration points are defined to be located at the same 

points as the spheres. The rest of the registration points are collected all around the surface 

of the head phantom. After the registration, the nine reference coordinates are measured 

from previously presented holes using the robot, and a total of 55 coordinate values are 

collected by hand, so there are 64 points in total. This measurement is performed a second 

time by using the same registration method and same holes. 

5.2.4 The fourth registration scenario 

In this scenario, the registration is performed otherwise in the same way as in the first 

scenario, but after the three spheres are placed to positions illustrated in Figure 28, the 

first three registration points with the navigation instrument are taken from the wrong 

holes, which are illustrated in Figure 41. After the registration, the nine reference 

coordinates are measured from previously presented holes using the robot, and a total of 

55 coordinate values are measured by hand, so there are 64 points in total. 
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Figure 41. Locations where the instrument is placed when defining the first three 

registration points incorrectly. 

 

This situation is investigated in order to determine the importance of determining the first 

three registration points at the beginning of the registration to be located in the same 

places as the previously determined spheres for sake of registration accuracy and thus 

navigation accuracy.  

5.2.5 The fifth registration scenario 

In this scenario, the registration is performed otherwise in the same way as in the second 

scenario, but after the three spheres are placed to positions illustrated in Figure 28, the 

first three registration points with the navigation instrument are taken from the wrong 

holes, which are illustrated in Figure 41. After the registration, the nine reference 

coordinates are measured from previously presented holes using the robot, and a total of 

55 coordinate values are measured by hand, so there are 64 points in total. 

5.2.6 The sixth registration scenario 

In this scenario, the registration is performed otherwise in the same way as in the third 

scenario, but after the three spheres are placed to positions illustrated in Figure 28, the 

first three registration points with the navigation instrument are taken from the wrong 

holes, which are illustrated in Figure 41. After the registration, the nine reference 
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coordinates are measured from previously presented holes using the robot, and a total of 

55 coordinate values are measured by hand, so there are 64 points in total. 

5.2.7 Measurement made with an old navigation instrument 

The last measurement is performed by using the old navigation instrument because it had 

been reported that errors in navigation accuracy had been observed during usage. The old 

instrument has already been replaced with a newer one. Still, it is tested whether there is 

a fault in the old instrument and whether it would be possible to detect emerging problems 

in the instruments with this type of measurement in the future by comparing the older 

instrument with the new one. The measurement is performed exactly in the same way as 

in the third registration scenario.  
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6 RESULTS 

After the measurements were performed, all the 89 coordinate values obtained from the 

first measurement and 64 coordinate values from each of the remaining measurements 

were saved from the navigation system and exported to a computer as an excel file. The 

absolute error of the x, y, and z coordinates of each measured point to the x, y, and z 

coordinates of the corresponding reference point was determined using the formula (1). 

After that, the length of the vector for the absolute difference is calculated using the 

formula (2). The obtained values are used as a measure of absolute difference. Calculation 

and visualization of the results are performed using MATLAB.  The results for each 

measurement after different registration scenarios are presented as a bar graph with the 

color of the bar indicating the magnitude of the absolute difference. Green color indicates 

an error between 0–2 mm, yellow color an error between 2–4 mm, orange color an error 

between 4–6 mm, and errors greater than 6 mm are shown in red. In addition, the results 

are also presented as a 3D point cloud, where the color of the point indicates an error as 

in the bar graph. The gray dots in the point cloud are defined from the CT images of the 

head phantom, which were not used during the measurements, but now help to create a 

point cloud from the head phantom. The results of the measurements are also summarized 

in the table in Appendix 2. 

6.1 First registration scenario 

Two measurements were performed by using the first registration scenario. The locations 

of the measured holes are presented in section 5.2.1. The resulting absolute differences 

between each measured point and the corresponding reference point are illustrated in 

Figure 42.  

In all measurement files, the results for holes measured by hand are before the results for 

holes that are measured by the robot, for instance, in this case, the first 57 bars are 

presenting the holes measured by hand, and the remaining 32 are presenting the ones 

measured with the robot. However, it can be seen from Figure 42 that the absolute 

differences of the coordinates from holes measured by hand do not differ significantly 
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from those measured by the robot. For this reason, in future measurements, the number 

of holes and their coordinates measured by the robot was reduced to nine.  

