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Chapter 1 Introduction 
 
Introduction 
 

1.1 Motivation 
 
Today, most people are familiar with GPS (global positioning system) navigation 

devices and their value for determining the device’s current location on earth.  This 

thesis focuses on the development of a surgical navigation system that is directly 

coupled to medical imaging systems so that information on a target location from the 

medical images can be used for more accurate diagnosis and treatment of disease.  In 

particular, this thesis focuses on enabling additional and improving upon specific 

percutaneous procedures where a trocar needle or cannula is inserted into the body 

towards a target under image guidance. 

During the past two decades the increasing trend in surgery has been to focus 

on less invasive methods [1-9].  Over this time, various techniques in minimally 

invasive surgery (MIS) have successfully minimized the pain and morbidity 

associated with open surgery while maintaining, in suitable circumstances, the 

associated diagnostic or therapeutic goals of the procedures with quicker recovery 

times.  Therefore, when possible and appropriate, patients and physicians 

overwhelmingly prefer MIS. 

One of the main challenges in MIS is to direct an interventional instrument to 

the correct target without the benefit of direct visualization, while avoiding iatrogenic 

injury to organs and tissues.  By utilizing direct vision or miniature video cameras and 

a light source, physicians have been able to manipulate interventional instruments and 

perform surgery while visualizing their progress following the instrument’s placement 

into the body via one smaller incision used for direct access (MIDAST™) [2] or 

keyhole surgery, several small incisions (laparoscopy), or natural orifices 

(endoscopy). 

The utilization of diagnostic imaging modalities (e.g., X-ray, computed 

tomography (CT), and magnetic resonance imaging (MRI)) is also a method in some 

MIS procedures to view an interventional instrument inside the body and determine 
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its location and direction in relation to an intended target.  As with MIDAST, 

laparoscopic, and endoscopic techniques, the effective use of intraoperative imaging 

for interventional guidance is highly dependent on the skill and experience of the 

physician.  A number of trial and error cycles may be required in which repeated 

scans are taken, especially when the target is small or the optimal path to the target is 

challenging. 

Surgical navigation (sometimes referred to as image-guided surgery) is a 

technology that gained wider acceptance over the past fifteen years in a number of 

surgical specialties (e.g., neurosurgery, ENT surgery, spine surgery, orthopedic 

surgery).  This technology enables physicians to locate and track the path of 

interventional instruments in relation to pre-acquired images (e.g., X-ray, CT, or 

MRI), which is analogous to the way a GPS locates a car using stored roadmaps.  

Today, surgical navigation systems utilize either optical or electromagnetic (EM) 

tracking technology in order to register the spatial location of a navigated instrument.  

In clinical practice, this process allows the instrument to be viewed virtually and 

continuously on a computer monitor in relation to the pre-acquired diagnostic images 

of the patient’s anatomy. 

The foundation of a surgical navigation system is to assist the physician in 

accurately aligning, driving, and placing an interventional instrument, thereby 

potentially: 1) allowing the selection of the optimal personalized surgical plan by 

enabling expanded and intelligent pre-planning capabilities, 2) increasing procedural 

accuracy while reducing the risks of surgical errors, 3) reducing procedure time, 4) 

when available in the operative setting, reducing the number of intermediate 

intraoperative imaging scans, and 5) reducing patient and physician radiation 

exposure from an intraoperative imaging source that may utilize ionizing radiation 

such as a C-arm or CT scanner. 

Current surgical navigation tracking methods are not without limitations.  

Most are bulky, complex and thus time consuming, can often involve technology-

challenging compromises that hinder standard clinical workflow, and constitute costly 

setups that may discourage or simply not allow routine use in MIS applications.  In 

contrast, a new tracking technology that alleviates some of the traditional 

compromises is the focus of this thesis. 
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1.2 Thesis Contributions 
 
This thesis focuses on the development of methods and systems for accurate 

instrument placement under image guidance.  Understanding the limitations of the 

current approach, a new tracking technology was developed.  The new technology is a 

miniaturized implementation of the optical tracking technology without some of the 

traditional compromises.  Utilizing only two small components, this thesis introduces 

a novel minioptical tracking technology platform.  The new technology platform 

allows greater flexibility, simplicity, and cost effectiveness while maintaining the 

much-needed accuracy for critical MIS procedures. 

The minioptical tracking technology platform presents real progress and 

potentially a significant paradigm shift in some of the traditional and non-traditional 

surgical navigation applications due to its inherit attributes compared to current 

methodology.  Three surgical applications were identified that will provide enabling 

or enhanced applications with this new technology platform.  The first two 

applications were in interventional radiology where the system was first tested for 

laboratory accuracy, then the components were adapted for each application, and 

finally, two clinical feasibility studies were developed that evaluated and 

demonstrated safety, effectiveness, and accuracy. 

The third application demonstrated the viability of applying the new 

minioptical tracking technology platform in neurosurgery.  Again, the system was 

adapted, bench tested for accuracy and workflow integration in a nonclinical setting 

for stereotactic intracranial applications.  This work demonstrated the feasibility of 

the new technology platform for several neurosurgical procedures including oncology 

applications, hydrocephalus management, drainage of brain abscesses, and potentially 

functional neurosurgery applications. 

1.3 Thesis Organization 
 
Having provided some background for the thesis, the remaining chapters focus on 
understanding and improving minimally invasive image-guided procedures.  Chapter 

2 provides details of the clinical background of how image-guided procedures are 

currently performed in the two selected surgical specialties, Interventional Radiology 

and Cranial Neurosurgery.  Each surgical specialty section ends with a summary of 

the current challenges and opportunities.  Chapter 3 is a historical review of surgical 
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navigation and the current benefits and limitations.  Chapter 4 clearly and concisely 

states the aims of the thesis.  Chapter 5 introduces this novel minioptical tracking 

technology platform with its components and details the accuracy bench testing setup 

and results.  Chapter 6 details several important design modifications of the system in 

order to conduct a clinical feasibility study in percutaneous thoracic procedures.  The 

chapter also provides the details and results of the study.  Chapter 7 details additional 

system design modifications required for the second clinical feasibility study, which 

was performed for percutaneous abdominal procedures.  Chapter 8 then details the 

design modifications, accuracy testing, and workflow evaluation of system for cranial 

neurosurgical procedures.  Chapter 9 provides the thesis conclusions, and Chapter 10 

outlines opportunities for future work that builds on the results of this thesis. 
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Chapter 2 Clinical Background 
 
Clinical Background 
 
Image-guided procedures are performed in a number of different specialties, but all 

with the common goal of reaching a target within the body.  The attention here is 

focused on image-guided percutaneous procedures in two particular specialties that 

have pioneered, embraced, and continue to expand the boundaries of medicine in 

order to diagnose and treat patients with MIS techniques. 

2.1 Interventional Radiology 
 
Interventional radiology (IR) is a medical sub-specialty of radiology that was 

conceived in the early 1960’s by an American radiologist, Dr. Charles Dotter.  While 

professor and chairman of the Department of Radiology at the University of Oregon 

Medical School, he defined the sub-specialty as a variety of percutaneous image-

guided alternatives or aids to surgery [10], where MIS diagnostic, therapeutic, and 

potentially curative oncology procedures are performed in nearly every organ (e.g., 

lung, liver, kidney) and bone (e.g., spine) utilizing imaging modalities such as X-rays, 

ultrasound, CT, and MRI. 

Percutaneous procedures can be broken down into catheter-based and trocar 

needle-based procedures.  Catheter-based IR procedures are very common today 

where a “flexible” wire is inserted into the body typically through the vasculature.  

Needle-based procedures are also very common in practice, and are based on more 

“rigid” needles being inserted into the body.  While both methods have different 

applications, the end goal of being used for diagnosis or therapy is the same. 

There are a great number of needle-based IR procedures performed daily 

around the world in order to remove, augment, or destroy tissues inside the body.  

Examples of these include: drainage of excess air or fluid buildup in the lungs or 

retroperitoneal space; biopsies in the thorax, abdomen, or bone for diagnosis; 

injection of a bone cement mixture into a fractured vertebrae to help stabilize the 

fracture and relieve the chronic pain caused from the spinal compression fracture; 

injections of an anesthetic (i.e., needle blocks) into or a thermal ablation of nerves 
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(i.e., Radiofrequency denervation) that provide temporary relief of chronic pain for 

upper and lower extremity pain due to a pinched nerve in the spine; and, ablation via 

heating or cooling of cancer in the lung, liver, or kidney. 

In the example of a lung biopsy, the interventionalist utilizes a CT scanner to 

assist in placement of the trocar needle into a suspicious lung nodule in order to make 

an accurate diagnosis (Figure 2-1).  Again, the effective use of needle image-guided 

techniques is highly dependent on skill and experience.  However, for both the 

experienced and inexperienced interventionalist, it can be a time consuming and an 

iterative process in which repeated scans are taken in order to get the needle to the 

intended target.  Below the market of lung and liver CT-guided needle-based 

procedures for diagnosis and treatment are examined. 

 

 

 

 

 

 

 

 
 
Figure 2-1. Illustration of an Interventional Radiologist performing a CT-guided lung biopsy 
where she is relying on creating a mental image of the CT information in order to insert the 
biopsy needle into the suspicious lung nodule (courtesy of © 2007 Terese Winslow, U.S. 
Govt. has certain rights). 

2.1.1 Lung Biopsies 
 
Lung cancer is the most common cancer worldwide with about 1.8 million new cases 

each year [11].  In 2012, there were over 1.6 million new cancer patients diagnosed in 

the US, of which about 215,000 were primary lung cancers [11].  This large number 

does not account for lung metastases where almost any cancer has the capacity to 

spread to the lungs and initiate a lung metastasis.  Common cancers that metastasize 

to the lungs include bladder, breast, colon, kidney, prostate, and among other cancers 

[12].  In the US, it has been estimated that about 20 to 54% of primary cancers may 

metastasize to the lungs [13]. 

There are two types of primary lung cancer, and the most common, non-small 

cell lung cancer (NSCLC), makes up about 85% of all diagnosis.  Early diagnosis and 
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treatment of lung cancer is crucial for improving survival rates.  The current literature 

reports early diagnosis through CT screening of lung cancer resulted in an estimated 

survival rate of 88% at 10 years [14].  In contrary, lung cancer patients diagnosed at a 

later stage have typical combined survival rates of 15% at 5 years [15]. 

A lung biopsy is the standard of care in order to obtain an accurate diagnosis 

of a suspicious pulmonary nodule or mass.  From this diagnosis a plan may be 

developed in order to best treat the condition.  Lung biopsies can be performed either 

through bronchoscopy or using a transthoracic needle approach.  Bronchoscopy is the 

insertion of an instrument with a small video camera through the natural airways.  

This allows an interventional pulmonologist to see changes in the bronchi, which may 

indicate a potential nodule in order to perform a biopsy.  However, this current 

approach fails to reach up to two thirds of peripheral lesions. 

Transthoracic needle biopsy has become widely accepted as a safe and 

accurate method for establishing diagnosis of pulmonary nodules.  Its sensitivity for 

diagnosis of cancer is reported to be 90%-97%, and thus a common method to 

confirm a diagnosis [16].  Accurate needle positioning in the nodule is the key factor 

in the success of the procedure, and CT-guidance is the best imaging method for lung 

biopsies.  CT imaging has improved the ability to detect and perform transthoracic 

needle biopsies of small pulmonary nodules that were not previously visible or 

approachable with X-ray guided biopsies.  Although CT scanners utilize an increased 

dose of ionizing radiation in order to create remarkable lung images, unfortunately, 

visualization of the lung anatomy is inadequate for ultrasound imagining. 

More than three million percutaneous CT-guided procedures are performed 

each year at about 3,700 US medical centers [17].  An estimated 5% of these 

procedures are percutaneous lung biopsies [18].  Through a physician survey that was 

recently conducted, it was estimated that about 30% of lung biopsies performed might 

be considered complex [19].  This complexity arises from lung nodules that are small 

(less than 15 mm), deep (more than 70 mm), close to the diaphragm (involve more 

movement), and/or involve an off-axis approach (e.g., behind a rib) in order to reach 

the target.  This estimate of complex lung biopsies may grow significantly due to the 

recent conclusions from the National Cancer Institute (NCI) sponsored lung-screening 

trial that was launched in 2002 in the US.  The findings on over 53,000 patients who 

enrolled in the double-blinded, randomized trial over 5 years showed as much as 20% 

reduction in mortality when lung screening is done with CT [20].  While an official 
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lung-screening mandate has not been put into place in the US as of yet, the U.S. 

Preventive Services Task Force recently recommended screening people who are at 

high risk for lung cancer with annual low-dose CT scans [21].  Prior to this 

recommendation, a definite trend has developed where institutions have dramatically 

lowered their price of the current non-reimbursable diagnostic chest CT scan ($0 - 

$199 in some areas of the US) for high-risk patients (e.g., heavy smokers).  Of note, 

biannual obligatory lung screenings for infections disease and cancer has been used in 

Hungary for decades. 

In Europe, there are 410,000 new primary lung cancers each year with 

Hungary accounting for about 9,300 of their 50,500 population with new cancer [11].  

Hungary actually has the highest rate of lung cancer in the world per capita [11].  In 

China, lung cancer is on the rise with some reports that show it is over 450% growth 

in the past three decades [22] with about 650,000 primary new lung cancers per year 

[11].  Both Europe and China have large populations, and thus there is also a 

significant incidence of metastatic lung lesions. 

2.1.2 Liver Biopsies 
 
In 2008, primary liver cancer accounted for about 782,000 new cases worldwide [11], 

and in 2012 there were an estimated 30,500 new cases in the US [11].  A US trend 

report between 1998 and 2007 showed the incidence of liver cancer still on the rise 

[23], and the liver is also a very common organ affected by metastatic disease.  For 

example, colorectal cancer, which accounts for about 135,000 new cases per year in 

the US [11], has been reported to metastasize to the liver between 20- 25% [24].  

Further, depending on the site of the primary tumor, 30-70% of patients dying of 

cancer have liver metastases [25, 26].  Thus, the total statistics of cancer in the liver is 

much higher.   

As detailed above, the outside of the US incidence for primary liver cancer 

accounts for about 751,500 patients.  Developing countries account for about 84% of 

this number, of which Hungary accounts for 630 and 395,000 in China [11].  Again, 

none of these numbers account for the metastatic liver population. 

As opposed to lung, the primary imaging modality utilized for percutaneous 

liver procedures is ultrasound guidance (Figure 2-2).  However, there are a significant 

number of lesions that are invisible on ultrasound and can only be seen on contrast 
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enhanced CT or MRIs.  Thus, CT-guided liver biopsies are a fairly common 

procedure in the US. 
 

 

 

 

 

 

 

 

 

 
Figure 2-2.  Photograph of an Interventional Radiologist performing an ultrasound guided 
liver procedure with a needle in one hand and the ultrasound probe in the other. 

2.1.3 Tissue Ablation 
 
Before the mid-1990s there were three primary recognized treatment regiments for 

cancer management.  Those included surgery, radiation therapy, chemotherapy, or a 

combination of the aforementioned treatments.  In the late 1980’s leading into the 

early-1990s, interventionalists in an imaging suite and oncology surgeons in the 

operating room (OR) began more frequently performing a procedure known as tissue 

ablation for cancer therapy [27-29].  This is now considered an additional primary or 

adjunctive method for cancer management. 

Tissue ablation for cancer management consists of killing the tumor via 

heating or freezing.  The heating is typically performed by inserting a specialized 

probe into the tumor, and through the needle depositing laser, radiofrequency (RF), or 

microwave energy into the tumor and surrounding area (Figure 2-3).  The freezing 

procedure is known as cryoablation and is performed by placing a specialized probe 

into the tumor.  This probe is hollow and extreme cold compressed gases are passed 

through it in order to freeze the tissue.  Another new needle-based ablation 

technology has just begun to enter the mainstream is known at irreversible 

electroporation.  This technology uses electric fields to induce cell death and has 

some significant benefits that have allowed it to gain initial acceptance among the 

larger oncology institutes. 
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Figure 2-3.  Illustration of a RFA needle inserted and heating a tumor. 
 
The current US ablation market for heating and freezing of tissues like lungs, liver, 

kidney, and bones is about 45,000 cases per year in the US, but this has been growing 

around 10% over the past years [30].  US estimates are probably similar to Europe 

and more than double in China where the primary surgical method would involve a 

MIS technique. 

The main issue for the ablation regimen has been the fact that the most 

difficult cases are not operable candidates, and thus the ablation cases can be equally 

difficult.  The other main issue is the recurrent rates due to failure at the tumor 

margins, and in particular for tumors about 3 cm and larger in diameter [31, 32] and 

near blood vessels due to heat sink affect when utilizing RF ablation (RFA) [33] or 

lasers.  Thus, all ablation cases can benefit from improved planning and accurate 

deployment of single or multiple probes into the tumor.  For lungs, in particular, only 

about 15% of patients diagnosed with lung cancer each year are surgical candidates 

[34].  These patients are typically treated with radiation therapy, but this regimen may 

only be utilized once.  Thus, ablation may be a good alternative for these inoperable 

patients either as an adjunctive or primary treatment. 

2.1.4 IR Challenges and Opportunities 
 
The challenges in CT-guided procedures is summarized as follows: 

• Initial instrument orientation:  there is no easy method to provide the 

interventionalist with the correct first instrument orientation for the insertion.  

This is currently done by mentally transforming the desired trajectory path 

from the CT image display to the patient. 

• Lack of real time feedback:  without taking continuous CT images (i.e., CT-

fluoroscopy), which causes additional radiation exposure to the 

interventionalist and patient, there is no real time feedback of the 

interventional instrument progress. 
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• Complex approaches:  this can be either targeting something that is small, 

deep, or in a challenging location.  In the case of a challenging location, the 

ideal path may require an off-axis (cranial-caudal) approach (Figure 2-4).  

This approach becomes difficult to visualize where the instrument may go in 

the cranial-caudal direction as the CT scanner only images in axial slices.  In 

addition, there may be instances in ablation treatments that may require multi-

target procedures in order to target several points in one tumor or to target 

multiple tumors. 

 

 

 

 

 

 

 
 
 
 

Figure 2-4.  Illustration of an obstructed (left) and a free (right) path-to-target.  The free path-
to-target is off-axis and goes through six CT slices in order to reach the target. 

 

These challenges ultimately result in requiring additional CT scans that lead to longer 

procedure times and increased radiation exposure to the patient and potentially to the 

interventionalist.  Thus, the opportunity lies in the development of a simple, accurate, 

and cost effective method to provide instrument guidance without the constant need 

of updated CT imaging.  The opportunity also increases due to the potential lung 

screening, increase in the acceptance of ablation cases, and increase in public 

radiation consciousness. 

2.2 Neurosurgery 
 
Neurosurgery is a medical specialty that provides both operative and non-operative 

management of disorders of the central, peripheral, and autonomic nervous system.  

In the early twentieth century, Dr. Harvey Cushing at Harvard Medical School in 

Boston and Dr. Axel Herbert Olivecrona at the Karolinska Institute in Stockholm are 

credited with pioneering the field of brain surgery.  In fact, Dr. Cushing established 

the first classification of the brain malformations and tumors, which is still used today 
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in a modified form.  Further, a Hungarian historical perspective of Neurosurgery is 

offered in Appendix A.1.  Below cannula-based procedures for the diagnosis and 

treatment of the brain are examined in more detail. 

2.2.1 Brain Cancer, Biopsies, and Ablation  
 
In 2012, the worldwide estimate for new primary brain tumors was about 238,000 

[11].  In 2012, there were about 21,600 new primary brain tumors in the US, about 

600 in Hungary, about 65,500 in China [11], and as is the case with other organs, 

there is a much larger population of metastatic brain tumors.  The exact incidence of 

brain metastases is difficult to establish, but the estimate has been as high as 30% of 

cancer patients [35].  In adults, they commonly arise from primary tumors of the lung 

(40%–50%), breast (15%–25%), melanoma (5%–20%), and the renal and 

gastrointestinal tract (4%–6%) [36]. 

Brain biopsies are performed in order to establish a correct diagnosis of a 

tumor, infection, or another brain disorder.  It is estimated that about 20,000 brain 

biopsies are performed each year in the US [37].  Today, there are several MIS 

methods for performing brain biopsies.  They include surgical navigation system 

utilization, such as frame-based stereotaxy (Figure 2-5), frameless stereotaxy, and 

frameless stereotaxy with intraoperative imaging.  These methods will be further 

described and explored in the following chapter. 

 

 

 

 

 

 

 
Figure 2-5.  Photograph of a frame-based stereotactic brain biopsy being performed. 

 
Tissue ablation is also common in the treatment of brain cancer.  The past two 

decades have seen great advancements in new MIS weapons on the war against brain 

cancer utilizing image guidance methods.  Advanced radiation therapy methods such 

as single high-dose stereotactic radiosurgery utilizing x-rays [38], gamma rays [39, 

40], or protons [41, 42] are excellent examples of these advancements without the 
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potentially need for a craniotomy.  Additional MIS targeted treatments of brain cancer 

such as thermal ablation therapies have not gained wider acceptance to date.  These 

thermal tissue ablation techniques include stereotactic MRI placement of 

radiofrequency [43] or microwave probes and High-intensity Focused Ultrasound 

(HIFUS) [44, 45].   

Laser ablation or laser interstitial thermal therapy (LITT) has recently made a 

resurgence since being first described nearly 30 years ago when Professor Stephen G. 

Bown [46] utilized the laser thermal radiation to destroy biological tissue.  However, 

these early studies had no real-time monitoring of the tissue ablation.  In 1988, 

Professor Dr. Ferenc A. Jolesz et. al. described a technique of MRI of laser-tissue 

interactions allowing for concurrent MRI-based temperature measurements [47].  This 

unique finding coupled with LITT being compatible with the MRI environment 

allowed for potential integration of MRI and lasers for 3-D control and monitoring.  

Since then, Professor Dr. Alexandre Carpentier et. al. described LITT in the 

neurosurgical application of metastatic tumors that had exhausted all other adjuvant 

therapies and were not candidates for open resection of their tumor recurrence [48, 

49].  In their series, they described the feasibility and safety of the LITT technology.  

The MIS technology was utilized as a salvage technique both recurrent glioma and 

metastatic tumors where the laser fibers are placed within the brain utilizing 

stereotactic methods. 

2.2.2 CSF Management 
 
Hydrocephalus is a condition in which excessive cerebrospinal fluid (CSF) 

accumulates in the ventricles of the brain, either through overproduction of CSF, an 

obstruction of the flow of CSF, or failure of the body to reabsorb CSF.  This buildup 

increases pressure on the brain, which can cause frequent headaches, motor problems, 

memory loss, nausea, and urinary incontinence in adults.  Hydrocephalus is one of the 

most common birth defects, each year in the US about two out of every 1,000 births 

results in hydrocephalus [50].  In addition, hydrocephalus occurs in a small number of 

children in the first two years of their life while the brain is developing, and brain 

injuries can also lead to the development of hydrocephalus. 

Treatment of hydrocephalus typically involves the surgical implantation of a 

CSF shunt into the brain, which diverts CSF, in a controlled manner, away to another 

internal delivery site.  This site is often the abdomen where it provides an alternative 
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pathway when CSF absorption in the brain is impaired.  This method has been used 

for over fifty years to relieve the excess CSF buildup.  A CSF shunt system (Figure 2-

6) typically consists of: 1) an inflow (ventricular) catheter, which drains CSF from the 

ventricles in the brain; 2) valve mechanism, which regulates the flow through the 

shunt tubing; and 3) an outflow catheter, which directs CSF from the valve to 

a suitable drainage site. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-6.  Illustration of a shunt system (courtesy of Drew von Jako). 
 

In the US, there are an estimated 75,000 shunts implanted each year [37, 50, 51].  The 

ventricular catheter is inserted into the brain ventricles by the neurosurgeon in an OR 

setting, and on occasion, a surgical navigation system may be utilized to ensure 

accurate ventricular catheter placement [52, 53]. 

As opposed to an implanted CSF shunt system, an external ventricular drain 

(EVD) system (Figure 2-7) may be required only for a temporary basis.  This 

requirement includes when CSF pressure is increased from a brain tumor, abscess, 

brain infections, hemorrhagic stroke, and traumatic brain injury (TBI).  Typically 

EVDs are used in life-saving, emergency procedures.  They are also inserted by a 

neurosurgeon in an OR or bedside in the neurointensive care unit (NICU).  Generally, 

a small area is shaved on the head and the neurosurgeon will make a tiny incision in 

the scalp.  Through this incision, the neurosurgeon is able to insert the catheter into 

the ventricle, and then it is drained to an external collection bag. 
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Figure 2-7.  Illustration of an EVD system (courtesy of Nolan von Jako). 
 
 
In the US each year there are an estimated 60,000 EVDs are placed in patients as a 

result of TBI and hemorrhagic stroke patients [37]. 

2.2.3 Neurosurgery Challenges and Opportunities 
 
The challenges in neurosurgery are similar as in interventional radiology.  The 

neurosurgeon is inserting an interventional instrument into the brain that requires 

accuracy in its orientation and final target location.  Complex approaches are also of 

importance as the brain is a very sensitive organ (Figure 2-8).  In the next chapter, 

some of the current surgical navigation techniques used in neurosurgery and the 

opportunity to improve these techniques are explored. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 2-8.  Illustration of an incorrect (left) and correct (right) placement of the ventricular 
catheter for Hydrocephalus management (courtesy of Nolan von Jako). 
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Chapter 3 Surgical Navigation 
 
Surgical Navigation 
 

3.1 Introduction 
 

The MIS revolution is typically associated with the introduction of laparoscopic 

cholecystectomy by Dr. Phillip Mouret in 1987 [54] even though laparoscopy was 

originally described more than a century ago [55].  Whereas gallbladders had the 

luxury of being surgically removed with non-MIS techniques prior to the 1980’s, 

tissue exploration or removal in brain surgery did not.  There have been many 

technologies in the last century that have altered surgery, but none so much as the 

emergence of medical imaging.  X-ray imaging gave the first insight into the 

unopened brain in the early 1940s and later led to the birth of MIS in the brain by 

coupling medical imaging with a stereotactic frame in 1947 [56].  The following 

sections review how neurosurgery aided in image-guided MIS techniques that have 

lead to modern day surgical navigation. 

3.2 Frame-based Stereotaxy 
 
Between 1906 and 1908, two British scientists, working at University College London 

Hospital, Sir Victor Horsley, a physician and neurosurgeon, and Robert H. Clarke, a 

physiologist, described an instrument that allowed for pinpoint precision of electrodes 

in order to explore the brain [57].  They named this technique “stereotaxis,” which is 

derived from a combination of two Greek words, “stereos” meaning three-

dimensional (3-D) and “taxis” meaning order or arrangement.  Their original intent 

was to describe a precise spatial inter-relationship of brain structures.  They further 

deduced that the proper adjective for the technique would be “stereotactic”. 

The first stereotactic instrument or “frame” used on humans in conjunction 

with medical imaging was developed by two US neurosurgeons, Drs. Ernest A. 

Spiegel and Henry T. Wycis, in 1947 [58].  Their original frame system was 

developed on the basis of the Cartesian coordinate system, whereas another 
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neurosurgeon, Dr. Lars Leksell, developed a frame-based stereotactic system based on 

polar coordinates in 1949 in Sweden [59]. 

The invention of the CT scanner in the 1970’s increased the neurosurgeon’s 

view and knowledge of the brain with the addition of stacked two-dimensional (2-D) 

X-ray slices.  The 1980’s brought neuroimaging forth another large step with the 

invention of the MRI scanner, which produced excellent soft tissue definition of the 

brain.  The 1980’s also saw the advent of several commercial stereotactic frames.  

Today, the most common frames found in neurosurgical departments around the 

world are the Radionics CRW (Figure 3-1) and the Elekta Leksell stereotactic frames 

for use in brain biopsies, aspirations, microcraniotomies, and functional neurosurgery. 

 

 
Figure 3-1.  Photograph of Professor Eric R. Cosman, Dr. Theodore Roberts, and Todd Wells 
(CRW) at the 1988 American Association of Neurological Surgeons in Toronto at Radionics 
booth where the original CRW stereotactic system was launched to the market (left) (courtesy 
of Dr. Eric Cosman Jr.).  Photograph of the CRW being used in a brain biopsy surgery (right). 
 

3.3 Frameless Stereotaxy 
 
The basis of image-guided surgery and integrated imaging systems for intraoperative 

surgical planning was first described by Professor Dr. Geza J. Jako in 1985 [60], and 

with the aid of the new diagnostic imaging systems and ultra-fast computer 

technology, the mid-1990s saw the advent of commercial “frameless” stereotaxy or 

surgical navigation systems (neuronavigation for neurosurgical applications) by 

traditional frame-based stereotactic companies such as Radionics and Elekta [61-64]. 
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3.3.1 Articulated Arm Tracking Technology 
 
The early commercial surgical navigation systems utilized an articulated arm with 

either five (Figure 3-2) or six joints in order to track a pointer in relation to 

preoperative CT or MR images.  Following successful calibration of the articulated 

arm and the arm to the patient, the surgeon was able to manipulate the arm to select 

points in the surgical space which are interpreted by the computer and related to the 

corresponding points in the preoperative image space.  The arm-based 

neuronavigation systems utilized electrogoniometers in the joints to calculate the 

pointer position with high accuracy. 

 

 
Figure 3-2.  Photograph of Radionics Operating Arm System in 1994 attached to a Mayfield® 
cranial stabilization system. 
 

3.3.2 Optical Tracking Technology 
 
The arm-based tracking systems were very accurate (< 1 mm), but were limited to 

cranial-based applications and they only had a few specialized instruments.  The late-

1990s saw two new tracking technologies surface.  The first was optical tracking 

technology where an optical camera was mounted in the surgical suite on a free 

standing pole or the ceiling.  This new technology would allow the surgical 

instrument to either emit or reflect infrared light in order to detect and track the 

instrument position (Figure 3-3 and 3-4). 
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Figure 3-3.  Illustration of the optical tracking system methodology with an adjacent camera 
on a pole that detects infrared light emitted or reflected from an instrument. 
 
 
 
 

 
Figure 3-4.  Photograph of Radionics OmniSight™ neuronavigation system in 2004 (left), 
and a recent photograph of the Stryker neuronavigation system (right) (courtesy of Stryker 
Corporation). 
 

In clinical practice, this new optical-based navigation method allowed a number of 

instruments to be viewed virtually and continuously on a computer display in relation 

to the preoperative images of the patient’s anatomy. 

Over the last 15 years companies such as BrainLab, GE, Medtronic, and 

Stryker (among others) have commercialized these tracking technologies into cranial 

neurosurgery, ENT surgery, orthopedic surgery, and spine surgery.  However, almost 

all current navigation companies rely on specific vendors to provide them with their 

tracking technology, which can be a disadvantage for future development and 

sourcing. 
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3.3.3 Electromagnetic Tracking Technology 
 
The optical tracking systems are very flexible in their utility, but they are limited 

since they can only track rigid instruments.  The second tracking technology to 

emerge in late-1990s was EM-based tracking technology.  Here, the tip of flexible or 

rigid instruments can be embedded with specialized sensor coils.  When the 

instrument is placed inside a controlled and varying magnetic fields, voltages are 

induced into the specialized sensor coils (Figure 3-5).  These induced voltages are 

used by the navigation system to calculate the position and orientation of the 

instrument tip.  The EM fields are low field strength and can safely pass through 

human tissue. 

 
Figure 3-5.  Illustration of an EM tracking system where the tip of a surgical pointer is in the 
magnetic field created by the system (courtesy of Dr. Ronald von Jako, GE Healthcare). 
 
Over the last 15 years companies such as BrainLab, GE, Johnson and Johnson, 

Medtronic, Philips, St. Jude, and Veran (among others) have commercialized these 

tracking technologies into cardiac surgery, cranial neurosurgery, ENT surgery, 

interventional radiology, orthopedic surgery, and spine surgery. 

3.3.4 Robotic Technology 
 
In the past 15 years, there has also been several start and stops with linking image-

guided data to medical robots.  Unfortunately, besides Intuitive Surgical’s da Vinci 

robot that utilizes endoscopic vision, there have been no commercially successful 

robots that have combined radiographic guidance with robots.  However, there has not 

been a lack of attempts.  Companies such as Elekta, iSYS, Mazor Robotics (Figure 3-

6), Perfint, Renishaw, among several others, have all either tried and failed or are still 

trying to find the right commercial application. 
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Figure 3-6.  Photograph of the Mazor Robotics Renaissance brain application on a phantom 
(left) and in a brain biopsy procedure (right) (courtesy of Mazor Robotics). 
 

3.3.5 Surgical Navigation with Intraoperative Imaging 
 
Conventional navigation systems are excellent for pre-surgical planning as they allow 

a surgical instrument to be viewed virtually and continuously on a computer display 

in relation to the preoperative image of the patient’s anatomy.  However, once a shift 

in the anatomy occurs, for example if tissue is resected, the relationship between the 

patient’s anatomy and the preoperative image data widens.  Thus, rendering the 

navigation system inaccurate.  An example of this is brain shift in neurosurgery.  

There have been quantitative models studied to account for brain shift [65-67], but to 

date, the optimal method for accounting for brain shift is acquiring updated 

intraoperative 3-D imaging. 

In 1982, the first intraoperative CT (iCT) scanner was installed for 

neurosurgery in Pittsburgh with Professor Dr. L. Dade Lunsford [68], and 1994 saw 

the introduction of the first intraoperative MRI (iMRI) scanner by Professor Jolesz in 

Boston [69, 70].  Intraoperative imaging had been utilized for several decades before 

iCT and iMRI via fluoroscopic and ultrasound imaging, but both imaging 

technologies lack the 3-D capabilities required in most surgeries.  iMRI has been used 

more commonly since its introduction in the 1990s due in large part to the marketing 

of several commercial systems, but iCT is being revitalized by the recent and soon-to-

be introduction of several portable CT scanners [71-74]. 

Both iMRI and iCT (Figure 3-7 and 3-8) have been tremendously beneficial 

for neurosurgeons, allowing them to 1) better account for brain shift after craniotomy 

and tissue resection, 2) confirm instrument positions, 3) better control tissue resection, 
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and 4) immediately evaluate postoperative imaging for potential adverse events (AEs) 

such as a hemorrhage or diffuse brain swelling.  Compared to iMRI, iCT does not 

require major construction of the OR, large alterations in the standard of care 

workflow, or extensive specialized instruments. 

 

 
 

 
Figure 3-7.  Photographs of the Brigham and Women’s Hospital newest Advanced 
Multimodality Image-Guided Operating (AMIGO) Suite with the iCT (left) and the iMRI 
(right) (courtesy of Professor Dr. Ferenc A. Jolesz, B. Leonard Holman Professor of 
Radiology, Harvard Medical School). 
 
 
 

 

 
Figure 3-8.  Photograph of Brigham and Women’s Hospital’s AMIGO Suite.  The iMRI (left) 
and iCT (right) are integrated with the OR (middle) that contains navigation, ultrasound, and 
fluoroscopic capabilities.  Thus, the physicians have all the necessary tools to their disposal 
for their procedure. (courtesy of Professor Jolesz) 
 
 

 
In the past 15 years, there have been several variations of iCT and iMRI scanners that 

have worked with commercially available and integrated navigation technologies [75-

79] (Figure 3-9).  The premise of a neuronavigation combined with iCT or iMRI is to 

aid the surgeon in accurately aligning, driving, placing, and confirming the location of 

an interventional instrument to 1) increase procedural accuracy while reducing the 

risks of surgical errors, 2) utilize multimodality imaging data by fusing preoperative 
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data to the intraoperative data, 3) reduce procedure time by reducing the number of 

interim verification imaging scans, and 4) reduce patient and potentially physician 

radiation exposure if utilizing iCT or a C-arm. 

 

 
 

Figure 3-9.  Photograph of the semi-portable PoleStar™ N-10 iMRI system featured on the 
cover of Neurosurgery (top left), in neurosurgery (top right), and an illustration of N-30 
version that contains an integrated neuronavigation system. (courtesy of Yuval Zuk, co-
inventor of the PoleStar iMRI guidance system) 
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Chapter 4 Aims of the Thesis 
 
Aims of the Thesis 
 
As described in the previous chapters, all conventional surgical navigation systems 

utilize either optical or EM tracking technology to register the spatial location of an 

instrument for various surgical applications.  These tracking technologies have been 

used successfully for two decades, but they also have their own limitations.  As 

described, these systems can be quite inflexible since some are bulky, complex, time 

consuming, hinder workflow, and costly. 

For example, current optical tracking technology can be quite cumbersome as 

clinicians or the operative setup can inadvertently occlude the line-of-sight between 

the instrument and the camera that is required for proper operation [80].  Likewise, 

EM tracking technology is also highly dependent on their environment. The accuracy 

degrades in the presence of metallic objects since the magnetic field that is 

specifically created for tracking the instrument can be distorted [81].  These 

compromises often discourage routine use of surgical navigation systems in MIS 

applications.  In addition, both tracking technologies do not have an easy integration 

with a MRI environment.  In particular, EM tracking systems will not function in a 

magnetic environment, as magnetic field from the MRI alters the required, specific 

magnetic field pattern set up to track the instrument. 

The aims of this thesis are to enable additional and improve upon specific 

percutaneous procedures where a trocar needle or cannula is inserted into the body 

towards a target under image guidance.  In order to succeed; one must overcome the 

current limitations of existing tracking technologies by developing a new technology 

platform.  Specifically, the aims of this thesis include: 

• To design and describe in detail a flexible, simple, and accurate tracking 
technology platform for percutaneous instrument placements that 
obviates the deficiencies of current surgical tracking systems,  

• To adapt the new tracking system to several enabling or enhancing 
applications and perform accuracy testing as needed, 

• To work with the best collaborative clinical partners, and 
• To explore additional applications for this novel tracking system. 
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Chapter 5 Novel Minioptical Tracking 
Technology  
Novel Minioptical Tracking Technology 
Developed and Tested in this Thesis – Methods 
in General 
 

5.1 Introduction 
 
The novel tracking innovation utilizes a miniaturized version of optical tracking 

technology.  The novel minioptical tracking technology platform features three main 

components: 1) a miniature, lightweight video camera that is attached onto a standard 

interventional instrument (Figure 5-1); 2) an adhesive registration sticker with video 

and radiological X-ray imaging visible markers (Figure 5-2); and 3) 3-D tracking 

software (Figure 5-3) loaded into a computer workstation. 

 

 
 
 
 
 
 
 

Figure 5-1.  Photograph of the miniature video camera attached to a biopsy needle with a 
mechanical chuck. 
 
 

                  
Figure 5-2.  Photographs show the adhesive registration sticker with colored (left) and radio-
opaque (right) reference markers with the one entry hole. 
 

Entry 
Hole 
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Figure 5-3.  Photograph of the minioptical tracking graphical user interface. 
 

The registration sticker is sterile and attaches to the patient prior to CT imaging, and 

the sticker contains coincident reference markers that are visible on both a video 

image and a diagnostic image.  These coincident reference markers enable the 

registration of an interventional instrument into the imaging space.  Based on the 

video image of the location of the colored reference markers, the software enables 

tracking of a virtual instrument while being advanced towards an anatomical target 

(Figure 5-4). 