 

 
Figure 42. Absolute differences between measured points and corresponding reference 

points in the first measurement that was done using the first registration method. 

 

The 3D point cloud is illustrated from three different angles and Figure 43 illustrates these 

angles with the help of the head phantom. The point cloud for each measurement is always 

shown in the angles shown in Figure 43 and in that order.  

 
Figure 43. Point cloud viewing angles illustrated using the head phantom. 
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Figure 44 illustrates the 3D point cloud from the different angles for the first measurement 

that was performed using the first registration method. The viewing directions of the point 

cloud are illustrated in Figure 43. 

 
Figure 44. 3D point cloud presenting the absolute differences for the first measurement 

that was done using the first registration method.  

 

The results show that most of the measured coordinates differ from the corresponding 

reference coordinates by less than 2 mm. However, there is one measuring point for which 

the error value reaches up to almost 16 mm. This is very likely a measurement error that 

is confirmed when a second measurement is performed using the same registration 

method. 

The measurement was performed again using the same registration method as before, but 

now the number of holes measured by the robot was reduced to nine, as mentioned. The 

resulting absolute difference values are illustrated as a bar graph in Figure 45. 
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Figure 45. Absolute differences between measured points and corresponding reference 

points in the second measurement that was done using the first registration method. 

 

Figure 46 illustrates the 3D point cloud from the different angles for the second 

measurement that was performed using the first registration method. 

 
Figure 46. 3D point cloud presenting the absolute differences for the second 

measurement that was done using the first registration method. 

 

All the holes and their coordinates that are measured during the second measurement, 

both by hand and by a robot, differ from their corresponding reference coordinate values 

by less than 2 mm. The results of the second measurement show that the large error value 

in the first measurement is most likely a measurement error. In this second measurement, 

bars 1–55 are presenting the holes measured by hand and bars 56–64 are presenting the 

holes measured with a robot. In the remaining measurements, the bars are presenting the 

measured holes as in this measurement.  
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6.2 Second registration scenario 

Two measurements were performed using the second registration scenario, and the 

resulting absolute difference values are illustrated as a bar graph in Figure 47. 

 
Figure 47. The absolute differences between measurement and reference points during 

the first measurement that was done using the second registration method. 

 

Figure 48 illustrates the 3D point cloud from the different angles for the first measurement 

that was performed using the second registration method. 

 
Figure 48. 3D point cloud presenting the absolute differences for the first measurement 

that was done using the second registration method. 

 

The results show that one measurement point has an absolute difference value greater 

than 6 mm. That point is measured from the left ear canal of the head phantom. The 
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absolute difference values for five measured holes are between 2–4 mm, and for the 

remaining 58 holes, the absolute difference value is less than 2 mm.  

The measurement was performed again using the same registration method. The resulting 

absolute difference values are illustrated as a bar graph in Figure 49. 

 
Figure 49. The absolute differences between measurement and reference points during 

the second measurement that was done using the second registration method. 

 

Figure 50 illustrates the 3D point cloud from the different angles for the second 

measurement that was performed using the second registration method. 

 
Figure 50. 3D point cloud presenting the absolute differences for the second 

measurement that was done using the second registration method. 
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The results show that the largest absolute differences are concentrated on the left side of 

the occipital area. However, the largest differences are between 2–4 mm and the error of 

more than 6 mm observed in the first measurement was not repeated in this measurement. 

It can therefore be concluded that the absolute differences were relatively minor. 

6.3 Third registration scenario 

Two measurements were performed using the third registration scenario, and the resulting 

absolute difference values are illustrated as a bar graph in Figure 51. 

 

 
Figure 51. The absolute differences between measurement and reference points during 

the first measurement that was done using the third registration method. 

 

Figure 52 illustrates the 3D point cloud from the different angles for the first measurement 

that was performed using the third registration method.  
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Figure 52. 3D point cloud presenting the absolute differences for the first measurement 

that was done using the third registration method. 

 

The results show that the largest absolute difference is located in the hole that has been 

measured from the left ear canal. Errors with values between 2–4 mm are concentrated 

on the right side of the occipital area, and the vertex area of the head.  

The measurement was performed again using the same registration method. The resulting 

absolute difference values are illustrated as a bar graph in Figure 53. 

 
Figure 53. The absolute differences between measurement and reference points during 

the second measurement that was done using the third registration method. 

 

Figure 54 illustrates the 3D point cloud from the different angles for the second 

measurement that was performed using the third registration method.  
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Figure 54. 3D point cloud presenting the absolute differences for the second 

measurement that was done using the third registration method. 

 

The results show that in this measurement the largest absolute differences are 

concentrated in the forehead area of the head phantom. Most of the AD values in the 

forehead area are between 2–4 mm but for one hole that was measured, the error value is 

over 16 mm, and it is taken with the robot, so most likely this value is due to the 

measurement error. This assumption is also supported by the fact that this error was not 

detected in the first measurement.  

6.4 Fourth registration scenario 

One measurement was performed using the fourth registration scenario. The fourth 

registration method differs from the first one only in how the first three registration points 

are taken with the navigation instrument after the three spheres are set for the navigator, 

at the beginning of the registration. The resulting absolute difference values are illustrated 

as a bar graph in Figure 55. 
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Figure 55. The absolute differences between measurement and reference points during 

the measurement that was done using the fourth registration method. 

 

Figure 56 illustrates the 3D point cloud from the different angles for the measurement 

that was performed using the fourth registration method.  

 
Figure 56. 3D point cloud presenting the absolute differences for the measurement that 

was done using the fourth registration method. 

 

Results show that the absolute differences are slightly higher compared to the previous 

two measurements that were done using the first registration scenario. However, the value 

of the error at any of the measured holes does not exceed the 4 mm limit, so the errors 

can be said to be relatively minor in this case. 
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6.5 Fifth registration scenario 

One measurement was performed using the fifth registration scenario. The fifth 

registration method differs from the second one only in how the first three registration 

points are taken with the navigation instrument after the three spheres are set for the 

navigator, at the beginning of the registration. The resulting absolute difference values 

are illustrated as a bar graph in Figure 57. 

 
Figure 57. The absolute differences between measurement and reference points during 

the measurement that was done using the fifth registration method. 

 

Figure 58 illustrates the 3D point cloud from the different angles for the measurement 

that was performed using the fifth registration method.  

 
Figure 58. 3D point cloud presenting the absolute differences for the measurement that 

was done using the fifth registration method. 
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The results show that this registration method generates significant errors in navigation. 

In previously done two measurements, where registration was performed using the second 

registration scenario, the absolute differences were less than 6 mm except for one 

measured hole in the first measurement. In this case, however, even at the first 26 

measured holes, the value of the error is more than 6 mm, with the largest error being 

almost 16 mm. Up to 45 of all 64 measured holes exceed the 6 mm limit. In addition, for 

15 measured holes, the error is between 4–6 mm, for two holes the error value is between 

2–4 mm, and for two holes the error value is between 0–2 mm. 

6.6 Sixth registration scenario 

One measurement was performed using the sixth registration scenario. The sixth 

registration method differs from the third one only in how the first three registration points 

are taken with the navigation instrument after the three spheres are set for the navigator, 

at the beginning of the registration. The resulting absolute difference values are illustrated 

as a bar graph in Figure 59. 

 
Figure 59. The absolute differences between measurement and reference points during 

the measurement that was done using the sixth registration method. 

 

Figure 60 illustrates the 3D point cloud from the different angles for the measurement 

that was performed using the sixth registration method.  
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Figure 60. 3D point cloud presenting the absolute differences for the measurement that 

was done using the sixth registration method. 

 

The results show much larger errors compared to the previous two measurements made 

using the third registration method. The first thirteen measured holes have an error value 

greater than 6 mm. All those measured holes are in the forehead area of the head phantom. 

At a total of 21 measured holes, the value of the error is more than 6 mm. In addition, 27 

measured holes have an error value between 4–6 mm. The values of the absolute 

differences in this measurement are not as large as in the measurement made using the 

fifth registration method, but the errors are still significant in this case as well.  