 

 
Figure 5-4.  Photograph shows the miniature video camera affixed on an interventional 
instrument, detecting the colored reference markers (left) and an illustration shows the 
relation of the overlapping radio-opaque reference markers to a target (right). 
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5.2 Components 
 

5.2.1 The Camera 
 
The camera is comprised of a 13 g miniature CMOS (complementary metal oxide 

semiconductor) video camera mounted onto a plastic mechanical adaptor with a 

mechanical chuck that allows clamping to different sized interventional instruments.  

The camera may be setup for single-use or several uses.  In our clinical studies, the 

camera was used as a disposable.  Prior to sterile processing, the camera is calibrated 

to account for inherit distortions utilizing a proprietary method that is similar to other 

calibration techniques [82].  During intervention, the sterile miniature video camera is 

attached to the proximal end of an instrument shaft.  The function of the video camera 

is to provide a stream of video frames to the minioptical tracking system computer.  

As will be detailed in the following sections, these video pictures contain the 

reference markers from the registration sticker that is then used to transmit the 

location of the instrument into the 3-D volume of the CT images.  The analog video 

signal from the camera is relayed through a hardware connection box (HCB) that 

includes frame grabbing and digitizing circuitry.  The digital signal from the HCB is 

relayed to the minioptical tracking system computer via a USB cable. 

Since the system is based on video images, various engineering tests are 

performed for ideal lighting conditions for the camera.  The results demonstrated that 

the most ideal conditions are with cool white light (4,100 K to 4,200 K) and daylight 

(6,000K to 7,000K) fluorescent lights.  Although, the system works with soft white 

(2,600 K to 2,850 K) or warm white (3,000 K to 3,500 K) fluorescent lights, there 

could be some minor inherit issues in identifying the reference marketers.  Spotlights 

are never recommended due to significant shadowing which may cause a deviation in 

the interpretation of the video image.  In most cases, the lights found in ORs and 

imaging suites have been found to be more than suitable. 

5.2.2 The Registration Sticker 
 
The 90 x 90 mm sticker is laminated, flexible, and disposable with a medical-grade 

adhesive backing (3M, St. Paul, MN) that is attached to the patient’s skin.  Printed on 

the front side of the sticker are eight color-coded reference markers.  These color 

reference markers can be segmented and identified by the minioptical tracking system 
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computer on the video frames transmitted from the camera.  Printed on the backside 

of the sticker, in coincidence with the colored markers, are eight radio-opaque 

markers.  These radio-opaque markers are visible on CT images and can be identified 

and segmented.  The sticker has one round opening, the “entry hole,” with a diameter 

suitable for the interventional instrument used in the procedure.  The function of the 

sticker is to provide reference markers through which the 2-D video image is 

registered to the 3-D CT image space. 

5.2.3 The Software Structure and Function 
 
The minioptical tracking system software displays the ideal path from a preselected 

entry and target point with the guidance information in order to guide an instrument to 

a desired target.  The software structure is depicted in Figure 5-5 and the function is 

shown in Table 5-1. 

 

 

 
 

Figure 5-5.  A diagram of the software structure.
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Table 5-1.  Function Responsibilities and Dependencies of the Software 

 
Module 1. Main Application 

Responsibilities  Provides the user interface to the application. 

Dependencies Mode Handler, Data Processing, Image Handler, System Control, Utility, and Error Handler.  

Module 2. Mode Handler 

Responsibilities  Provides the interface to configuring the application for selecting the application mode. 

Dependencies Main Application 

Module 3. Data Processing 

Responsibilities  Provides the processing methods for the various data processing algorithms. 

Dependencies Main Application, Guide, Calibration, and Camera Orientation. 

Module 4. Guide 

Responsibilities  Provides the interface to navigation processing algorithms. 

Dependencies Data Processing, Calibration, and Camera Orientation. 

Module 5. Calibration 

Responsibilities  Provides the interface for instrument calibration. 

Dependencies Data Processing and Camera Orientation. 

Module 6. Camera Orientation 

Responsibilities  Provides the interface to camera orientation image processing algorithms. 

Dependencies Data Processing. 

Module 7. Image Handler 

Responsibilities  Provides the interface for handling images. 

Dependencies Main Application, Image Display, Frame Grabber, DICOM. 

Module 8. Image Display 

Responsibilities  Provides the interface for displaying images and graphic overlays. 

Dependencies Image Handler, Frame Grabber, and DICOM. 

Module 9. Frame Grabber 

Responsibilities  Provides the interface to the frame grabber. 

Dependencies Image Handler and External Image Grabber. 

Module 10. DICOM 

Responsibilities  Provides the interface for handling CT images in DICOM format. 

Dependencies Image Handler, External DCMTK library 

Module 11. System Control 

Responsibilities  Provides the interface to the window controls: menus, buttons, etc. 

Dependencies Main Application. 

Module 12. Utilities 

Responsibilities  Provides an interface to the system utilities. 

Dependencies Main Application and Operating System. 

Module 13. Error Handling 

Responsibilities  Provides the application program interface for the handling of the errors. 

Dependencies Main Application and Operating System. 
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The Mode Handler provides transfer of control between the various modules 

according to the procedure flow. The Entry Point Planner module is used to plan the 

location of the ideal location of the registration sticker.  The Plan module is used after 

the registration sticker has been placed on the selected entry point and a CT scan of 

the sticker and the target has been performed.  The software allows confirmation of 

the target and to identify the radio-opaque reference markers.  The Plan module then 

displays the path from the entry point to the target and provides path information to 

the Guidance module. The Guidance module displays information on the computer 

screen that assists in navigating the instrument to the pre-selected target.  The tracking 

software was written in C++ and includes about 44,400 lines of code. 

5.2.4 Navigation Information 
 
The navigation software employs information from the camera and vector 

mathematics to track the location of the interventional instrument in relation to the 

volume of CT images in real time.  As explained above, by displaying the location of 

the interventional instrument, the system assists the user in guiding it to a specific 

target in that volume. 

Two main coordinate systems are used in the calculations.  The first 

coordinate system is the 3-D Cartesian system of the CT images (Figure 5-6).  The 

second system is the 2-D coordinates in the video image created by the camera 

(Figure 5-7).  A vector V = (X, Y, Z) can specify the location of any point in the 3-D 

CT coordinate system.  The same point when viewed on the video image could be 

described by another vector K = (x, y, f), where f is the focal length of the camera 

lens. 

 
Figure 5-6.  Illustration of the 3-D CT coordinate system. 

 

X 

Y 

Z 
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Figure 5-7.  Illustration of the camera coordinate system. 
 
The relation between these two vectors, describing the same objects in the two 

coordinate systems, can be expressed as a mathematical transformation consisting of a 

scale factor C, a rotation matrix T, and a translation vector L.  This is expressed by 

the equation: 

 

K = C * (T • V + L)     (1) 

 

If one knows the location of an object in one coordinate system, then one can 

calculate its location in the other system using Equation (1), provided the 

transformation (rotation, translation, and scale) is known.  To determine the elements 

of the transformation, one can use objects whose locations are known in both 

coordinate systems simultaneously, plugging those locations in Equation (1) and 

solving the equation.  It is important to note that knowing the precise locations in both 

coordinate systems of four objects is enough to solve Equation (1).  In other words, 

knowing K and V for at least four different objects allows for the calculation of T, L, 

and C.  Once these values are calculated, one can calculate K for every known V and 

vice versa. 

The colored, radio-opaque reference markers on the sticker provide the objects 

necessary to calculate the elements of the above-described transformation.  The 

location vectors V in the CT coordinate system are determined in the sticker 

registration process by the user selecting the radio-opaque reference markers on the 

acquired CT images.  The location vectors K of all eight colored reference markers on 

the video image are determined continuously in real time on each video frame as 

f 
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described.  Using these locations, Equation (1) is used continuously to solve for the 

transformation parameters. The other objects tracked by the system in the same way 

are the pre-selected target and the interventional instrument. 

To accomplish the guidance assistance, the system uses the same 

transformation to continuously calculate and display the locations of the selected 

target and the projection of the interventional instrument tip on the video image.  It 

also uses the known direction of the instrument to create two perpendicular CT 

reformatted images along the instrument path in the CT volume and overlay on them 

a graphic simulation of the instrument as it is advanced towards the target (Figure 5-

8). 

 
Figure 5-8.  Photograph of the software interface with the simulated interventional instrument 
(yellow) in the reformatted axial (left) and sagittal (middle) views.  In addition, the video 
image (right) displays a graphic simulation of the interventional instrument (red crosshairs) 
and the user-selected target (blue circle below the crosshairs).  The trajectory and depth 
information (displayed in yellow) provides the guidance needed during the procedure. 

 

During the instrument tracking, as mentioned above, only four reference markers are 

needed to obtain navigation information. If less than four markers are displayed, the 

software indicates there is an occlusion.  The immediate mitigation is that the user 

sees the obstruction in the video image and corrects for it. 

The system also detects the flexion of the interventional instrument and 

displays this on the software screen.  Figure 5-9 provides a diagram explaining the 

algorithm employed for this task.  After the instrument length is calibrated, the system 

calculates where the instrument intersects the sticker surface at any given time during 

the procedure, assuming the instrument is straight (Point 1).  The system also knows 

the location of the physical entry point on the sticker as determined from the CT 
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images during the registration process (Point 2).  If these two points do not coincide, 

the system recognizes that the instrument is not straight and that the calculated line 

(Line 3) no longer represents the true instrument path.  The system then calculates the 

instrument deviation vector (Arrow 4) and the correction vector (Arrow 5) that is 

needed to bring the instrument back to a straight line (Line 6) in the video image.  The 

calculated correction vector is displayed on the video image as a red bar (Figure 5-10 

right) during part of the system guidance display.  This instrument flexion detection 

helps the user understand the amount and direction of instrument bending and aids to 

minimize the flexure by releasing some of the sideways force on the instrument.  Red 

lines representing the bent instrument are also overlaid on the CT image part of the 

guidance display to further indicate flexion and assist in straightening the instrument 

(Figure 5-10 left and middle). 

 

  
Figure 5-9.  Illustration showing how the instrument flexion is detected. 

 
 

   
Figure 5-10.  Photograph of the software interface displaying the reformatted sagittal view 
(center) and the tracked instrument (yellow) can be seen flexing. 
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5.2.5 The Computer 
 
The computer (Dell Inc., Round Rock, TX) is comprised of a laptop with Intel Core 2 

Duo processor, hard disk of 160 GB, RAM of 4 GB, 3 x USB 2.0 connections, 

Ethernet Connection, 1440 X 900 resolution monitor, and Windows XP professional 

operating system with SP3.  The laptop receives DICOM 3 (Digital Imaging and 

Communications in Medicine) CT images through a computer network (minimum 

speed of 100 Mb/sec and preferable 1 Gb/sec) via the Ethernet Connection and 

receives a video signal from the camera through the HCB.  The minioptical tracking 

system computer runs the system software and displays planning and guidance 

information on its display monitor.  Figure 5-11 illustrates the physical topology setup 

of the surgical navigation system. 

 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 5-11.  Diagram of the physical topology of the minioptical tracking technology 
platform. 
 

5.3 Accuracy Testing of Minioptical Tracking Technology 
 

5.3.1 Bench Test Experiment 
 
A custom bench test set-up was used to evaluate the performance and spatial accuracy 

of the system over the range of surface curvatures of the registration sticker expected 

in clinical practice.  The bench tests were performed using a custom test chamber 

(Figure 5-12) that consisted of a box with target plates positioned at depths of 4, 7, 

 

1) Camera 

2) Sticker 
 

3) Software 
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and 10 cm from a registration sticker mounted on the top panel.  This top panel was 

interchangeable to simulate various body surface curvatures.  Each target plate 

(Figure 5-13) contained 25 1-mm machined target holes filled with radio-opaque dye 

at 0°, 10°, 20°, and 30° as measured from the entry point on the top panel.  Table 5-2 

describes the testing configuration utilized for the accuracy testing. 

 

 

 

Figure 5-12.  Photograph showing the custom test chamber (left) with the illustration of the 
different plates (right) used to evaluate the accuracy of the minioptical tracking technology 
platform. 
 

 

 
Figure 5-13.  Illustration of the target plate. 
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Table 5-2.  Accuracy Testing Configurations 
 

Instrument 
Size 

No. of 
Cameras 

Baseline 
Depth 

Angle 
of 

Entry 

No. of 
Test 

Targets 

No. of 
Measurements 

per Position 

Total No. of 
Measurements 

18-gauge 3 

4 cm 

0° 1 

25 75 = 25 * 3 
10° 8 

20° 8 

30° 8 

7 cm 

0° 1 

25 75 = 25 * 3 
10° 8 

20° 8 

30° 8 

10 cm 

0° 1 

25 75 = 25 * 3 
10° 8 

20° 8 

30° 8 

 
 

Simulating the use of the clinical device, these radio-opaque holes were detected with 

a 16-slice Philips Brilliance CT scanner (Philips, Best, Netherlands) with image data 

of 1.5 mm slice thickness with 1 mm spacing between slices in DICOM 3.0 format.  

These target points provided the baseline for the various accuracy assessments.  

Following a calibration step, which allows the system to calibrate the length of 

any interventional instrument, an 18-gauge trocar needle was directly placed in each 

one of the 1 mm target holes in all the plates, and measurements of the radial and 

vertical deviations from the target holes were calculated by the system.  These values 

represent the Radial (R) and Vertical (Z) errors as illustrated in Figure 5-14.  These 

tests were repeated for various interchangeable top panels with different curvatures 

for a total of 225 points as shown in Table 5-3.  Utilizing the measured Radial (R) and 

Vertical (Z) errors from the minioptical tracking system software, the laboratory mean 

3-D navigation accuracy, the associated standard deviation (SD), and tolerance 

intervals were calculated using Microsoft Excel for Mac 2011 v.14.2.4 (Microsoft, 

Seattle, WA). 



 

Page 49 of 124 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-14.  Illustration of the Radial (R) and the Vertical (Z) errors. 
 

 
Table 5-3.  Number of Measurements per Plate Depth and Entry Angle 

 
 N 

Plate Depth 
[cm] 

Entry Angle 
[Degrees] 

3 4 0 

10 24 

20 24 

30 24 
7 0 3 

10 24 

20 24 

30 24 
10 0 3 

10 24 

20 24 

30 24 

Overall per test group 75 

Overall in total 225 
 

Actual Needle Tip Position  
at the Specified Target Point 

z-axis 

y-axis 

x-axis 

R 
Z 

Calculated Position of Needle Tip  
by the minioptical tracking software 
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5.3.2 Results 
 
The bench test accuracy of the minioptical tracking system is dependent on 

performance of the video camera, the attributes of the registration sticker, and CT 

imaging parameters such as slice spacing.  The results of the bench test study for the 

Radial (R) and Depth (Z) errors are summarized in Table 5-4 by the depth of the 

target plate.  Based on the 225 target points collected on our test phantom, the mean 

3-D navigation accuracy is 1.54 ± 0.64 mm. 
 

Table 5-4.  Deviations in the Radial and Depth of the Trocar Needle 
 

Error Type Depth Points Error (mm) 

Radial (R) 4 cm 75 0.85 ± 0.42 

Radial (R) 7 cm 75 1.36 ± 0.60 

Radial (R) 10 cm 75 1.78 ± 0.78 

Radial (R) All 225 1.33 ± 0.72 
    

Depth (Z) 4 cm 75 0.89 ± 0.48 

Depth (Z) 7 cm 75 0.28 ± 0.45 

Depth (Z) 10 cm 75 0.19 ± 0.39 

Depth (Z) All 225 0.45 ± 0.54 
 

The upper one-sided tolerance limit for the 3-D error is 2.72 mm (K1=1.824, N=225).  

Thus, the overall conclusion from all the tests conducted to assess the accuracy of the 

adapted minioptical tracking system demonstrates that, with 95% certainty, 95% of all 

error values will be less than 2.72 mm. 

5.4 Discussion 
 
The bench test accuracy in the minioptical tracking technology platform is 

comparable to other surgical navigation systems being utilized in MIS procedures for 

CT-guided interventional instrument placements.  Dr. Liat Appelbaum et. al. [83] 

demonstrated an accuracy of 2.6 ± 1.1 mm of a commercially available EM tracking 

system and concluded that it delivers high accuracy.  This study was conducted in a 

similar solid and non-moving phantom, whereas there have been other clinical 
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feasibility studies on EM tracking systems with phantoms, pigs, and patients that 

produce accuracy on the order of 3 - 6 mm [84-85].   

In addition to the accuracy, the key strengths of the minioptical tracking 

technology platform are centered on its simple, flexible, and cost effective design.  

This combination allows the technology to expand and enhance work in several 

different applications with most interventional instruments and across CT, MRI, and 

X-ray imaging modalities with a properly designed registration sticker.  The 

flexibility of its small footprint provides an effective solution that fits within 

established clinical workflows.  In comparison, traditional navigation systems are 

relatively complex and expensive.  Robotic systems add an additional level of 

complexity and are even more expensive to operate and service.  Robotic systems are 

anticipated to have their own built-in tracking technology, but they do not have a 

current method for tracking patient movement at this time.  Table 5-5 summarizes the 

different navigation technologies where +++ is the best and --- is the worst. 

 

Table 5-5.  Summary of the Navigation Technologies 
 

 Minioptical 
Tracking System 

Traditional 
Navigation Robotic 

Tracking Technology  +++ +/- --- 

Bench Test 
Mechanical Accuracy + ++ +++ 

Simplicity /  
Learning Curve +++ -/+ - 

Environmental 
Accuracy Issues ++ - NA 

Flexibility +++ - - 

Footprint +++ +/- - 

Set Up Cost ++ - --- 

Reimbursement (US) Equivalent for all 
technologies 

Equivalent for all 
technologies 

Equivalent for all 
technologies 
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Chapter 6 Minimally Invasive Lung 
Intervention Study 
Minimally Invasive Lung Intervention Study 
 

6.1 Introduction 
 
CT-guided needle biopsies are an established technique in the evaluation of 

suspicious pulmonary nodules [86-89].  The technique has limited morbidity and 

mortality with reported accuracies for diagnosing lung malignancy exceeding 93% 

[86-91].  

Increased utilization of thoracic CT has led to a significant increase in 

detection of indeterminate pulmonary nodules, particularly nodules that are smaller.  

These small nodules present a management dilemma as repeat interval observation 

CT studies may not be appropriate if the nodule has demonstrated interval growth 

from previous CT studies.  Consequently, there has been a corresponding increase in 

demand for sampling these more challenging lesions.  Although CT-guided biopsies 

have been described in nodules as small as 3 mm [93-94], the technique is less precise 

for smaller nodules with a reported accuracy of less than 75% for lesions 1 cm or less 

[87, 88, 92, 93].  Various techniques such as CT-guided fluoroscopy, which provides 

quick updated fluoroscopy images from the CT scanner, have been used in an effort to 

improve success rates but these techniques require significant modification in 

hardware [94] and clinical technique. 

The purpose of this clinical feasibility study was to evaluate the utility of the 

minioptical tracking system in facilitating CT-guided biopsies of lung nodules, by 

prospectively measuring its effectiveness and safety across multiple institutions and 

interventional radiologists. 

6.2 Materials and Methods 
 

6.2.1 Study Design and Patients 
 
This was a multi-center, prospective, single-arm, un-blinded feasibility study.  Four 

hospitals in Canada participated in the study and procedures were conducted between 

August 2010 to March 2011 by a total of seven experienced interventional 
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radiologists.  The four hospitals included:  Toronto General Hospital, Sunnybrook 

Hospital (Toronto), Royal Victoria Hospital (Montreal), and Montreal General 

Hospital.  The study protocol was developed in conjunction with the investigators and 

the Research Ethics Boards (REB) at each of the participating institutions approved it 

prior to patient enrollment.  In addition, each investigator participated in a pre-study 

training period in order to gain familiarity with the device.  A Principal Investigator 

(PI) was designated at each institution with responsibility for compliance with the 

study protocol and for reporting any deviation to the REB.  The study was monitored 

by a contract research organization (CRO), and was conducted in accordance with the 

standard operating procedures of the individual REB and the CRO.  The study data 

was collected by radiology research study coordinators (RSCs) at each site under the 

supervision of the site PI who assisted in analyzing the data. 

All patients scheduled for CT-guided biopsies of a suspicious lung nodule at 

one of the participating institutions were screened for compliance with the study 

inclusion and exclusion criteria, and those who met the criteria were invited to 

participate in the study. Written informed consent was obtained from all patients.  The 

inclusion criteria were: patients aged 18 years or older, ability to comply with the 

requirements of the study procedures, and a verified home address and phone number 

to facilitate study follow-up. 

In an effort to ensure diversity in the nodules evaluated, patients were grouped 

according to the mean (x, y, and z dimensions) size of their suspect lung nodules and 

the protocol required enrolling 20% patients with lesions between 1.0 cm and 1.5 cm 

(Group 1), 40% with lesions between 1.5 cm and 3.0 cm (Group 2), and 40% with 

lesions larger than 3.0 cm (Group 3).  Enrollment of patients into each group was 

terminated as soon as that group reached its target number.  The criteria for exclusion 

from enrollment were: 

• Significant coagulopathy that could not be adequately corrected; 
• Patients who participated in an active stage of any drug, intervention or 

treatment trial within 30 days of enrollment; 
• Patients with pre-existing conditions, which, in the opinion of the 

investigator, could interfere with the conduct of the study; 
• Patients who were uncooperative or could not follow instructions; 
• Patients with any impairment that may preclude completion of the study 

procedure; and or, 
• Patients who are pregnant or nursing. 
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6.2.2 Minioptical Tracking System Modifications 
 
There were several important modifications made to the design described in the 

previous chapter of the minioptical tracking system in order to participate in this lung 

feasibility study.  First, the camera mounting system was modified from a chuck-

based system to a needle attachment clip as shown in Figure 6-1.  This modification 

allowed the sterile camera to be easily attached and detached and reattached during a 

single procedure.  Removing the camera from the needle shaft prior to performing CT 

scans eliminates any effect the camera weight (now 15 g) may have on the direction 

of the needle when it is inserted into the patient’s body.   

In addition, a new needle attachment clip (Figure 6-1 right) was designed to 

include an extension rod that positions the camera at an optimal distance from the 

reference markers on the registration sticker when utilizing shorter needles.  This was 

particularly important as most of the biopsy needles utilized for this study were 15 cm 

in length or shorter.  This short length, at times, prohibited the reference markers from 

being seen as the camera got to close to the registration sticker.  Thus, the redesigned 

camera mounting system allowed the camera to visualize all of the markers 

throughout the procedure. 

 

Figure 6-1.  Photographs of the two new camera mounting systems that uses a clip instead of 
a chuck for securing the camera to the interventional instrument. 
 

A design modification was also made in the registration sticker.  The new sticker 

design included a slit from the single entry hole on the right to the edge of the sticker.  

Clip 

Video 
Camera 

Standard 
Needle 
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This modification allowed for easier removal of the registration sticker at the end of 

the procedure if the lung biopsy needle was still inside the patient’s body. 
 

 
Figure 6-2.  Photograph of the registration sticker with the added slit near the entry hole. 

 
Finally, design modifications were made to the software from the original prototype 

from additional design inputs in order to provide an easier user experience.  

Specifically, updates were made to the graphical user interface. 

6.2.3 Procedure Technique 
 
All patients were admitted to a dedicated Day Unit where the study was explained and 

consent obtained by the RSC.  The investigator performing the procedure obtained a 

separate consent for the CT-guided biopsy.  I, personally, attended about 70% of the 

lung procedures as the technical leader for the physicians.  CT-guided biopsies were 

performed using 64 row multi-detector CT scanners (Aquilion 64, Toshiba Medical 

Systems, Tokyo, Japan, LightSpeed Plus and Discovery CT750 HD, GE Healthcare, 

Waukesha, USA).  All CT scans were performed using a short helical acquisition 

tailored to the nodule location.  X-ray scout views were taken to approximately locate 

the suspicious lung nodule and a low dose thin slice CT scan was obtained through 

the nodule with a localizing grid placed on the patient’s skin.  Images were 

reconstructed at 2.5 mm slices and sent to the minioptical tracking system computer.  

The minioptical tracking system software facilitated selection of the optimal 

skin puncture site and lung path using interactive 2-D and 3-D views of the anatomy 

along the planned biopsy needle path (Figure 6-3).  The selected entry point was then 

marked on the skin surface and the area cleaned with disinfectants and draped with 

sterile sheets.  The registration sticker was placed on the skin with the entry hole 

placed over the marked entry point and local anesthetic infiltrated using standard 

sterile techniques. 
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Figure 6-3.  The minioptical tracking system software designed to facilitate selection of the 
optimal skin puncture site and interventional instrument path using 2-D axial (left), sagittal 
(middle), and 3-D (right) views of the anatomy. 
 
The registration sticker and nodule were then scanned using a low dose protocol with 

reconstruction of no more than 1.5 mm slice thickness and 1 mm spacing between 

slices.  The image data was then transmitted again to the minioptical tracking system 

computer located in the procedure room.  The sticker and target were manually 

registered (Figure 6-4) with the navigation software that then demonstrated the needle 

trajectory in three orthogonal planes and calculated the minimum needle length 

required to reach the target. 

 

 

 

 

 

 

 

 

 

Figure 6-4.  The display of the registration sticker after the user identified the reference 
markers in 3-D utilizing the track pad or a mouse with the minioptical tracking system 
computer. 
 
A sterile video camera was then attached to the biopsy needle and the needle length 

calibration was performed in about 1 second to identify the length.  The navigation 

information was displayed on the monitor as two orthogonal CT images reformatted 
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along the needle direction.  A graphic simulation of the needle was overlaid on these 

reformatted images where the planned path is a yellow line from the entry point to the 

target (Figure 6-5 left and middle).  Additionally, a graphic display of needle tip 

position (seen as crosshairs) relative to the target (seen as a blue circle) and a real 

time feedback of the remaining distance between them were displayed on the system 

screen (Figure 6-5 right).  The investigator advanced the biopsy needle and controlled 

its direction by aligning the crosshairs in the center of the target circle on the graphic 

display (Figure 6-6). 
 

 
Figure 6-5.  The mounted video camera provides real time feedback on the biopsy needle path 
and remaining distance to the target. 
 

 
 

Figure 6-6.  Photograph of the minioptical tracking system components in the procedure. 
 
Interim verification CT scans were performed as required.  On reaching the pre-

defined target, the crosshairs became red, and a confirmatory CT was obtained.  

Further needle tip adjustments were made as necessary.  Once optimal needle 

positioning was confirmed, the lung biopsy was performed as usual with standard 

technique.  A post biopsy CT scan was performed after biopsy needle removal in 

order to detect development of AEs such as pneumothorax or lung hemorrhage. 

Navigation 
Software CT Scanner 

Camera 

Sticker 
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6.2.4 Patient Follow-up Protocol 
 
Following the procedure, the patients were monitored for a minimal period of one 

hour during which at least one frontal chest X-ray was performed.  The patient was 

discharged if they were asymptomatic and chest X-ray excluded a pneumothorax.  

Otherwise a second chest X-ray was performed at two hours post procedure.  If a 

symptomatic or enlarging pneumothorax was detected, an intercostal chest tube would 

be inserted as a standard of practice to assist in removing the pneumothorax. 

Additionally a telephone follow-up interview was conducted between 7 - 10 

days after discharge from the hospital.  All complications were recorded, and an AE 

was considered serious if it required hospitalization or resulted in a life-threatening 

condition, persistent disability and incapacity, or death. 

6.2.5 Data Collection 
 
The primary efficacy endpoint of the study was the rate of success in placing the 

biopsy needle in a location suitable for obtaining tissue samples from the suspicious 

lung nodule.  After navigating the biopsy needle to the nodule, the investigators 

carefully reviewed the CT images taken to determined a success.  Secondary end 

points included: 1) the total procedure time (between the first CT scan for selecting 

the skin entry point and the last CT scan performed following removal of the 

interventional instrument used), 2) the number of CT scans performed during the 

procedure, and 3) the patient’s radiation exposure during the procedure.  In addition, a 

procedure complexity classification was defined for this study where Group 

Complexity Level-MC (more complex) procedures met one or more of the following 

criteria:  

• The target lung nodule was located behind a rib in an axial approach, 
• The target lung nodule was located near the diaphragm,  
• The patient had moderate/severe centrilobular emphysema, and or 
• The patient had difficulty in breath holding. 

 
All other procedures belonged to Group Complexity Level-LC (less complex). 

Recording and quantifying all AEs on the procedure day and in the follow-up 

interviews determined the safety of the system.  Table 6-1 categorizes and describes 

the more common AEs related to percutaneous lung needle biopsy procedures.  All 

data were prospectively collected in detailed case report by a RSC at each hospital.
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Table 6-1.  Common AEs Related to Percutaneous Thoracic Biopsy Procedures 
Uses the NCI Common Terminology Criteria for AEs (CTCAE) version 4 

 

 

6.2.6 The Study Statistical Analysis 
 
The number of required patients was determined to be 48, using the assumption of a 

95% or better success rate and the requirement for the lower end of a 95% confidence 

interval (CI) to be at least 85% success rate.  In order to limit biases related to the 

participating sites, a maximum of 24 patients could be enrolled in any one hospital. 

Descriptive statistics are provided for all efficacy and safety outcome results. 

The primary endpoint results are reported with associated 95% CI, and the secondary 

endpoints are reported with associated mean, SD, median, and range values where 

necessary.  All AEs are presented by their frequency and severity.  The safety 

assessments are based on AEs reported by the patient or observed by the investigator, 

and the AEs were assessed and recorded by the investigator.  All AEs within the study 

duration were recorded and assessed with information regarding onset, duration (start 

and end times/dates), frequency, severity, seriousness, relationship to the navigation 

device, action taken, and outcome.  The data were analyzed using Microsoft Excel for 

Mac 2011 v.14.2.4 and MATLAB® (MathWorks, Natick, MA).  Categorical 

Term Mild Moderate I Moderate II Severe     

Postoperative 
hemorrhage 

Minimal bleeding 
identified on 

clinical exam; 
intervention not 

indicated 

Moderate 
bleeding; 

radiologic, 
endoscopic, or 

operative 
intervention 

indicated 

Transfusion indicated of 
>=2 units packed RBCs 

beyond protocol 
specification; urgent 

radiologic, endoscopic, 
or operative intervention 

indicated 

Life-threatening 
consequences; 

urgent intervention 
indicated, Death 

Pneumothorax 

Asymptomatic; 
clinical or 
diagnostic 

observations only; 
intervention not 

indicated 

Symptomatic; 
intervention 

indicated (e.g., 
tube placement 

without sclerosis) 

Sclerosis and/or 
operative intervention 

indicated; hospitalization 
indicated 

Life-threatening 
consequences; 

urgent intervention 
indicated, Death 

Pleural 
hemorrhage 

Asymptomatic; 
mild hemorrhage 

confirmed by 
thoracentesis 

Symptomatic or 
associated with 
Pneumothorax; 

chest tube 
drainage indicated 

>1000 ml of blood 
evacuated; persistent 

bleeding (150-200 ml/hr 
for 2 - 4 hr); persistent 
transfusion indicated; 

elective operative 
intervention indicated 

Life-threatening 
respiratory or 
hemodynamic 
compromise; 

intubation or urgent 
intervention 

indicated, Death 
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variables were summarized by a count and percentage.  CIs about the results of 

secondary efficacy variables and safety variables were considered descriptive.  

6.3 Results 
 
A total of 50 patients met the trial inclusion criteria and provided written consent for 

inclusion in the study.  Two patients subsequently discontinued their participation 

before their lung biopsy procedure.  One was due to significant coagulopathy that 

could not be adequately corrected and the other due to a significant reduction in lesion 

size compared to the documented nodule size at the screening visit, which made the 

patient ineligible to participate.  Thus, the total required 48 patients completed the 

study.  Their demographic data are presented in Table 6-2. 
 

Table 6-2.  Characteristics of the 48 Patients and 48 Lung Lesions 
 

Characteristic  Value 

Gender Male 28 (58%) 

 Female 20 (42%) 

Age (years) Mean (SD) 66.7 (12.0) 

 Range 36 - 89 

Lesion Size (cm) Mean (SD) 3.3 (2.2) 

 Range 1.0 - 9.2 

Lesion Group, n (%) Group A: nodule 1.0 – 1.5 cm 10 (20.8%) 

 Group B: nodule > 1.5 – 3.0 cm 19 (39.6%) 

 Group C: nodule > 3.0 cm 19 (39.6%) 

Complexity Level, n (%) LC 14 (29.2%) 

 MC 34 (70.8%) 
 

6.3.1 Efficacy End Points 
 
All patients, regardless of grouping by lesion size (Group 1, 2, and 3) or complexity 

(Group Complexity Level-MC and Level-LC), met the primary efficacy endpoint of 

placement of the procedure needle at a location suitable for obtaining a tissue sample 

from the target lung nodule as determined by the investigator (100%; 95% CI).  These 

data confirm the efficacy of the minioptical tracking system for percutaneous CT-

guided lung interventions.   
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Table 6-3 presents the results of the secondary end points measured in the 

study by lesion size group, difficulty group, as well as for the total study cohort. 
 

Table 6-3.  Summary of the Secondary End Points for the Lung Study 
 

  
Lesion  

Group 1   
(N=10) 

Lesion  
Group 2   
(N=19) 

Lesion  
Group 3   
(N=19) 

Complexity 
Level-LC 

(N=14) 

Complexity 
Level-MC 

(N=34) 

Total  
(N=48) 

Total 
Procedure 
Time (min) 

Mean 
(SD) 

38.3  
(10.5) 

46.9  
(20.2) 

34.6  
(12.1) 

30.6  
(10.1) 

44.2  
(16.7) 

40.3  
(16.3) 

Median 38 46 28 27.5 39 36 

Range 25 – 57 24 – 94 22 – 67 22 – 56 25 – 94 22 – 94 

Number of 
CT Scans 

Mean 
(SD) 

5.7  
(1.3) 

7.9  
(4.72) 

5.0  
(1.0) 

4.7  
(1.14) 

7.0  
(3.71) 

6.3  
(3.33) 

Median 5.5 7.0 5.0 4.0 6.0 5.0 

Range 4 – 8 4 – 24 4 – 7 4 – 8 4 – 24 4 – 24 

Radiation 
Exposure  

Dose 
Length 
Product 

(mGy*cm ) 

Mean 
(SD) 

585.1 
(322.5) 

446.6 
(332.8) 

489.8 
(459.6) 

520.7  
(456.3) 

480.9 
(346.9) 

492.3 
(377.4) 

Median 538.1 305.6 308.4 369.2 338.7 338.9 

Range 180.3 – 
1,209.1 

166.9 –  
1,210.7 

115.9 – 
1,673.1 

161.0 –  
1,673.1 

115.9 – 
1,213.7 

115.9 – 
1,673.1 

 

Nodule size, Group 1: 10 -15mm, Group 2: >15-30mm, and Group 3: >30 mm. 
Complexity Level-LC: Less Complex Procedure and Level-MC: More Complex Procedure. 
 

6.3.2 Safety End Points 
 
No AEs were considered device-related in the study.  The AEs observed during the 

study were expected complications from the lung biopsy procedure itself.  The 

majority of the observed AEs was either mild or moderate in nature, and did not result 

in any lasting issues for the patient.  A total of 29 patients (60.4%) experienced an 

AE, a rate that reflects the known complications from any CT-guided lung biopsy 

procedure.  The AEs were higher with smaller lesions and more difficult-to-access 

lesions (these were categorized in Group Complexity Level-MC), consistent with the 

more challenging nature of such lesions.  Table 6-4 provides a general summary of all 

AEs observed in the study, and Table 6-5 presents a more detailed summary of AEs. 
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Table 6-4.  Summary of AEs by Nodule Size Group and Difficulty Level 
 

 
Lesion  

Group 1 
(N=10) 

Lesion  
Group 2 
(N=19) 

Lesion  
Group 3 
(N=19) 

Difficulty  
Level-LC   

(N=14) 

Difficulty  
Level-MC   

(N=34) 

Total  
(N=48) 

Mild 8 (80.0%) 9 (47.4%) 8 (42.1%) 3 (21.4%) 22 (64.7%) 25 (52.1%) 

Moderate I 1 (10.0%) 3 (15.8%) 0 (0.0%) 0 (0.0%) 4 (11.8%) 4 (8.3%) 

Moderate II 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

Severe 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

Serious 1 (10.0%) 1 (5.3%) 0 (0.0%) 0 (0.0%) 2 (5.9%) 2 (4.2%) 
Related to 
Study 
Device1 

0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

Any AE 9 (90.0%) 12 (63.2%) 8 (42.1%) 3 (21.4%) 26 (76.5%) 29 (60.4%) 
 

1Definitely related, Possibly Related or Probably Related to study device. 
Nodule size, Group 1: 10 – 15 mm, Group 2: > 15 – 30 mm, and Group 3: > 30 mm. 
Complexity Level-LC: Less Complex Procedure and Level-MC: More Complex Procedure. 

 
Table 6-5.  Summary of the Incidence of AEs Observed in the Lung Study 

 
*Pneumothorax detected either on post procedure CT or chest X-ray at 60, 120 minutes post procedure. 
Nodule size, Group 1: 10 – 15 mm, Group 2: > 15 – 30 mm, and Group 3: > 30 mm. 
Complexity Level-LC: Less Complex Procedure and Level-MC: More Complex Procedure.

 
Lesion  

Group 1   
(N=10) 

Lesion  
Group 2   
(N=19) 

Lesion  
Group 3   
(N=19) 

Difficulty  
Level-LC   

(N=14) 

Difficulty  
Level-MC  

(N=34) 

Total  
(N=48) 

*Pneumothorax- 
Mild 8 (80.0%) 3 (15.8%) 4 (21.1%) 1 (7.1%) 14 (41.2%) 15 (31.3%) 

Pneumothorax- 
Moderate I 0 (0.0%) 1 (5.3%) 0 (0.0%) 0 (0.0%) 1 (2.9%) 1 (2.1%) 

Hemoptysis- 
Mild 2 (20.0%) 3 (15.8%) 1 (5.3%) 0 (0.0%) 6 (17.6%) 6 (12.5%) 

Hemorrhage- 
Mild 6 (60.0%) 6 (31.6%) 3 (15.8%) 2 (14.3%) 13 (38.2%) 15 (31.3%) 

Hemorrhage- 
Moderate I 1 (10.0%) 2 (10.5%) 0 (0.0%) 0 (0.0%) 3 (8.8%) 3 (6.3%) 

Subcutaneous 
Emphysema - 

Mild 
1 (10.0%) 1 (5.3%) 1 (5.3%) 0 (0.0%) 3 (8.8%) 3 (6.2%) 

Abdominal pain 
– Mild 1 (10.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (2.9%) 1 (2.1%) 

Pleural Effusion - 
Mild 0 (0.0%) 1 (5.3%) 0 (0.0%) 0 (0.0%) 1 (2.9%) 1 (2.1%) 
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As outlined on the previous page in Table 6-5, the most commonly observed AEs 

were hemorrhage (37.5%, 18/48), pneumothorax (33.3%, 16/48), and hemoptysis 

(12.5%, 6/48).  The incidence of these events is generally comparable to the incidence 

described in the literature, where such information is available.  Further, these AEs 

were overwhelming mild in nature and resolved without treatment. 

In the setting of CT-guided lung biopsies, the term “hemorrhage” refers to 

post-procedure alveolar opacity surrounding the biopsy needle tract, which is assumed 

to be bleeding into the lung tissue.  Given that the biopsy needle transgresses tissue 

planes, hemorrhage into the lung tissue is almost inevitable.  18 patients in the study 

were observed to have post-procedure hemorrhage.  None of these AEs required 

transfusion or other therapy, and all resolved without medical intervention.  The rate 

of hemorrhage is directly comparable to rates reported in the literature (37.5% in the 

study versus 42%) [95].  Accordingly, there is no evidence to suggest that the 

minioptical tracking system impacts the rate of hemorrhage inherent with CT-guided 

lung biopsies. 