6.7 Results for the measurement made with an old instrument 

One measurement was performed using the same registration method as in scenario three, 

but the navigation instrument was an old instrument. The intention was to investigate a 

possible navigation error previously reported. Results are compared with the results 

obtained from the two measurements performed using the third registration scenario. The 

resulting absolute difference values are illustrated as a bar graph in Figure 61. 
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Figure 61. The absolute differences between measurement and reference points during 

the measurement that was done using the old navigation instrument. 

 

Figure 62 illustrates the 3D point cloud from the different angles for the measurement 

that was performed using the old navigation instrument. 

 
Figure 62. 3D point cloud presenting the absolute differences for the measurement that 

was done using the old navigation instrument. 

 

The results show that the resulting errors are slightly larger than in the situation where a 

new navigation instrument was used. However, when the same registration method is 

used, the errors produced by the new and old instruments do not differ significantly, so it 

can be concluded that the older instrument did not produce unreasonable errors in 

navigation.  
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7 DISCUSSION 

All measurements in the different registration scenarios show that it influences the 

registration accuracy and thus the accuracy of the navigation, how the first three points 

are defined for the navigator with the navigation instrument after the three spheres are set 

at the beginning of the registration. A great example of how the determination of the first 

three points affects registration and thus navigational accuracy is to examine the results 

of the second and fifth registration scenarios. The absolute differences between the 

coordinate values of the measured holes and the reference values are significantly higher 

in the situation where the first three registration points are incorrectly determined. Those 

two registration scenarios differ only in that in the fifth scenario the first three registration 

points are determined from the wrong holes so that the line formed through the holes is 

oblique to the line formed between the corners of the eyes. This situation apparently 

creates some degree of distortion for the navigation system. Therefore, the registration 

and thus navigation accuracy is significantly reduced compared to the case where the first 

three points are correctly determined using the locations of the right lateral canthus, 

nasion area, and left lateral canthus.  

In the first measurement that is performed using the second registration scenario, 58 holes 

out of 64 holes have an error value less than 2 mm. Five holes have an error value between 

2–4 mm and for one hole the error value exceeds the 6 mm threshold. The second 

measurement is performed using the same registration method, and the results show that 

for 12 measured holes, the error value is 2–4 mm, and for the rest, the error values are 

less than 2 mm. In a measurement performed using the fifth registration scenario, 45 of 

all 64 measured holes have an error value greater than 6 mm. In addition, for 15 holes, 

the error is between 4–6 mm.  

The measurements likely contain some degree of error, most likely originating from 

measurements taken by hand. However, when analyzing the results, it can be stated that 

the differences between the different registration scenarios are so significant that 

measurement errors cannot directly explain them. In certain registration scenarios, the 

errors occur in hand taken points but also in points that are taken with the robot. This 
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means that the errors are due to registration and how the first three registration points are 

defined to be located at the beginning of the registration after the three spheres are set.  

 

Several things can be improved in future registration accuracy measurements. At first, the 

holes created on the surface of the head phantom during this study were round and their 

diameter was 3 mm. Therefore, the tip of the navigation instrument that is sharp may not 

be exactly at the same point in each measurement. This flaw can be solved by making the 

holes in the head phantom more conical so that the instrument's tip would always fit 

exactly at the bottom of the hole at the same point.  

 

In addition, if the errors caused by hand taken measurements want to be ruled out, it would 

be more convenient to use a robot that can measure all points in the head phantom using 

the automatic drive. In such a situation, it needs to be ensured that the head phantom is 

not detached from the mounting plate between the robot’s automatic drive configuration 

and measurements, as if it is removed and replaced, the phantom may not be in exactly 

the same position. Thus, it may cause an error in some cases. At the very least, it should 

be made sure that the robot is taught the location of the head phantom again if it is 

removed from the mounting plate at some point. In the future, if the robot is to be used 

more comprehensively in measurements, small insets that have been made in the 

mounting plate can be used to determine the robot’s coordinate system in relation to the 

head phantom, if necessary. During this study, those small insets were not used. In 

addition, a small cylindrical pin that was manufactured and mounted on the mounting 

plate was not used during the study. This pin allows the position of the tip of the 

instrument used by the robot to be taught to the robot if necessary.  