Pneumothorax was observed in 16s patients in the study.  Of these patients, 

only one patient (2%, 1/48) required a chest tube placement.  This was also the only 

patient that was designated with a pneumothorax as moderate, while all others were 

indicated as mild.  These rates are well within the rates generally reported in the 

literature [96-99].  Specifically, pneumothorax is observed in 15 - 45% of patients 

undergoing percutaneous CT-guided lung biopsies, with 2 - 18% of patients 

undergoing the procedure requiring post-procedure chest tubes [95, 100, 101].  

Accordingly, the use of the minioptical tracking system did not adversely impact the 

observed rate of pneumothorax. 

Hemoptysis was noted in a total of six patients.  As described by the 

investigators, all of these incidents were mild and involved trace blood being 

expectorated by the patients.  All incidences resolved without treatment of any kind.  

Given that hemoptysis represents expectoration of blood that has entered the alveoli 

or bronchial tree, this AE is representative of the hemorrhage that accompanies lung 

biopsies.  Precise rates of mild hemoptysis following CT-guided lung biopsy are not 

commonly reported in the literature.  However, given that hemorrhage and any 

secondary hemoptysis are related to the biopsy procedure itself and not the 

minioptical tracking system, together with the mild nature of the six-hemoptysis 
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patients, there is no reason to believe that use of the minioptical tracking system 

results in higher incidence of hemoptysis.   

Of the two serious adverse events (SAEs) reported in the study, both occurred 

in Group Complexity Level-MC and involved pneumothoraxes related to the biopsy 

procedure.  Only one of these SAEs required treatment with a chest tube.  

Importantly, this chest tube placement was the only intervention necessary to treat an 

AE in this study.   

The first SAE was in a 70-year old female who underwent a biopsy of a 13 

mm soft tissue density lung nodule located in the left upper lobe at a depth of 8 cm 

from the skin.  The patient had a medical history of cardiac arrhythmia and lobar 

resection for lung cancer.  The patient tolerated the procedure well and was 

transferred to the recovery room.  Serial chest X-rays were performed which 

demonstrated the interval development of a left pneumothorax that remained small.  

As the patient complained of mild dyspnea but her vital signs were stable and she was 

observed in hospital overnight.  No intervention was required to treat this 

pneumothorax.  A follow-up chest X-ray on the next day was interpreted as normal 

and the patient was discharged that day.  

The second AE was in a 67-year old male who underwent a biopsy of a 26 

mm nodule in the right upper lobe located 6 cm from the skin entry site and directly 

behind a rib.  A small (10 mm) pneumothorax was observed on an immediate post 

procedure CT scan but chest X-ray performed at one and two hours post procedure 

confirmed a persistent but stable small pneumothorax.  As the patient remained stable 

and asymptomatic, he was discharged the same day but given strict advice to return if 

he became symptomatic.  He returned the following day with a delayed, symptomatic 

pneumothorax that was treated with percutaneous placement of a pigtail catheter chest 

tube.  The pneumothorax resolved, the catheter was removed, and the patient 

discharged without incident two days later. 

6.4 Illustrative Case 
 
A 72-year-old male was the second patient enrolled in the study.  He had no prior 

history of cancer, but was a heavy smoker.  A CT scan revealed a suspicious lung 

nodule in the upper right lobe.  A lung biopsy was prescribed for this 7 x 14 mm 

nodule.  However, the nodule location made it difficult for planning as the ribs and 
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scapula obstructed a simpler direct path.  The minioptical tracking system’s planning 

tool shows the path in reformatted axial, sagittal, and 3-D views where the biopsy 

needle would miss all of the obstructing bones (Figure 6-7). 
 

 
Figure 6-7.  The planned path (vertical green line) is shown hitting the suspicious lung nodule 
(yellow) in the reformatted axial (left), sagittal (middle), and 3-D (right) views. 
 
 
 

 
Figure 6-8.  Photograph of Dr. David Valenti, Principal Investigator, guiding a biopsy needle 
to the lung nodule (left), and the confirmatory CT scan shows the biopsy needle within the 
lung nodule (right). 

 

The investigator guided the biopsy needle with the minioptical tracking system with 

one pass to the lung nodule, and the confirmatory CT scan revealed the biopsy needle 

within the small nodule (Figure 6-8).  Following the sampling of the nodule, a post 

biopsy CT scan presented no evidence of pneumothorax in the patient. 

6.5 Discussion 
 
Percutaneous CT-guided lung biopsy is an established technique for confirming the 

malignant nature of a suspicious lung nodule, in detecting early lung cancers, and 
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guiding therapeutic care in cases where bronchoscopy and sputum cytology are non 

diagnostic [87, 90, 92].  As thoracic CT becomes more widely used in the US due to 

the potential lung screening [20], there is a potential for increased detection of 

smaller, indeterminate lung nodules, some of which require needle biopsy to confirm 

their histology.  These procedures become more complex as physicians adopt a more 

aggressive approach to patient management.  Therefore, there has been increasing 

interest in improving the accuracy of percutaneous CT-guided lung biopsies and in 

the development of technical aids and devices.  These developments include the 

redesign of CT hardware as used for CT fluoroscopy [102, 103] and the utilization of 

instrumental aids to improve the accuracy of the technique such as bedside laser 

pointers and mechanical needle guides [104] and EM tracking systems utilizing 

needle tip sensors and bedside EM field generators [94].  Although these devices 

demonstrate specific advantages over free hand image guided lung biopsies, there are 

significant disadvantages. 

Mechanical guidance devices can cause image artifacts due to the presence of 

additional equipment in the scan field, and as described previously, EM tracking 

systems are susceptible to patient motion and distortion of the tracking system by 

metal within the CT table and gantry.  These are potential sources of tracking error, 

however these systems have been reported to provide high accuracy in spatial lesion 

tracking [109].  Laser based systems have been reported to facilitate successful first 

pass needle biopsies in 84.6% of cases [105].  These systems are described as useful 

and easy to use.  Deviations of the needle from the preselected skin entry angle are as 

low as 1.8 degrees, however an assessment of the optimal angle for needle insertion 

has to be calculated manually by the radiologist, whereas the minioptical tracking 

system allows for both 2-D and 3-D planning of the needle tract. 

A significant advantage of the minioptical tracking system is the low profile of 

the hardware that is required in the sterile interventional field and within the scan 

gantry.  This hardware is limited to a disposable video camera with minimal weight of 

only 15 g.  This avoids handling of additional equipment and facilitates: 1) virtual free 

movement of the needle with a wide range of skin entry angles, and 2) biopsy of 

nodes in challenging locations such as behind the ribs without requiring maneuvers 

such as tilting of the gantry to the plane of the expected needle trajectory [106].  

This clinical feasibility study evaluated the use of the minioptical tracking 

system in a prospective, multi-institutional trial to evaluate and demonstrate the 
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efficacy and safety of this equipment in assisting CT-guided percutaneous biopsy of 

suspicious lung lesions.  The primary end point of accurate biopsy needle placement 

with optical guidance was achieved in all patients despite 70.8% (34/48) of the 

nodules being classified with Complexity Level-MC.  The secondary end points 

targeted metrics that reflect the ease of a CT-guided procedure namely: total 

procedure time, the number of CT scans performed to check needle placement, and 

the consequent radiation dose to the patient. 

Of interest, contrary to usual clinical experience by the study investigators, 

there was no significant difference in the mean total procedure time for the small 

nodules in Group 1 patients (~ 38 minutes) compared to the larger nodules in Group 3 

patients (~ 35 minutes) (P = 0.22).  This observation was also reflected in the 

similarity in the number of interim verification CT scans performed during the 

procedure for Group 1 (~ 6 scans) and for Group 3 (~5 scans) (P = 0.16).  Similarly, 

there was no significant difference in the mean patient dose length product between 

Group 1 patients (~ 585mGy*cm) and Group 3 patients (~ 490mGy*cm) (P = 0.48).  

This study demonstrated that the use of the minioptical tracking system effectively 

minimized the influence of nodule size and procedure complexity on total procedure 

time and patient irradiation. 

Patients with smaller nodules had a higher incidence of pneumothorax, a 

higher incidence of mild hemoptysis, and alveolar hemorrhage.  These were not felt to 

be associated with the minioptical tracking system.  It is possible that the prevalence 

of centrilobular emphysema varied significantly among the different groups, but this 

was not formally assessed. 

The limitations of the clinical feasibility study included the small size of the 

patient group and that this was only a single-arm, un-blinded study.  In other words, 

there was no control group that included similar biopsies with the standard CT-guided 

technique without the use of the minioptical system as a comparison. 
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Chapter 7 Minimally Invasive Liver 
Intervention Study 
Minimally Invasive Liver Intervention Study 
 

7.1 Introduction 
 
The use of CT-guidance for liver interventions has become an accepted standard of 

care for diagnostic biopsies and therapeutic ablations where ultrasound guidance does 

not adequately visualize the lesion and there is a difficult and narrow safe instrument 

tract to the lesion.  CT-guidance for liver biopsies has been reported to have an 

overall accuracy of 97%, with sensitivity rates of 92% and specificity rates of 96% 

[107].  RFA for primary or secondary malignancies can be curative for selected 

patients [108], but the therapeutic efficacy is dependent on accurate instrument 

placement.  Major complication rates are low and procedure-related mortalities are 

rare for both biopsy [109] and RFA procedures [110-112]. 

As described earlier, the effective use of CT-guidance is highly dependent on 

the skill and experience of the radiologist and may require a number of trial and error 

cycles in which repeated CT scans are may be performed.  This is especially true 

when the target is small or deep, or the optimal path to the target is at a difficult angle.  

In order to meet these challenges CT fluoroscopy was developed by Dr. Kazuhiro 

Katada et. al. in 1993 to allow real-time CT guidance [113].  However, although 

various techniques for CT-fluoroscopic guidance are used to reduce patient and 

physician radiation dose to acceptably low levels [114], this reduction can be 

challenging to obtain, especially in cases where there is a steep off-axis (cranial-

caudal) angle to the target of interest.  In view of this, and especially due to the recent 

increased public sensitivity to medical radiation, many physicians have lost the initial 

enthusiasm that had built up for the CT-fluoroscopic guidance method. 

The purpose of this clinical feasibility study was to evaluate the effectiveness 

and safety of the new optical tracking system to facilitate CT-guided instrument 

placement for liver interventions.  This was performed in a prospective manner at two 

different centers with four interventional radiologists. 
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7.2 Materials and Methods 
 

7.2.1 Study Design and Patients 
 
This prospective, single-arm, un-blinded feasibility study was performed at the 

Montreal General Hospital and Royal Victoria Hospital (Montreal, Canada).  Four 

staff radiologists with experience in CT-guided interventional procedures participated 

in the study where the procedures were conducted between July 2011 and December 

2011.  Again, this study protocol was developed in conjunction with the investigators 

and the REB at each of the participating institutions approved it prior to patient 

enrollment. 

As in the previous feasibility study, each investigator was required to attend a 

training session on the use of the modified minioptical tracking system and use it 

clinically at least three times before enrolling patients in the study.  A PI was again 

designated at each center with the responsibility for compliance with the study 

protocol and for reporting any deviation to the REB.  This study was also monitored 

by an independent CRO.  The study was conducted in accordance with the standard 

operating procedures of the each center’s REB and the CRO.  As in the lung study, all 

the data were prospectively collected in detailed case report forms by RSC at each 

center under the supervision of the PI. 

All patients clinically indicated for a CT-guided liver biopsy or ablation 

procedure at one of the participating centers were screened for compliance with the 

study inclusion and exclusion criteria, and those who met the criteria were invited to 

participate in the study.  Written informed consent was obtained from all patients.  

The inclusion criteria were: patients aged between 18 to 80 years old at the time of 

enrollment, ability to comply with the requirements of the study procedures, and a 

verified home address and phone number to facilitate study follow-up.   

In an effort to ensure diversity in the study population, a minimum number of 

cases with special infrequent conditions were required.  These special requirements 

could be counted in more than one patient, and the groups were as follows: 

• Group 1: at least five cases of lesion size equal or less than 2.0 cm in 
maximum diameter 

• Group 2: at least two cases of intervention in the left lobe  
• Group 3: at least two cases of lesions deeper than 8 cm from the skin 
• Group 4: at least three cases of decubitus patient positioning 
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The criteria for exclusion from enrollment were: 

• Significant coagulopathy that could not be adequately corrected; 
• Patients who participated in an active stage of any drug, intervention, or 

treatment trial within 30 days of enrollment;  
• Patients with pre-existing conditions, which, in the opinion of the 

investigator, could interfere with the conduct of the study; 
• Patients who were uncooperative or could not follow instructions; 
• Patients with any impairment that may preclude completion of the study 

procedure; and or, 
• Patients who are pregnant or nursing. 

7.2.2 Minioptical Tracking System Modifications 
 
The registration sticker was again significantly modified.  In this case, a reduction of 

size from 90 x 90 mm to 70 x 70 mm was made.  Additionally, now three discrete 

“entry holes” on the bottom of the sticker (Figure 7-1) were designed into the sticker, 

as opposed to just one hole on the right side with the previous design.  This design 

provided more choices for entry once the sticker was placed.  Equally as important, 

since the liver procedures are more “bloody” in nature, the new entry hole location 

allowed the patient’s blood to drip below and not to obscure the sticker’s eight color-

coded reference markers.  As with the previous design, there were slits provided at 

each entry hole in order to allow easier removal of the registration sticker. 

 

 
Figure 7-1.  Photograph shows the updated registration sticker design with the eight colored-
coded reference markers (i.e., the blue and green), and the three discrete entry holes that are 
positioned toward the bottom of the sticker. 
 

Again, modifications were made to improve the user experience in the software.  The 

most noticeable was the sticker registration was made semi-automatic.  This allowed 

the users to save setup time. 
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7.2.3 Procedure Technique 
 
All patients were admitted to a dedicated Day Unit where the study was explained and 

consent obtained by a RSC.  The radiologist performing the procedure obtained a 

separate consent for the CT-guided biopsy or ablation procedure.  I, personally, 

attended 100% of the liver procedures as a technical leader for the physicians.  The 

patients undergoing a liver biopsy were given a local anesthetic with mild conscious 

sedation, if needed, while the ablation patients were all under general anesthesia.  The 

interventions were performed at both centers using a 64-slice GE Healthcare 

Discovery CT750 HD scanner.  All CT scans were performed using a short helical 

acquisition tailored to the lesion location.  Scout views were taken to locate the liver 

lesion.  CT images were acquired through the lesion with a localizing grid placed on 

the patient’s skin with 2.5mm thick slices and 1 mm spacing between slices.  The CT 

images were then automatically sent to the minioptical tracking system computer in 

the CT suite. 

The minioptical tracking system software facilitated selection of the optimal 

entry point and path using interactive 2-D and 3-D views of the anatomy along the 

planned instrument path.  The selected entry point was then marked on the skin 

surface and the area cleaned and sterilely prepped.  The sterile registration sticker was 

placed on to the patient’s skin with the middle entry hole placed over the marked 

entry point (Figure 7-2) and local anesthesia was administered using 1% lidocaine. 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-2.  Photograph shows the registration sticker attached to a patient prior to a 
percutaneous liver procedure. 
 
The sticker and lesion were then scanned with location information provided from the 

minioptical tracking system using thinner 1.5 mm slice thickness with 1 mm spacing 

between slices.  The CT images were again automatically transmitted to the 

minioptical tracking system computer.  The reference markers were registered semi-
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automatically with the new single-click feature and the target location was confirmed 

on the newly acquired “sticker scan”.  As previously, the minioptical tracking system 

software then displayed the instrument trajectory in three orthogonal planes and 

calculated the minimum instrument length required to reach the selected target. 

A gauge-specific sterile miniature video camera was then clipped onto the 

instrument and a length calibration step was performed with a simple and fast no-click 

method.  The navigation information was again displayed in three components.  As 

explained previously, a graphic simulation of the instrument is overlaid on two 

orthogonal CT images with a display of the planned path from the entry point to the 

target and the video image from the camera is displayed with a graphic of the needle 

tip position relative to the target with real-time feedback of the remaining distance 

between them.  From the navigational information, the investigator first aligns the 

instrument’s trajectory and advances it to the target (Figure 7-3). 

 

 

 

 

 

 

 

 

 
 

Figure 7-3. Photograph of the investigator navigating an ablation needle to the liver target. 
 

Again, interim verification CT scans were performed as required.  On reaching the 

pre-defined target, the miniature video camera is unclipped from the instrument and a 

confirmatory CT was obtained.  Further needle tip adjustments were made as 

necessary.  Once the optimal needle positioning was confirmed, the biopsy or ablation 

was performed as standard of practice at each hospital.  A post procedural CT scan 

was performed after the instrument was removed in order to detect possible AEs. 
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7.2.4 Patient Follow-up Protocol 
 
As in the lung study, the patients were monitored for a minimum period after their 

procedure.  And, again, a telephone follow-up interview was conducted, but this time 

it was 14 days ± 5 days after discharge from the hospital to assess AEs related to the 

procedure.  A patient’s enrollment in the study was completed after the follow-up and 

after resolution of any procedure related AEs. 

7.2.5 Data Collection 
 
As in the lung study, targeting accuracy was the primary efficacy endpoint and was 

defined by the ability to place the instrument at a location suitable for the planned 

intervention.  The investigator carefully reviewed the final instrument position on the 

post-placement CT images to determine this.  This information was used to calculate 

success rate for the procedures.  In addition, secondary end points included: 1) the 

total procedure time (between the first CT scan for selecting the skin entry point and 

the last CT scan performed following removal of the interventional instrument used), 

2) the navigation time (the time between the calibration of instrument length and the 

CT scan showing the instrument in place for the intervention), 3) total number of CT 

scans performed throughout the procedure, and 4) the patient’s radiation exposure 

during the procedure. 

Safety was again documented by evaluating all the AEs, as well as the 

thorough assessment of AEs commonly associated with liver biopsies and ablations as 

shown in Table 7-1.  The AEs were collected and recorded following the completion 

of the procedure, during the observation time, and before discharge.  Again, all data 

were prospectively collected in detailed case report by a RSC at each hospital. 

7.2.6 The Study Statistical Analysis 
 
Twenty consecutive patients who met the criteria were invited to participate in the 

feasibility study.  Any participation withdrawals or terminations were to be replaced 

to maintain the sample size. 

 Descriptive statistics are provided for all efficacy and safety outcome results.  

As in the lung study, the primary endpoint results are reported with associated 95% 

CI, and the secondary endpoints are reported with associated mean, SD, median, and 

range values where necessary.  All AEs are presented by their frequency and severity. 
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Table 7-1.  Common AEs Related to Percutaneous Liver Procedures Uses the  
NCI CTCAE version 3 

 

 

 

Term Mild Moderate  Severe Life threatening; 
Death  

Postoperative 
hemorrhage 

Minimal 
bleeding 
identified on 
clinical exam; 
intervention 
not indicated 

Moderate 
bleeding; 
radiologic, 
endoscopic, or 
operative 
intervention 
indicated 

Transfusion indicated 
of >=2 units (10 cc/kg 
for pediatrics) pRBCs 
beyond protocol 
specification; urgent 
radiologic, 
endoscopic, or 
operative intervention 
indicated 

Life-threatening 
consequences; urgent 
intervention 
indicated, Death 

Pneumothorax 

Asymptomati
c; clinical or 
diagnostic 
observations 
only; 
intervention 
not indicated 

Symptomatic; 
intervention 
indicated (e.g., 
tube placement 
without 
sclerosis) 

Sclerosis and/or 
operative intervention 
indicated; 
hospitalization 
indicated 

Life-threatening 
consequences; urgent 
intervention 
indicated, Death 

Pleural 
hemorrhage 

Asymptomati
c; mild 
hemorrhage 
confirmed by 
thoracentesis 

Symptomatic or 
associated with 
Pneumothorax; 
chest tube 
drainage 
indicated 

>1000 ml of blood 
evacuated; persistent 
bleeding (150-200 
ml/hr for 2 - 4 hr); 
persistent transfusion 
indicated; elective 
operative intervention 
indicated 

Life-threatening 
respiratory or 
hemodynamic 
compromise; 
intubation or urgent 
intervention 
indicated, Death 

Infection NA 
Localized, local 
intervention 
indicated 

IV antibiotic, 
antifungal, or antiviral 
intervention indicated; 
interventional 
radiology or operative 
intervention indicated 

Life-threatening 
consequences (e.g., 
septic shock, 
hypotension, 
acidosis, necrosis); 
Death 

Hematoma 

Minimal 
symptoms, 
invasive 
intervention 
not indicated 

Minimally 
invasive 
evacuation or 
aspiration 
indicated 

Transfusion, 
Interventional 
radiology, or operative 
intervention indicated 

Life-threatening 
consequences; major 
urgent intervention 
indicated; Death 

Pain 
Mild pain not 
interfering 
with function 

Moderate pain; 
pain or 
analgesics 
interfering with 
function, but not 
interfering with 
ADL 

Severe pain; pain or 
analgesics severely 
interfering with ADL 

Disabling 
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The safety assessments are based on AEs reported by the patient or observed by the 

investigator, and the AEs were assessed and recorded by the investigator.  All AEs 

within the study duration were recorded and assessed with information regarding 

onset, duration (start and end times/dates), frequency, severity, seriousness, 

relationship to the navigation device, action taken, and outcome.  The data were 

calculated using Microsoft Excel for Mac 2011 v.14.2.4 and MATLAB®.  

Categorical variables were summarized by a count and percentage.  CIs about the 

results of secondary efficacy variables and safety variables were considered 

descriptive. 

7.3 Results 
 
A total of 22 patients met the trial inclusion criteria and provided written consent for 

inclusion in the study.  Two patients that signed the informed consent were not 

ultimately enrolled due to an alteration in their treatment, which was made by the 

investigator.  Thus, the total required twenty patients completed the study.  Their 

demographic data is presented in Table 7-2. 
 

Table 7-2.  Characteristics of the 20 Patients and 20 Liver Lesions. 
 

Characteristic  Value 

Gender Male 13 (65%) 

 Female 7 (35%) 

Age (years) Mean (SD) 63.1 (10.6) 

 Range 38 - 80 

Lesion Size (cm) Mean (SD) 3.1 (1.9) 

 Range 1.1 - 6.9 

Depth (cm) Mean (SD) 8.0 (2.4) 

 Range 3.4 – 12.7 

Procedure, n (%) Liver Biopsy 14 (70%) 

 Liver Ablation 6 (30%) 

7.3.1 Efficacy End Points 
 
All patients, regardless of the grouping, met the primary efficacy endpoint of 

placement of the procedure instrument at the location suitable for the planned 

intervention as determined by the investigator reviewing the CT images (100%; 95% 

CI).  These data confirm the efficacy of the minioptical tracking system for 
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percutaneous CT-guided liver interventions.  Table 7-3, presents the results of the 

secondary end points measured in the study, for the different special infrequent 

condition groups as well as for the total study cohort. 

Table 7-3.  Summary of the Secondary End Points for the Liver Study 
 

  
Group 1 

(N=7) 
 Group 2   

(N=4) 
Group 3 
(N=11) 

Group 4 
(N=3) 

Total  
(N=20) 

Total 
Procedure 
Time (min) 

Mean (SD) 
49.3 

(20.5) 
35.0 
(5.7) 

49.3  
(18.6) 

57.7  
(16.6) 

42.6 
(18.2) 

 Median 38.0 46.0 45.5 63.0 35.0 

 Range 25 – 57 28 – 42 31 – 82 22 – 56 23 – 82 

Time Required 
To Guide The 

Needle To 
Target (min) 

Mean (SD) 
5.3 

(2.0) 
5.7 

(2.5) 
4.6 

(1.9) 
5.0 

(2.1) 
3.9 

(2.0) 

 Median 5.0 4.5 4.0 7.0 4.0 

 Range 2 – 8 1 – 7 2 – 8 4 – 8 1 – 8 

Number of CT 
Scans Mean (SD) 

5.6 
(1.6) 

5.8 
(0.5) 

6.1 
(1.5) 

6.0 
(1.5) 

5.6 
(1.4) 

 Median 7 6 6 7 5 

 Range 5 – 9 5 – 6 4 – 9 5 – 8 4 – 9 

Radiation 
Exposure  

Dose Length 
Product 

(mGy*cm) 

Mean (SD) 1,750.1 
(847.7) 

1,611.5 
(1,158.7) 

1,894.8 
(817.2) 

2,128.0 
(1,267.4) 

1,778.8 
(855.2) 

Median 1,600 1,206 1,608 1,847 1,543 

Range 1,389 – 
3,777 

760 –  
3,274 

965 – 
3,777 

1,389 –
3,777 

 760 – 
3,777 

 

Group 1: ≥ 5 patients with lesions ≤ 2.0 cm, Group 2: ≥ 2 patients left liver lobe lesion, Group 3: ≥ 2 
patients with lesions > 8 cm from skin, and Group 4: ≥ 3 patients with decubitus positioning. 

7.3.2 Safety End Points 
 
No device-related or unexpected AEs were recorded.  Only one mild instance of 

pneumonitis was reported.  This was in the first procedure and was an ablation 

procedure.  This AE was not considered device related and was attributed to the 

extreme proximity of the ablated lesion to the pleural surface.  The AE was 

categorized as an unintended organ injury, which is a common AE in percutaneous 

liver procedures.  It resolved without intervention and sequelae prior to discharge 

from the hospital. 
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7.4 Illustrative Case 
 
A 45-year-old female was enrolled in the study.  She had a history of malignant 

pancreatic neuroendocrine cancer.  She was post chemotherapy and had a prior 

metastatic liver tumor treated with RF ablation.  Follow-up imaging detected a new 

metastatic liver lesion.  Microwave ablation (MWA) was prescribed for this particular 

local lesion management. 

The lesion was a 1.1 cm lesion at the liver dome (8th segment) and was 

difficult to detect on non-enhanced CT.  The minioptical tracking system was used to 

plan and guide the MWA needle in the procedure.  A vertical axial path to lesion is 

not feasible because it would pass through a rib (Figure 7-4).  The best path with no 

rib interference crosses the pleural surfaces (Figure 7-5), risking pneumothorax.  The 

shortest approach with no rib or lung in the way was a very steep path, 60° from 

vertical, with an entry point directly over a rib (Figure 7-6).  Such an approach would 

be very difficult without navigation assistance. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-4.  It is difficult to detect the tumor on non-enhanced CT images (intersection of 
green crosshairs).  True vertical axial path (green) shows an obstruction by the rib. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7-5.  The rib-free path shows that the planned MWA needle path (yellow) intersects 
lung tissue. 
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Figure 7-6.  Path planning with the minioptical tracking system shows no rib interference in 
the reformatted sagittal image (left) and the 3-D view (right). Further the reformatted sagittal 
view shows the path with no pleural surface crossing and the entry point above a rib. 
 
The study investigators noted that complex approaches such as these are likely made 

easier, faster, and with fewer complications by using a navigation system to plan and 

guide the procedure. 

7.5 Discussion 
 
As discussed earlier, percutaneous CT-guided liver procedures for biopsies and 

ablations are a standard technique when ultrasound guidance is not an option.  These 

procedures are routinely performed at many hospitals around the world including both 

study hospitals in Montreal.  Interim verification CT scans are performed during the 

intervention when the physician feels they require a better understanding of where the 

interventional instrument is located inside the patient’s liver.  During each interim 

verification CT scan, the staff typically exits the CT suite during the scan in order to 

reduce radiation exposure and the physician then evaluates the updated CT images in 

the control room.  This method can be time consuming, but even more so when the 

target is small or in a challenging location in the liver.  These challenging locations 

often require an off-axis trajectory in order to avoid the ribs or the lung.  In addition, 

challenging procedures can also result when multiple needles are required for a single 

(e.g., larger lesion) or multiple targets in ablation procedures. 

The introduction of this chapter noted the use of CT fluoroscopy as method 

used in CT-guided liver procedures.  Although there has not been the full acceptance 

by a majority of the centers, it has been utilized routinely for percutaneous CT-guided 

liver biopsy [115] and ablation [116] procedures.  But, even with quick updated 
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fluoroscopy images, it continues to have the same challenges discussed previously 

that make these off-axis procedures more complex to interpret. 

There have been several other tracking systems reviewed for CT-guided 

interventions that have shown similar accuracy to the minioptical tracking system in 

the laboratory.  Daphné Wallach et. al. [117] utilized a traditional optical tracking 

system in a laboratory setting to simulate targeting of liver lesions while 

demonstrating increased accuracy and reduced time, and Dr. Liat Appelbaum et. al. 

[83] demonstrated similar results with an EM tracking system.  In a clinical setting, 

both of these technologies run into the limitations described earlier where the optical 

systems deal with line-of-sight issues and the EM systems contend with distortions in 

accuracy when metallic objects (e.g., CT scanner) are in close proximity to the system 

generated EM field. 

A third navigation methodology described for percutaneous liver interventions 

in the literature combines preoperative CT data with real-time ultrasound imaging.  

This technique is most commonly known as Image-Fusion navigation.  These systems 

typical utilize EM tracking technology to register the pre-procedural CT data with live 

interventional ultrasonic imaging data.  This technology has shown promise in both 

laboratory accuracy studies as well as clinical procedures where you may benefit from 

the combined preoperative CT data with real-time, non-ionizing ultrasonic imaging 

[118-121].  Obviously as with conventional navigation system, when there are 

changes in the operative field, the CT data becomes obsolete and the physician 

become more reliant on the real-time ultrasound image data. 

The limitations of the clinical feasibility study included the small size of the 

patient group and that this was only a single-arm, un-blinded study.  In other words, 

there was no control group that included similar liver targets with the standard CT-

guided technique without the use of the minioptical tracking system as a comparison.  

To note in this feasibility study, the investigators did improve their total time with 

each case performed, which demonstrates a small learning curve.  They also observed 

and commented that the total case time became more predicable without regard of the 

difficulty in the procedure compared to their experience without the system. 
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Chapter 8 Minimally Invasive Brain 
Interventions 
Minimally Invasive Brain Interventions 
 

8.1 Introduction 
 
Prior to neuronavigation systems, neurosurgeons utilized diagnostic images to 

construct a mental 3-D model of the patient’s anatomy, plan the optimal surgical 

entry, and perform the surgical procedure with direct or microscopic vision.  Today, 

neuronavigation has become common, frequently the standard of care for intracranial 

procedures.  The technology has reduced craniotomy sizes and has helped avoid harm 

to healthy eloquent brain areas. 

Routine neurosurgical procedures such as brain biopsies have also been 

performed with the aid of neuronavigation systems [122, 123].  However, for cannula 

placements for biopsies of small, deep-seated targets and electrode placement for 

DBS, frame-based stereotaxy is still considered by many as the gold standard due to 

its mechanical precision [124, 125].  The advent of cranial stabilization system and 

skull-mounted trajectory guides in the early 2000s expanded traditional stereotactic 

indications for neuronavigation as they provided a fairly rigid platform [126-129].  

Since then there have been a number of studies that have compared frame-based and 

frameless techniques for various applications [123, 125, 127-134], but the frameless 

technique appears to have a specific advantage with improved patient tolerance and 

comfort [135, 136]. 

As stated in several of the previous chapters, conventional neuronavigation 

systems are not without their limitations.  Traditional optical tracking technologies 

can be cumbersome as it can inadvertently occlude the line-of-sight needed for proper 

operation.  EM tracking technologies are highly dependent on the environment as 

their accuracy degrades in the presence of metallic objects, which distort the magnetic 

field that is created for navigation [81, 137].  In addition, some neuronavigation 

systems require a cranial stabilization system that firmly holds both the dynamic 

reference frame (DRF) and the patient head in order to maintain accurate navigation. 

Other pinless neuronavigation systems [123, 138], which require their DRF coupled 
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directly to the patient’s head, may still run into the inherent issues associated with the 

tracking technology.  These shortcomings may discourage routine use or not allow it 

at all.  In contrast, a further adaptation of the minioptical tracking system for 

neurosurgical applications is described below in a laboratory feasibility study. 

8.2 Materials and Methods 
 

8.2.1 Minioptical Tracking System Modifications 
 
There were two significant design modifications to the system.  The first modification 

was to the registration sticker.  The small (70 x 70 mm) sticker with the reference 

markers is still utilized, but, in this design (Figure 8-1), the sticker contains a 20 mm 

wide and 6 mm high oval entry aperture or “navigation window” as opposed to the 

three discrete entry points.  This window allows the greatest video image coverage of 

the reference markers during navigation.  As before, the sticker would be attached to 

the patient following a planning procedure that allows the user to identify the optimal 

entry point for a planned path to a target.  Conversely, the registration sticker may 

always be attached utilizing natural landmarks for the entry location. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 8-1.  Photograph showing the front and back of the adhesive registration sticker with 
the eight coincident video (left) and radio-opaque (right) visible reference markers.  The oval 
entry aperture or navigation window is also depicted on both images. 
 
The second modification was to the minioptical tracking system software.  As 

previously, the miniature video camera is mounted onto an instrument during the 

procedure in order provide a stream of video frames to the minioptical tracking 

system computer, which is then used to register the location of the instrument into the 

3-D volume of CT images (Figure 8-2).  The software continues to employ 

information from the camera and vector mathematics to track the location of the 

Oval entry 
aperture 
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instrument in relation to the volume of CT images in real time, but here, the software 

assumes that the instrument is rigid.  Thus, the software does not need to detect or 

account for instrument flexion as in the previous set ups.   
 

 
Figure 8-2.  Photograph showing the video camera, affixed on a rigid cannula, detecting the 
colored video visible reference markers on the registration sticker (left), and an illustration of 
the relation of the overlapping radio-opaque reference markers to a target (right). 
 

8.2.2 Bench Test Experiment 
 
Another custom bench test setup was used to evaluate the minioptical tracking system 

performance accuracy by means of radial and depth distance errors from a fixed 

target.  The bench tests were performed using the previously used custom test 

phantom that consisted of target plates positioned at depths of 4, 7, and 10 cm from 

the new oval entry registration sticker mounted on the top panel (Figure 8-3).  Each 

target plate is again comprised of 25 1-mm machined target holes filled with radio-

opaque dye.  As before, one target is located on each of the plates at 0° while the 

remaining 24 targets are distributed in three concentric circles of 10°, 20°, and 30° as 

measured from the center of oval entry aperture. 

 

 

 

 

 

 
Figure 8-3.  Photograph of the custom test phantom with the new registration sticker. 
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A CT scan was performed of the test phantom with a 16-slice Philips Brilliance CT 

scanner with a 512 x 512 matrix, 1.5 mm thick slices, and 1 mm spacing between 

slices in DICOM 3 format.  This image data was transferred to the minioptical 

tracking system computer where the target holes were detected on the CT images and 

provided the target points for the various accuracy assessments.  A rigid 18-guage 

cannula was then placed in each of the target holes in all the plates from three 

positions through the oval entry aperture (left, middle, and right), and the system 

accuracy was calculated by the deviation measurement in the distance to target in both 

the radial and vertical positions.  The testing was performed on a total of 225 

configurations comprised of 75 targets with the 3 different entry positions (Table 8-1).  

Utilizing the measured Radial (R) and Vertical (Z) errors from the minioptical 

tracking system software, the laboratory mean 3-D navigation accuracy, the 

associated SD, and tolerance intervals were calculated using Microsoft Excel for Mac 

2011 v.14.2.4. 
 

Table 8-1.  Accuracy Testing Configurations 
 

No. of cannula 
positions in oval 

entry aperture (left, 
middle, right) 

Baseline 
Depth 

Angle of 
Entry 

No. of 
Test 

Targets 

No. of 
Measurements 

per position 

Total No. of 
Measurements 

3 

4 cm 

0° 1 

25 75 = 25 * 3 
10° 8 

20° 8 

30° 8 

7 cm 

0° 1 

25 75 = 25 * 3 
10° 8 

20° 8 

30° 8 

10 cm 

0° 1 

25 75 = 25 * 3 
10° 8 

20° 8 

30° 8 
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8.2.3 Anthropomorphic Head Phantom Experiment 
 
An anthropomorphic head phantom (Kilgore International, Coldwater, MI) and a 

custom constructed head support system were utilized to simulate the operative 

technique (Figure 8-4).  The head phantom was a natural size with height of 23.5 cm, 

width of 18 cm, depth of 20 cm, and weight of about 2 kg.  The interior of the head 

phantom was redesigned and modified in a machine shop with the aid of a computer 

numerical controlled (CNC) machine in order to securely hold a biopsy phantom 

(CIRS, Norfolk, Virginia).  This phantom allowed for simulation of the brain with 

visible radiological targets.  The head support system was also designed and built 

utilizing a CNC machine.  This support system was designed with all plastic 

components to allow for low radiographic attenuation and the additional compatibility 

in an MRI environment. 

Figure 8-4.  The custom head support system being constructed on a computer numerical 
controlled machine (top left).  The anthropomorphic head phantom being modified in a 
machine shop to support a biopsy phantom (bottom left).  The head phantom in the custom 
head support system on a CT table (right). 
 

The biopsy phantom was 500 cc with a height of 9 cm, a width of 10 cm, and a length 

of 12 cm.  The biopsy phantom was comprised of a flesh-like consistency and was 

filled with a solid elastic water-based polymer known as Zerdine®.  The phantom 

consisted of both dense and cystic masses that could be visualized in both CT and MR 

imaging.  There were 20 different targets that varied in size (0.3 to 1.2 cm in 

maximum diameter) and location within the head phantom (Figure 8-5). 
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Figure 8-5.  View of the interior of the head phantom with the biopsy phantom (red). 
 
The experiment was performed in three separate locations with three different models 

of CT scanners in order to produce variability in the setup.  First, a 64-slice GE 

Healthcare LightSpeed Discovery 750HD CT Scanner with a 512 x 512 matrix, 1.25 

mm slice thickness, and 1 mm spacing between slices was utilized at McGill 

University Heath Center (Montreal, Canada) for five targets (Figure 8-6). Then our 

next eight targets were navigated with a 16-slice SOMATOM Sensation CT Scanner 

(Siemens Healthcare, Erlangen, Germany) with a 512 x 512 matrix, 1 mm slice 

thickness, and 1 mm spacing between slices at Pécs Diagnostic Imaging Center (Pécs, 

Hungary) (Figure 8-7).  The final seven procedural targets were performed with a 32-

slice BodyTom™ Portable Full Body CT Scanner (NeuroLogica, a division of 

Samsung, Danvers, MA) with a 512 x 512 matrix, 1.25 mm slice thickness, and 1 mm 

spacing between slices at a simulated OR (Figure 8-8) at the NeuroLogica training 

center (Danvers, MA). 

 
 

 

 

 

 

 
 

 
 

Figure 8-6.  Experiments being performed in Montreal, Canada. 
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Figure 8-7.  Experiments being performed in Pécs, Hungary. 

 

 

 

 
 
 
 
 
 
 

 
 

Figure 8-8.  Experiments being performed at NeuroLogica Corporation in the simulated OR. 
 