 

The original idea during this study was to teach the robot the locations of the reference 

coordinates so that it could guide the instrument used in the navigation situation to the 

desired holes, and thus it would be possible to compare the known location of the 

instrument to the instrument’s position reported by the navigation system. However, this 

approach was rejected because the automatic drive of the robot was considered very likely 

to fail, because when the robot is moved to hospital conditions and the mounting plate 

has to be removed from the robot’s frame and when the mounting plate is reinstalled, the 

plate may be located slightly in a different position compared to the situation where it 
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was when the robot is programmed. Although this situation would have been unlikely, 

there was no desire to risk the results of the measurements, as positioning the plate at a 

different location could have created critically significant errors in the results if the 

automatic drive of the robot would be used. 

 

The reference coordinates for the measured holes during the study were determined from 

the CT images taken from the new head phantom, so it can be assumed that the reference 

points have been accurately determined. However, if the holes made in the phantom 

would be conical, the reference points where the navigation instrument's tip would always 

be placed during the measurements would be even easier to determine. As pointed out 

earlier, the reference coordinate values were defined from the CT images taken from the 

head phantom, but the determination of those points can in principle also be carried out 

in other ways. For instance, during this research, the reference coordinate values were 

firstly determined by using a Kreon measuring arm that is suitable for 3D measurements. 

A spherical probe whose diameter is 3 mm was attached to the measuring arm, and it was 

then used to measure the coordinates of each hole in the head phantom. Measured 

coordinate values were then illustrated as a 3D point cloud in Kreon’s own software. The 

coordinate values determined with this method were tentatively intended to be used as 

reference coordinate values for the measured coordinate values reported by the navigation 

system, but to ensure the accuracy of the results, we ended up using the coordinate values 

which were determined using the DICOM image data obtained from the phantom CT scan 

as a reference. However, the coordinate values obtained from Kreon measurement can be 

used in future applications and research. 

 

MATLAB script that was created during the study contains many features that were not 

used during the examination of the results. For instance, when the files containing the 

reference coordinate values and measured coordinate values are selected it also calculates 

the percentage error (PE) of how many percentages the measured point and its x, y, and 

z coordinate are different from the corresponding reference point. However, there is a 

problem related to these values, and the problem is that the value of the PE depends purely 

on the location of the origin. For this reason, it was not used to evaluate the results, but 

may be used later for a different purpose. In addition, the script also shows for the user 

the tables containing the absolute differences and PE values from where the numerical 
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values can be examined if desired. If the user selects two files containing the coordinate 

values of the measured holes that are measured during separate measurements, which are 

taken using the same registration method and the one file containing the corresponding 

reference coordinate values. In that case, the script calculates the PE between the 

coordinates of the same measurement points. This allows the user to examine how 

accurately each point is taken between different measurements when the same registration 

scenario is used, and whether there are measurement errors. 

The affection of environmental conditions for registration accuracy and thus navigational 

accuracy wasn’t studied during this research, so it can’t be said how much, e.g., lighting 

conditions, temperature, and humidity can affect the accuracy. In future studies, these 

variables could be studied in order to better understand the effects of environmental 

conditions on registration and thus navigational accuracy. In addition, the effect of the 

location of the patient tracker was also not studied during the research. Therefore, it is 

possible that the location of where the patient tracker is placed during the registration will 

affect the registration accuracy and thus navigation accuracy. 
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8 CONCLUSION 

The main objective of this research was to study the registration accuracy of the optical 

navigation system used in image-guided surgery and how the accuracy is affected by 

different registration scenarios. At first, the history of image-guided surgery and its 

working principle was introduced, as well as the different medical imaging methods that 

can be used in image-guided surgery. In addition, various tracking systems were generally 

presented, but the optical tracking system was introduced in more detail. Different 

registration methods and the concept of accuracy were introduced last. As stated in the 

literature part, accuracy is an essential feature in image-guided surgery devices, and only 

the absolute position accuracy is considered relevant. For this reason, it is essential to 

know the registration accuracy but also the navigational accuracy of the navigation 

system and how different registration methods might affect them. 

 

The first step in practical implementation was to create a new head phantom using CT 

images taken from the old head phantom. The head phantom was 3D-printed, after which 

2 mm deep holes were made in its surface to act as measurement points during the 

accuracy measurements. Each hole’s center point was used as a reference point, and the 

reference points were determined from the CT images taken from the new head phantom. 