The initial planning CT scan was performed and the images were sent to the 

minioptical tracking system computer.  The software visualization planning tools 

facilitated the selection of three obstacle-free paths from the parietal bone of the head 

phantom to the targets (Figure 8-9).  The first location (Entry Hole 1) was on the 

frontal portion of right parietal bone near the sagittal suture, and the other two 

locations were behind the first location on the mid-portion of the left (Entry Hole 2) 

and right (Entry Hole 3) parietal bones. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 8-9.  View of the three entry points on the head phantom. 
 

Entry Hole 1 

Entry Hole 3 
Entry Hole 2 
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Each marked entry location was prepared by drilling a 10mm burr hole with a cranial 

perforator.  Prior to the interventions for each separate location, a new registration 

sticker was applied to the phantom head such that the navigation area of the sticker 

was over the burr hole.  Two different types of frameless skull-mounted trajectory 

guide systems (Stryker, Kalamazoo, MI and Medtronic, Minneapolis, MN) were 

utilized in order to fix the cannula trajectory for each target. 

The trajectory guides comprise of two main components: a baseplate and a 

swiveling guide tube (Figure 8-10).  Figure 8-11 illustrates the attachment of the 

baseplate for each intervention was rigidly attached over the registration sticker 

navigation area and burr hole with either three self-tapping (Medtronic) or four self-

tapping bone screws (Stryker).  A preoperative CT scan that covered the registration 

sticker and the selected target was performed.  These preoperative CT images were 

sent to the minioptical tracking system computer and each target location and the 

eight radio-opaque reference markers were confirmed.  The software then displayed 

the planned path from the cranium to the target overlaid on CT images in multiple 

viewing directions in order to allow the verification that the selected path was safe 

and clear of any obstacles. 

 
 
 
 
 
 
 
 
 
 

Figure 8-10.  Photograph of the Stryker frameless skull-mounted trajectory guide system. 
 

 

Figure 8-11.  Photographs of the attachment of the Medtronic (left) and Stryker (right) 
frameless skull-mounted trajectory guide system. 
 

Swiveling Guide Tube 

   Trajectory guide base 
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Figure 8-12.  Schematic of the rigid brain biopsy needle (left) and the video graphic of the 
needle length calibration (right).   
 
 
The miniature video camera was attached to a rigid side-cutting brain biopsy needle 

(AD-TECH Medical Instrument Corporation, Racine, WI, Figure 6-12 left) with a 

needle length of 20 cm and outer diameter of 2.1 mm.  The navigation software 

calculated the needle length by placing the needle tip on the registration sticker center 

for about one second (Figure 8-12 right).  The swiveling guide portion was then 

attached to the baseplate.  The biopsy needle was placed into the guide tube until the 

distal tip reached the cranium and the biopsy needle was then locked with a setscrew 

on the guide tube.  The swiveling guide tube acts similar to a “joystick” whereas the 

trajectory for each planned path was established by aligning the guide until the visual 

graphics of the minioptical tracking system displayed the correct trajectory by 

observing a graphic simulation of the virtual biopsy needle relative to the target 

position.  The final trajectory was secured by tightening another setscrew that 

removed the swiveling action of the joystick.  The biopsy needle was then inserted 

while the minioptical tracking system continuously tracked and calculated the 

distance of the needle tip to the planned target plane (Figure 8-13 left and middle).  

Upon reaching the planned target, a verification CT scan was performed with the 

video camera removed and the biopsy needle still in place (Figure 8-13 right). 
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Figure 8-13.  Photograph of the biopsy needle being inserted into the Stryker trajectory guide 
system from the back of the CT Scanner in the simulated OR (left and middle), and moments 
before the verification scan where the camera has been removed and the biopsy needle 
secured in place (right). 
 
The primary endpoint result captured in this feasibility study was the accuracy of 

targeting.  Thus, the success rate of placing the biopsy needle at the target location 

suitable for a planned intervention by reviewing the biopsy needle location on the 

postoperative confirmation CT images was recorded.   

The secondary outcome measures are parameters that are typically used to 

quantify the efficiency of interventional procedures: 1) the total procedure time 

(between the first CT scan for selecting the entry point and the last CT scan showing 

the interventional instrument in the correct position), 2) navigation time (the time 

between the calibration of instrument length and the CT scan showing the 

interventional instrument in correct position), and 3) the number of total biopsy 

needle passes in order to reach the target.  In addition, the volume size of each target 

was calculated and recorded using the volume of ellipsoid formula, and the depth to 

target from the cranium was recorded from the minioptical tracking system software.  

Both the pre and postoperative imaging data were reviewed and the targets were 

measured on the OsiriX v.4.1.2 Open-Source DICOM Viewer.  The primary endpoint 

results are reported with associated 95% CI, and the secondary endpoints and the 

volume and depth of target are reported with associated mean, SD, median, range 

values where necessary using Microsoft Excel for Mac 2011 v.14.2.4.  
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8.3 Results 
 

8.3.1 Bench Test Experiment 
 
The accuracy of the minioptical tracking system is dependent on performance of the 

video camera, the attributes of the registration sticker, and CT imaging parameters 

such as slice spacing.  The results of the bench test study for the radial and depth 

errors are summarized in Table 8-2 by the depth of the target plate. Based on the 225 

target points collected on our test phantom, the mean 3-D navigation accuracy is 1.41 

± 0.53 mm.  Figure 8-14 displays the 3-D distribution of error by the depth. 
 

Table 8-2.  Deviations in the Radial and Depth of the Rigid Cannula 
 
 

 

 

 

 

 

 

 

 

 

 
Figure 8-14.  Graph illustrates the distribution of the 3-D error by depth of navigation. 

 
 
 
 

Error Type Depth Points Error (mm) 

Radial (R) 4 cm 75 1.01 ± 0.55 

Radial (R) 7 cm 75 1.13 ± 0.44 

Radial (R) 10 cm 75 1.42 ± 0.47 

Radial (R) All 225 1.18 ± 0.52 
    

Depth (Z) 4 cm 75 0.21 ± 0.88 

Depth (Z) 7 cm 75 -0.32 ± 0.37 

Depth (Z) 10 cm 75 -0.68 ± 0.56 

Depth (Z) All 225 -0.26 ± 0.73 
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The upper one-sided tolerance limit for the 3-D error is 2.38 mm (K1=1.824, N=225).  

Thus, the overall conclusion from all the tests conducted to assess the accuracy of the 

adapted minioptical tracking system demonstrates that, with 95% certainty, 95% of all 

error values will be less than 2.38 mm. 

8.3.2 Anthropomorphic Head Phantom Experiment 
 
On the next page, Table 8-3 summarizes the results from the head phantom 

experiment.  The head phantom contained 20 small CT visible targets with a mean 

volume of 0.14 cm3 (0.01 - 0.84 cm3), and the targets were located in various 

locations with a mean depth of 6.0 cm (4.0 - 10.8 cm) from the three entry sites used.  

The interventions, including the postoperative verification CT scan, required a mean 

of 26.7 minutes (15 - 44 min) with a mean navigation time of 1.6 minutes (1 - 3 min).  

The total time decreased with each additional intervention, indicating a learning 

curve, and the navigation time varied primarily with the depth of the target. 

The success rate was determined by reviewing the postoperative CT images in 

order to confirm the biopsy needle was located at the target.  All targets, regardless of 

size or depth, met the primary efficacy endpoint of placement of the procedure 

cannula within the target (100%; 95% CI).  Critically, only one intervention was 

required to hit each target.  Thus, each target was hit with only one interventional 

pass, confirmed with a CT scan, and no other passes or modifications were required.  

This result confirms the effectiveness of the interventions performed in this feasibility 

study with the aid of the minioptical tracking system. 

The results of this feasibility study for accuracy and the secondary efficacy 

endpoints were not directly compared to those of other similar navigation systems.  

However, the results show no unusual or unexpected trends.  In addition, as in 

previous experiences with the minioptical tracking system in both a laboratory and 

clinical setting, the system performed with virtual ease. 
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Table 8-3.  Distribution of Targets in the Head Phantom Experiment 

 

Target 
No 

Brand 
of CT 

Scanner 

Trajectory 
Guide 

Entry 
Hole 

Location 

Size 
(cm3) 

Depth 
(cm) 

Hit 
/ 

No 
Hit 

No of 
Needle 
Passes 

Nav 
Time 
(min) 

Total 
Procedure 

Time 
(min) 

1 GE Medtronic 1 0.19 7.0 Hit 1 2 33 

2 GE Medtronic 1 0.09 7.3 Hit 1 2 21 

3 GE Medtronic 2 0.09 6.2 Hit 1 2 31 

4 GE Medtronic 2 0.15 4.0 Hit 1 1 27 

5 GE Medtronic 3 0.79 7.0 Hit 1 1 25 

6 Siemens Medtronic 1 0.10 5.6 Hit 1 1 44 

7 Siemens Medtronic 1 0.48 5.0 Hit 1 1 20 

8 Siemens Medtronic 1 0.14 5.0 Hit 1 1 29 

9 Siemens Medtronic 1 0.10 4.6 Hit 1 2 18 

10 Siemens Medtronic 2 0.33 5.4 Hit 1 1 30 

11 Siemens Medtronic 2 0.07 5.5 Hit 1 1 21 

12 Siemens Medtronic 3 0.84 5.1 Hit 1 2 31 

13 Siemens Medtronic 3 0.04 10.8 Hit 1 3 30 

14 NL Stryker 1 0.06 5.2 Hit 1 2 31 

15 NL Stryker 1 0.01 5.0 Hit 1 1 21 

16 NL Stryker 2 0.11 5.4 Hit 1 2 28 

17 NL Stryker 2 0.24 6.2 Hit 1 1 27 

18 NL Stryker 3 0.05 4.6 Hit 1 1 27 

19 NL Stryker 3 0.06 4.6 Hit 1 1 15 

20 NL Stryker 3 0.06 10.0 Hit 1 3 25 

Mean 
(SD) 

[Median] 
 

0.20 
(0.23) 
[0.10] 

6.0 
(1.7) 
[5.4] 

 
1.6 

(0.7) 
[1.0] 

26.7 
(6.3) 

[27.0] 

 
Although the cannula hit the target in 100% of procedures on the first time, there was 

some variability noticed on the verification CT image in the final location of cannula 

related to the planned location.  Some qualitative and quantitative research was 

conducted in order to better understand the variability.  The preoperative CT images 

were compared to the verification CT images.  This comparison was performed 

utilizing an extensively tested and commercially available ImageFusion Software 

version 3.0 (Integra LifeSciences, Burlington, MA) [139-141].  The ImageFusion 
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software first algorithm utilizes a point-to-point matching where four common points 

are selected from the pre and verification CT images (Figure 8-15).  Then a bone 

match, utilizing a chamfer-matching algorithm, was employed utilizing thousands and 

thousands of common points, and finally a voxel to voxel intensity match algorithm 

was utilized.  A visual inspection of the phantom’s bone demonstrated excellent 

correlation between the image sets. 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 8-15.  The ImageFusion software first employs point to point matching between the 
pre (left images) and post-interventional CT images (right). 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
Figure 8-16.  The target with a green crosshair in the center in the planned target (upper left) 
and final location (lower left).  The “fused” image shows pre-CT (in red, upper right) overlaid 
on the final image, and the crosshair and the cannula (displayed in darker white) within the 
target. The image shows the final scans in the sagittal (bottom left) and coronal images 
(bottom right). 
 
A comparison was made between the pre-interventional and verification (post-

interventional) CT images with the ImageFusion software on several selective targets 

(Figure 8-16).  Only very slight shifts were seen in the target locations under visual 

inspection.  Utilizing the distance measurement within the software, there was only 

about 1 - 2 mm variability between the planned target location and the final location.  

This was within the uncertainty measured in our laboratory setting. 

Entry Hole 2 Pre-interventional CT image 

Post-interventional CT image 
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8.4 Illustrative Case 
 
Target number 4 had dimensional measurements of 6.5 mm, 6.6 mm, and 6.8 mm 

with a depth of 4.0 cm from the skull to the target center.  The intervention plan was 

to enter from left mid-portion of parietal bone (Entry Hole 2) following the 

confirmation of the target center on the axial, sagittal, and coronal images (Figure 8-

17).  Following the simple one mouse click registration of the eight reference 

markers, the perpendicular reformatted scans of the trajectory were displayed (Figure 

8-18).  Navigation began by first calibrating the length of the biopsy needle by 

attaching the camera on the proximal end of the needle and placing the needle tip at 

the center of the sticker for 1 second.  Then the swiveling guide tube was attached to 

its base with a setscrew, and the camera-equipped biopsy needle was inserted and 

locked it in place when it reached the approximate surface of the skull.  By adjusting 

the joystick, the planned path was locked with the aid of the navigational graphics.  

After locking the trajectory, the virtual biopsy needle was tracked to the target (Figure 

8-19) and a successful intervention was confirmed with a final CT scan (Figure 8-20 

and 8-21). 
 

 
Figure 8-17.  The axial (left), sagittal (middle), and coronal (right) views of the target. 

 
 

 

Figure 8-18.  The reformatted axial (left) and sagittal (middle) planes of the plan. 
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Figure 8-19.  The simulated biopsy needle (yellow) is seen at depth from target at 32mm (left) 
and on-target (right).  Each view allows the user to see the miniature video camera’s display, 
and during navigation this view is most helpful as one establishes both the trajectory and 
depth information. 
 
 

 
 

Figure 8-20. The final target X-ray scout image from the GE Healthcare CT scanner. 
 
 

 
 

Figure 8-21.  A final confirmation CT scan following one pass to the target in about one 
minute reveals the biopsy needle in the small target on the axial (left) and sagittal (right) CT 
images. 
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8.5 Discussion 
 
In our two experimental setups using the minioptical tracking system, the accuracy 

was verified with 225 points on a test phantom and 20 small targets in an 

anthropomorphic head phantom at various depths.  The test phantom 3-D accuracy 

data of 1.41 ± 0.53 mm suggests good correlation with the CT data, but as with every 

tracking technology the accuracy of the system worsens with depth.  This testing was 

also more accurate than our previous test phantom accuracy data due to removing the 

algorithm that accounts needle flexion.  And, as reported, the targeting of all 20 small 

targets in the head phantom with a various depths (4 - 10.8 cm) was 100% successful.  

Again, each target was successfully hit with only one interventional pass, confirmed 

with a postoperative CT scan, and no other passes or modifications were required. 

The minioptical tracking system provides a similar level of accuracy to other 

optical and EM neuronavigation systems recently examined in experimental setups.  

Henrick Giese et. al. [142] reported a mean 3-D accuracy of 2.82 ± 1.20 mm for the 

BrainLab VectorVision2 optical navigation system with the VarioGuide instrument 

positioning system when targeting 33 points in a custom agarose model.  In this 

experiment, the CT slices were about half the width (.625 mm) of our study but the 

greater depth of the targets (mean distance of 151 mm) lead to the larger deviations.  

Their conclusion was the system demonstrated the accuracy needed to place biopsy 

needles in the brain stem with targets of 14 mm or larger at a depth of 150 mm.  They 

also added that specific attention and adjustments needed to be made with the 

operative setup to avoid line-of-sight issues with the optical tracking technology.   

Additionally, Dr. Gerlig Widmann et. al. [128] reported a mean 3-D accuracy 

of 1.5 ± 0.8 mm for the Medtronic StealthStation optical navigation system with the 

Vertek instrument positioner when targeting 100 points in a plastic head phantom 

utilizing CT imaging.  Utilizing their technique, they also successfully biopsied ten 

patients with lesions of 12 mm or larger.  Both of these optically-based experimental 

setups utilized non-skull mounted instrument positioners and CT as their imaging 

modality, but an experimental study by Dr. Alfredo Quiñones-Hinojosa et. al. [143] 

yielded a mean 3-D accuracy of 2.58 ± 0.51 mm with StealthStation and a skull 

mounted trajectory system with MRI as the imaging modality.  They concluded that 

the accuracy of their method fell within acceptable ranges compared with their CRW 

frame-based method.  



 

Page 97 of 124 

In review of EM tracking technology, Dr. Joshua M. Rosenow et. al. [144] 

report similar accuracy under ideal conditions to optically tracking technologies.  

They demonstrated a mean 3-D accuracy of 2.13 ± 0.11 mm in an experimental setup 

with targets in a plastic skull phantom.  A benefit of EM tracking systems is that the 

DRF can be attached directly to the patient head, and the procedure may be performed 

without the need of a cranial stabilization system.  Stuart E. Harrisson et. al. [123] 

demonstrated the safety and effectiveness in their report of 150 biopsies performed 

pinless with EM tracking, and Dr. Devin V. Amin et. al. [143] described their success 

with an optical technique that utilizes a novel light-emitting diode DRF mask that also 

obviates the need for rigid head fixation. 

In reviewing the literature for the threshold of what applications a 

neuronavigation system may be used over traditional frame-based technology, Dr. 

Ellen L. Air et. al. [145] performed a retrospective study of 284 patients over a 7-year 

period for frameless stereotactic biopsies in order to evaluate its safety for targets 

located in eloquent versus non-eloquent regions.  Some of these eloquent areas 

involved small deep-seated targets (e.g., brain stem, hypothalamus), but the authors 

found no evidence of increased risk of these targets while utilizing neuronavigation.  

The authors did however cite that a higher number of needle passes was associated 

with postoperative hemorrhage, and recommended preoperative planning to limit the 

number of needle passes and samples taken.  

The addition of intraoperative imaging with confirmation scanning could 

assist in limiting the amount of needle passes needed.  Currently, there are more iMRI 

than iCT installations in the OR, and as a result there have been more studies related 

to iMRI needle guidance.  A study from Dr. John Quinn et. al. [146] reviewed their 

technique with a low-field iMRI as well as other higher field iMRIs, and concluded 

the importance of acquiring intraoperative stereotactic images.  They offer that 

imaging allows the additional benefits of being able to retarget as needed during the 

procedure and the potential to obviate the need to obtain a frozen section.  Dr. 

William E. Butler et. al. [147] reported on their experience with an early iCT setup.  

They described the benefit to obtain the preoperative image guidance data in the OR 

in order to eliminate pre-surgery patient imaging and transport from the radiology 

department.  They also combined CT with frame-based stereotaxy in the OR for the 

preoperative image data, but needle verification was a challenge since the 
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nonexistence of radiolucent frames and, at the time of their study, no availability of 

cranial stabilization system or skull-mounted trajectory guides. 

Neuronavigation has been extremely beneficial for applications in OR, but it 

also has great promise for applications elsewhere in the hospital.  The minioptical 

tracking system has similar pinless benefits with the patient-attached registration 

sticker, but also includes the benefits of a simple, small footprint neuronavigational 

setup that is not limited to the environmental constraints of traditional optical (e.g., 

line-of-sight) and EM (e.g., accuracy errors from the presence of metallic objects) 

tracking technologies.  These benefits allow its use in the traditional neuronavigation 

setup in the OR with or without an iCT as well as less traditional locations in the 

hospital like with the CT scanner in the radiology suite or with a mobile CT scanner 

in locations like the NICU and emergency department (ED).  Thus, applications such 

as navigated percutaneous ventriculostomies could be performed bedside for the 

management of acute hydrocephalus, intraventricular hemorrhage, and intracranial 

hypertension.  Again, for these applications, the registration sticker could be placed 

using standard natural landmarks or more accurately by utilizing a planning CT scan. 

Guidelines for the management of severe traumatic brain injury advocate for 

ventriculostomies for all head trauma patients with GCS 8 or less [148].  Intracranial 

pressure (ICP) monitoring and ICP triggered therapy increases the number of 

favorable outcomes in brain trauma.  However, ventriculostomies in trauma patients 

can be difficult to perform due to hemorrhage induced brain shift or brain edema 

causing slit ventricles.  The complication rate of morbidity due to misplacement of 

ventricular catheter can be high, especially in children who have inherently reduced 

ventricle size [149].  Surveys of practicing neurosurgeons and neurosurgical residents 

about ventriculostomy by Dr. Brent R. O'Neill et. al. [150] and Dr. Tausif-ur Rehman 

et. al. [151] found that multiple attempts and frequent catheter misplacements are 

made.  Fifteen percent of the ventricular catheters inserted by residents have to be 

repositioned [152].  Thus many efforts have been put forward to increase the accuracy 

of ventricular catheter placement, including special guiding device [153, 154] or 

application of neuronavigation [151].   