This was done to ensure the accuracy of the reference points. In addition, during the study, 

a mounting plate was created for the head phantom, as well as a mounting adapter for the 

navigation instrument, so that it could be firmly attached to the robot’s gripper. A robot 

was used to measure specific holes and their coordinate values during the measurements, 

and the results were compared with the corresponding coordinate values measured by 

hand. This was done in order to investigate whether hand taken measurements produce 

errors. Ten main measurements and six registration scenarios were used in this study to 

determine the registration accuracy. In each measurement, at least 64 holes and their 

coordinate values were measured from the head phantom. The absolute differences 

between the measured holes and their coordinate values and the corresponding reference 

coordinates were calculated using MATLAB. The results were illustrated as a bar graph 

and 3D point cloud using MATLAB.  
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Results show that it affects the registration accuracy and thus also navigation accuracy, 

how the first three registration points are defined for the navigation system at the 

beginning of the registration. In situations where the first three points were determined 

correctly at the regions of right lateral canthus (corner of the eye where lower and upper 

eyelids meet), nasion area, and left lateral canthus, the measurement errors were mainly 

below 2.5 mm. However, even these measurements can be considered to contain some 

error, since most of the holes were measured by hand and the diameter of each hole is 3 

mm, and the instrument's tip is sharp, so it may not be exactly at the same point each time. 

However, the results also show that the errors were of the same magnitude between the 

holes measured by the robot and the holes measured by hand, so it can be considered that 

the measurements taken by hand didn’t produce significant errors in the results. In turn, 

the errors were significantly higher in situations where the first three registration points 

were determined from the wrong holes. Still, there were variations between the absolute 

differences even in these measurements. The worst results were achieved in situations 

where the first three registration points were defined from wrong holes and the rest of the 

registration was performed using only that side of the head where the patient tracker was 

set, as well as in a situation where registration was performed using the entire head area 

of the phantom after the first three points were determined wrongly. In these situations, 

the number of measurement points where the absolute difference value was greater than 

6 mm was 45 and 21, when the total number of measured holes was 64. In situations 

where the first three registration points were defined correctly, and the rest of the 

registration was performed similarly, and two measurements were taken with both 

registration scenarios, the magnitudes of the resulting errors were considerably lower. For 

instance, in two measurements in which the first three points were correctly determined 

and the registration was performed from the patient tracker side, only one measurement 

point has an error value greater than 4 mm during the first measurement. In the second 

measurement, none of the measurement points exceeded the 4 mm error value. 

 

Based on the results, it can be stated that the registration accuracy and thus also the 

accuracy of navigation is primarily affected by how the first three registration points are 

determined at the beginning of the registration. This should be considered in future 

situations where the navigator is used in image-guided surgery.  
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APPENDIXES 

Appendix 1. A link to GitHub with the MATLAB code used to analyze the results. 

https://github.com/rremes/ABS_diff_calculator_for_coordinates.git  

 

  

https://github.com/rremes/ABS_diff_calculator_for_coordinates.git
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Appendix 2. A table containing the results of the measurements. 

Registration 

method 
The area where the 

remaining 

registration points 

were collected 

The first 

three 

points 

determined 

correctly 

The first 

three 

points 

determined 

wrong 

Absolute 

error  

0–2 mm 

 

(Number 

of 

points) 

Absolute 

error  

2–4 mm 

 

(Number 

of 

points) 

Absolute 

error 

4–6 mm 

 

(Number 

of 

points) 

Absolute 

error 

6<mm 

 

(Number 

of 

points) 

The total 

number 

of points 

measured 

1 Forehead area x  78 10 0 1 89 

1 Forehead area x  64 0 0 0 64 

2 Left side of head  

(Patient tracker side) 
x  58 5 0 1 64 

2 Left side of head  

(Patient tracker side) 
x  52 12 0 0 64 

3 Whole head area x  53 10 1 0 64 

3 Whole head area x  38 25 0 1 64 

4 Forehead area  x 48 16 0 0 64 

5 Left side of head  

(Patient tracker side) 
 x 2 2 15 45 64 

6 Whole head area  x 6 10 27 21 64 

Measurement 

with an old 

instrument 

Whole head area x  33 26 5 0 64 

Table 1. Results of the measurements. 