The minioptical tracking system offers great flexibility since the registration 

sticker may be placed in both a non-sterile and sterile environment (e.g., with iCT). 

For non-sterile, the registration sticker is placed on the patient, the patient has a CT 

scan, and then the patient is draped with the standard sterile transparent, adhesive 
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polyurethane cranial drape.  This transparent drape allows for visibility of the 

reference markers for navigation.  Figure 8-22 presents an example flow diagram of 

these steps for EVD placement in an ED setting.  The disadvantages of the standard 

neuronavigation technologies are that they are too bulky and thus frequently not 

available in an NICU or ED setting.  Also the requirement of a pin-based rigid head 

fixation system by some neuronavigation system may hinder this, as they are not 

readily available in these settings.  In comparison with special guiding devices for 

ventricular catheter placement, the minioptical tracking system method allows for 

visual confirmation of the catheter progression and at-target since the virtual catheter 

is displayed on the navigation system. 
 

 
Figure 8-22.  An example of a flow diagram for an EVD placement in the ED. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Comatose head trauma patient arrives in ED and EVD is 
required. 

Patient head shaved and registartiom sticker applied 
using natural landmarks. 

CT performed in radiology or with mobile CT in ED 
procedure room. 

Patient prepared utilizing standard sterilization 
techniques with a transparent cranial drape. 

Perform navigated EVD procedure with minioptical 
tracking system. 
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Chapter 9 Thesis Conclusions 
 
Thesis Conclusions 
 

9.1 Develop and Test a Novel Minioptical Tracking System 
 
In order to gain wide acceptance and routine use into different clinical applications, 

surgical tracking systems must be user-friendly, reliable, easily integrated into the 

application specific standard workflow, accurate, and cost effective.  The first aim of 

this thesis was to design such a platform that also obviates the deficiencies of current 

tracking systems.   The novel minioptical tracking platform successfully achieves this.  

This platform was thoroughly tested and its benefits of flexibility, simplicity, and 

accuracy for percutaneous instrument placement are described in detail. 

The flexibility in the minioptical tracking platform was demonstrated by its 

ability to integrate into several clinical applications, which was the second aim of the 

thesis.  The first two presented applications are considered enabling technology since 

the platform has the benefit of relatively minimal costs associated.  Over the past 

twenty years, surgical tracking systems have assisted physicians in a number of 

applications to overcome challenges related to percutaneous image-guided targeting.  

These techniques have been slow to adopt into interventional radiology applications 

mainly because of the lack of availability of a cost effective solution, among other 

limitations.  The two clinical feasibility studies demonstrated that minioptical tracking 

system is effective and safe in guiding optimal trocar needle placement for lung and 

liver interventional radiology applications when combined with CT-guidance. 

The flexibility and simplicity of the platform were further well demonstrated 

in the laboratory and the clinical feasibility studies.  The described platform is the 

simplest surgical tracking technology yet to be developed as it includes a small and 

cost effective footprint with only two small components and a laptop computer.  The 

registration sticker is easily attached to the patient in both a non-sterile or sterile 

environment using standard anatomical landmarks or more accurately positioned with 

the aid of a planning CT scan.  The miniature video camera is a universal tool as it 

mounts onto practically any existing physician preferred interventional instrument.   
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The accuracy of the minioptical tracking platform was verified and compared 

in the literature to existing tracking technologies through the analysis conducted in 

two bench studies with a test phantom, two clinical feasibility studies, and a mock 

cranial feasibility study.  Furthermore, the tracking platform does not require any 

elaborate setups and alignments compared with the traditional optical and EM 

tracking technologies, which may lead to degradation in the system accuracy. 

This novel platform demonstrated its potential as a new paradigm for tracking 

technology and could enable improved simplicity of current percutaneous 

interventions and potentially increase accuracy and physician confidence that could 

ultimately lead to reduced procedural times and radiation exposure. 

The third aim was to partner with excellent collaborators, and this thesis work 

was a truly a successful international collaboration as I worked with an outstanding 

team in the US, Canada, and Hungary.  Below I conclude the lung and liver studies 

developed and conducted with the Interventional Radiology groups in Canada, and 

the cranial work developed and conducted under the guidance of Professor Tamás 

Dóczi and Dr. Attila Schwarcz. 

9.2 Feasibility of the Minioptical Tracking System in Lung 
Procedures 
 
The minioptical tracking platform was adapted for a lung feasibility study.  This study 

demonstrated that the minioptical tracking system is effective and safe in assisting 

optimal trocar needle placement in all patients referred for CT-guided percutaneous 

lung interventions.  In particular, this study suggests its use minimizes the effect of 

lung nodule size and location.  These specific parameters usually have a strong 

influence on procedure time and total patient irradiation when a conventional 

percutaneous CT-guided lung biopsy is performed.  The study, however, is limited by 

the absence of patient randomization to a conventional interventional arm to confirm 

this.  However, this was not the primary objective of this study, which was to evaluate 

the feasibility of the minioptical tracking system to place the trocar needle in a 

suitable position for a biopsy to be taken.  This condition was satisfied in all patients 

(100%, 48/48). 

Finally, although not formally evaluated in the study, the investigators 

commented that the minioptical tracking system proved to be easy to use and to 

incorporate easily into a busy interventional workflow. 
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9.3 Feasibility of the Minioptical Tracking System in Liver 
Procedures 
 
As in the lung feasibility study, the minioptical tracking system demonstrated its 

effectiveness and safety for CT-guided percutaneous liver interventions.  As opposed 

to the lung study, here, it was utilized for both biopsies and ablations.  The usefulness 

of the system was further demonstrated with more challenging anatomic locations 

requiring steeper off-axial trocar needle paths to reach targets in the liver dome while 

avoiding lung tissue. 

In addition, the investigators noted that it was particular useful to navigate to 

the target with the contrast enhanced CT images.  This may be particularly beneficial 

where two or more lesions can be targeted from one capsule puncture.  Finally, the 

targeting success rate in the liver for a satisfactory intervention was 100% (20/20) 

with the minioptical tracking system. 

9.4 Feasibility of the Minioptical Tracking System in Brain 
Procedures 
 
In addition to the benefits previously mentioned, for cranial neurosurgery the 

technology does not require a rigid head fixation system since the patient-mounted 

registration sticker is the DRF.  This benefit would allow the system to potentially be 

utilized in a number of different locations within or even outside the hospital setting. 

Mobile CT and iCT systems are becoming more relevant in both the OR and 

the NICU, and the inclusion of a simple and accurate neuronavigator will assist in 

advancing a number of neurosurgical procedures such as brain biopsies, abscess 

drainage, neuroendoscopy applications, ventricular catheter placement for shunting, 

external drainage, or ICP monitoring, among others.  In particular, it could increase 

the success rate of ventricular catheter placements in the many pathologies that distort 

the anatomical position of the lateral ventricles. 

The minioptical tracking system was successfully designed and implemented 

for fast and accurate cannula placements under CT guidance, and the 

anthropomorphic head phantom experiment study, which met 100% (20/20) first-pass 

target cannula placement for small volumes, showed the potential for several 

intracranial neurosurgical applications. 
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Chapter 10 Future Research Applications 
 
Future Research Applications 
 

The final aim of the thesis was to explore additional applications for the novel 

minioptical tracking platform, which would further add to the system’s claim of 

flexibility.  In conjunction with the team in Pécs, we explored the potential to 

integrate the tracking system into a MRI environment.  Moreover, the potential for 

spinal applications was explored where several live cases with CT guidance were 

conducted at the University of Modena Hospital (Modena, Italy) and Klinikum 

Großhadern of the Ludwig Maximilians University (Munich, Germany).  

Conceptually, the technology would need to work with a fluoroscope in order to be 

best adapted to spinal-based procedures such a:  1) spinal blocks, 2) RF denervation, 

and 3) vertebral augmentation procedures for vertebral compression fractures.  Below 

both of these additional applications are further described. 

10.1 Adaption to MRI Environment 
 
There are no questions to the benefit and impact in not utilizing ionizing radiation and 

producing superior soft tissue 3-D imaging by iMRI has for specific surgical 

applications.  The limitation, however, is the vast cost associated with the iMRI 

system, installation, maintenance, and the additional needed non-ferromagnetic 

instruments.  If an institution is able to acquire such an invaluable surgical tool, the 

final limitation is acquisition time to producing these critical images during surgery. 

In my MIT Master of Science thesis, I studied and developed methods under a 

grant through GE Healthcare at the Brigham and Women’s Hospital (Boston, MA) for 

reducing acquisition time for iMRI surgical procedures without compromising image 

quality (i.e., signal to noise ratio).  Twenty years ago, I developed a specific echo 

planar technique to achieve this goal.  In the past twenty years there have been many 

advancements in reduction of time, however, at some point, the laws of physics 

govern what is possible.  Thus, coupling a surgical navigation system to iMRI is 

beneficial, as one may not need to always update the MR images, which saves 

valuable time in a surgical procedure. 
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As noted previously, coupling of navigation with iMRI has been done and 

commercialized with conventional optical tracking systems.  In fact, in 2000, I 

assisted in bringing the first commercially available semi-portable iMRI navigation 

system to the US market.  These systems are still limited with line-of-site associated 

issues and the added complications due to the proximity constraints with the metallic-

filled camera in the MRI environment.  The conventional EM tracking systems simply 

cannot function in a MRI environment since the technology is based on producing a 

well-defined magnetic field. 

Thus a feasibility study was developed to: 1) show that the minioptical camera 

could function in a MRI environment, 2) adapt the registration sticker to produce MRI 

visible reference markers, and 3) navigate a cannula to a target and confirm with 

MRI.   

The minioptical tracking system was first tested tested under MRI conditions 

at the Pécs Diagnostic Center in a Siemens 3T MAGNETOM® Trio™ (Figure 9-1).  

These initial tests indicated that the minioptical tracking system produced adequate 

video images in the presence of high magnetic fields. 
 

 
Figure 9-1.  Photograph of the minioptical camera in front of the 3T MRI system (left), and 
confirming the quality of video images on the minioptical tracking system computer, which 
was placed just outside of the high magnetic field (right). 
 
The registration sticker on the anthropomorphic head phantom was adapted by the 

addition of four MRI reference markers (IZI Medical Products, Owings Mills, MD) 

(Figure 9-2).  These markers are filled with a hydrogel component and were stuck 

onto the registration sticker with an adhesive.  The phantom was scanned in a GE 

Healthcare 1.5T Singa Excite MRI with a 2-D axial FRFSE T2 acquisition with 5 mm 

slices.  The acquisition took about seven minutes to complete.  The minioptical 

tracking system software was able to visualize the MRI reference markers. 



 

Page 105 of 124 

 
Figure 9-2.  Photograph of the registration sticker with the additional MRI reference markers. 
 

The MRI reference markers were then removed to allow for navigation of a MRI 

compatible biopsy needle (AD-TECH Medical Instrument Corporation) with the 

original registration sticker.  The navigation took place outside the MRI environment 

simply due to hospital time constrains as they had patients waiting to be scanned.  

Following navigation to one of the larger targets within the phantom, a confirmation 

MRI scan was performed and revealed a successful hit of the target (Figure 9-3). 

 

 
Figure 9-3.  A final confirmation MRI (left) scan confirmed the biopsy needle was in the 
target (right). 
 
The feasibility study successfully demonstrated the promise of the minioptical 

tracking system and its potential adaptation for use in a MRI environment.  However, 

additional modifications are needed in order to produce an adequate MRI registration 

sticker solution.  Further, it goes without saying, rigorous testing must be performed 

in order to properly quantify the accuracy and usability of the minioptical tracking 

system in this important future environment. 
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10.2 Adaption to Fluoroscopy Environment 
 
As described in the early chapters, navigated fluoroscopic guidance would also be 

beneficial to reduce time and radiation to both the physician and the patient utilizing 

C-arms.  There have been a number of systems that have been commercialized for 

spinal interventions for C-arms [8, 137], but their adoption has been slow due to the 

increased procedure time as a result of increased complexity.  Some common 

percutaneous procedures that may benefit from a simple, accurate, and cost effective 

solution is vertebroplasty and vertebral augmentation (a.k.a., kyphoplasty) for pain 

management of patients with vertebral compression fractures.  Neurosurgeons, 

orthopedic spine surgeons, interventional radiologists, and interventional pain 

specialists are performing these procedures worldwide where a trocar is first inserted 

into the vertebrae under fluoroscopic guidance.  Then inserting a mechanical 

instrument or a balloon through the trocar in order to create a cavity creates a void in 

the vertebrae.  Finally, bone cement is injected into this vertebral cavity in order to aid 

in the reestablishment of stability. 

The minioptical tracking system had been used in Klinikum Großhadern to 

perform several vertebroplasty procedures under CT-guidance with both 11 (Figure 9-

4) and 13-gauge trocar systems.  The system performed very well in the CT 

environment, but adaptation to fluoroscopy would be needed in order to provide more 

utility as the vast majority of spinal procedures are performed with a C-arm and 

sometimes with two C-arms at the same time. 

 
 

 

 

 

 

 

 

Figure 9-4.  Navigation of an 11-gauge trocar for CT-guided vertebroplasty. 
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In addition, a number of pain management procedures were performed at University 

of Modena Hospital by percutaneously placing 20-gauge needles for spinal blocks 

(Figure 9-5).  Again, pain management procedures like spinal blocks and RF 

denervation for chronic back pain management are almost exclusively performed with 

C-arm guidance (Figure 9-6). 

   
Figure 9-5.  Early work performed with the minioptical tracking system for planning (left), 
guidance (middle), and confirmation (right) of CT-guided spinal blocks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9-6.  RF ablations of spinal nerves in the cervical (left) utilizing C-arm guidance to 
develop both AP and LAT X-ray images in order to place four ablation needles (right) 
(courtesy of NeuroTherm, Wilmington, MA). 
 
Another new design development would be needed in order to adapt the minioptical 

tracking system for fluoroscopic guidance.  Specific consideration would be needed 

for the registration sticker development in order to maintain accurate placement of the 

sticker during the intervention.  However, as demonstrated several time in this work, 

the minioptical tracking system is extremely flexible.  The final utility of fluoroscopic 

guidance should be well understood before proceeding to any development activity in 

order to provide the maximum benefit. 
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Appendix 
 

A.1 Hungarian Historical Perspective 
 
The first brain surgery procedure performed in Hungary was by Dr. Imre Navratil, at 

St. Rókus Hospital in Budapest, on a patient with a brain abscess.  These abscesses by 

definition are an intraparenchymal collection of pus.  Dr. Navratil was a rhino-

laryngology specialist, general surgeon, and Professor and Chairman of Surgery at the 

Royal Medical School in Budapest.  He also wrote the first Hungarian language book 

on Surgical Techniques that was published in 1867 [155].  At the end of the 

nineteenth century, brain abscesses were typically fatal because when an infected 

frontal sinus abscess extended into the frontal lobe of the brain it very rarely healed.  

Dr. Navratil, through the frontal sinus, began puncturing and draining these abscesses.  

The other form of brain abscesses had otogenic origins due to chronic middle ear and 

mastoid infections.  These were usually temporal lobe or cerebellar abscesses.  Since 

there were no devices to diagnose abscesses, unlike today, only history, 

symptomatology, and needle puncture drainage was available as diagnosis and 

treatment. 

From about 1900-1948, otogenic brain abscesses in Hungary and Europe were 

treated by otologic surgeons.  In Hungary, Drs. Geza (my great grandfather) and 

Istvan Krepuska (my great uncle) operated on most cases at the University Clinic in 

Budapest.  Dr. Geza Krepuska was the first chairman and Professor of Otology at the 

Budapest Medical School (the University Ear Clinic was located at the St. Rókus 

Hospital until 1936), and Drs. Krepuska reported on the surgical treatment of 100 

cases of otogenic temporal lobe and cerebellar abscesses [156, 157].  Their surgical 

treatment results were better or comparable with other European Otology Clinics. 

The last otogenic brain abscess to be operated on by otologic surgeons in 

Hungary was performed by both Drs. Geza and Istvan Krepuska in 1948 at St. 

Stephen’s Hospital.  In this case, the 87-year-old Dr. Geza Krepuska found the 

abscess in the first puncture.  In this surgery, my father, Geza J. Jako, assisted as a 

first year medical student.  The patient survived this procedure [158].  In 1948, the 

brain abscesses began being treated by neurosurgeons as a neurosurgical program was 

established in Budapest.  However, in 1949, my father also assisted Dr. Istvan 
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Krepuska on the last frontal lobe abscess through the frontal sinus.  This patient, 

however, died two weeks post-op from an inflammation in the brain [158]. 

Today, the incidence in developed countries of brain abscesses is quite low (1 

– 2%) while still higher (~8%) in undeveloped countries [159].  These rates were 

decreasing until the AIDS pandemic, where the prevalence of brain abscess in patients 

with AIDS is higher [160].  With the advance in neuroimaging through the advent of 

CT scanners, there has been a dramatic decrease in morbidity and death due to brain 

abscesses because of earlier detection [161-164] and improved methods for draining 

and removing abscesses through targeted needle treatments [162-165]. 
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Personal Publications 
Peer-reviewed Articles 
 

• C. von Jako, G. Perlaki, G. Orsi, A. Schwarcz, T. Dóczi, “A Minioptical 
Neuronavigation System for CT-guided Stereotaxy,” Stereotactic and 
Functional Neurosurgery, Vol. 91, pp. 1-9, 2014. [Epub ahead of print].  
Impact Factor: 1.46 

• C. von Jako, Y. Zuk, O. Zur, P. Gilboa, “A novel accurate tracking system for 
percutaneous needle placement,” IEEE Trans Biomed Eng, Vol. 60, pp. 2222-
5, 2013. Impact Factor: 2.35 

• D. A. Valenti, G. Artho, LM. Boucher, C. von Jako, T. Cabrera, “Mini-optical 
Navigation System for CT-Guided percutaneous liver needle placements,” 
Advances in Computed Tomography, Vol. 2, pp. 77-82, 2013. Impact Factor: 
newly established peer-reviewed journal, no impact factor available yet. 

 

As of this printing, the cumulative impact of the peer-reviewed publications is 3.81 

Master’s Degree Thesis 
 

• C. von Jako, “Rapid Isotropic Magnetic Resonance Imaging Using an Echo 
Planar Technique,” Master’s Thesis at Massachusetts Institute of Technology, 
Thesis Advisor - Samuel Patz, Ph.D., Department of Radiology, Harvard 
Medical School, Massachusetts Institute of Technology Library, January 1993. 

Selected Oral Presentations 
• C. von Jako, “Engineering Leadership in the development of Minimally 

Invasive Surgical Products,” Northeastern University Invited Lecturer, The 
Gordon Engineering Leadership Program, Boston, May 2013. 

• C. von Jako, “Minimally invasive CT-guided percutaneous thoracic and 
abdominal procedures aided with navigation,” Massachusetts General Hospital 
Invited Lecturer, Abdominal Imaging Research Conference for Department of 
Radiology, Massachusetts General Hospital, Boston, January 2013. 
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• C. von Jako, “New advancements in XKnife radiosurgery in spine 
procedures,” XKnife Radiosurgery User Meeting Invited Speaker, 
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applications of image-guided surgery with and without an intraoperative CT and MRI, 
stereotactic radiosurgery and radiotherapy.  The following is a shorten list of the 
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(Beijing, People’s Republic of China) 
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2013.  

• D. Valenti, T. Cabrera, L. M. Boucher, V. Demers, U. Shreter, C. von Jako, 
“High technical success rate for liver needle placement with the CT-guide 
navigation system,” Society of Interventional Radiology, New Orleans, April 
2013. 
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