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Abstract 

Purpose In cases of brain trauma or hydrocephalus an external ventricular drain (EVD) is often inserted 

through the skull and brain to drain excess cerebrospinal fluid from the ventricles to relieve pressure. 

Most often, EVDs are inserted free-hand, without guidance, at a point on the skull named Kocher’s point, 

perpendicular to the skull surface. Previous freehand EVD insertion studies have reported insertions in 

ideal target locations in only 40-50% of cases. We developed a visualization method to identify regions 

on the skull surface that will result in successful intersection with the ventricles during the 

ventriculostomy procedure, while also allowing for pre-calculated uncertainties in the trajectory. 

Methods Using preoperative head CT scans, we estimated entry sites on the skull surface giving surgeons 

the best chance of reaching the ventricles, while incorporating uncertainty between 5 and 10 degrees. We 

performed a technical feasibility trial on 60 retrospective ventriculostomy patient cases consisting of 

hydrocephalus and traumatic brain injury patients and compared to 30 retrospective asymptomatic patient 

cases. The method was evaluated by calculating the portion of trajectories still feasible after incorporating 

uncertainty, and by comparing the calculated average catheter length to the typical catheter length 

measured in ventriculostomy studies. 

Results There was no significant difference in hit rate (HtR) between hydrocephalus and trauma patients 

for the region of high accuracy and the region of high dispersion (p = 0.49, 0.32). There also was no 

significant difference in catheter length between hydrocephalus and trauma patients for the region of high 

accuracy (p = 0.17) and the region of high dispersion (p = 0.16).  

Conclusion A new planning system to perform ventriculostomies was created to help facilitate decision-

making in regard to the site of insertion of EVDs. The visualization tool identifies new insertion sites but 

also confirms the validity of existing insertion sites used in the current standard of care. The average 

simulated catheter length measured falls within the accepted depth at which EVDs are measured to be 

inserted into the brain. 
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Chapter 1 

Introduction 

 

How can computer science help a patient who has a swollen brain? Sometimes the fluid inside the 

cranium, or skull bones, builds up and increases pressure on the anatomical structures inside, 

especially on the brain. One way to relieve this pressure is to perform a surgical procedure that is 

called a ventriculostomy.  

The fluid build-up can be caused by trauma to the head or by disease, particularly a 

disease called hydrocephalus. There are two types of fluid that can create this increased pressure 

in the brain. The first fluid is blood, which can increase in volume when the brain bleeds from 

trauma to the head. The second fluid is cerebrospinal fluid (CSF), which is a clear liquid found in 

the central nervous system that cushions important structures in the event of an injury and that 

also acts as a delivery system for nutrients and a removal system for waste. CSF is produced in 

and largely contained in structures called the ventricles, which are deep inside the brain.  

 Increased pressure on the brain can lead to headaches and loss of function because of 

compression of brain structures. A surgical procedure can drain CSF directly from the ventricles 

where it is produced. To do this, a surgeon can cut through the patient’s scalp and drill a hole in 

the skull to access the brain using a thin tube called a catheter. To access the ventricles, a surgeon 

must determine a trajectory that reaches the ventricles and also avoids important structures in the 

brain. Most surgeons are familiar with an entry site on the surface of the skull called Kocher’s 

point. This anatomical landmark on the surface of the skull has often allowed surgeons to avoid 

important structures in the brain such as the sensory cortex and the motor cortex. To drain the 

fluid, a surgeon uses a catheter that is specifically designed for CSF drainage, called an external 

ventricular drain (EVD). The fluid drained using an EVD is then brought to a receiving region 
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such as the abdomen. The receiving body has the shunt threaded under the skin where CSF is 

reabsorbed. This constitutes an important step in the procedure to balance the volume of CSF in 

the body. 

 

  

 

 

 

 

 

 

 

 

Figure 1. Labelled anatomical structure of the cervical ventricles. 

Many previous studies that evaluate the current standard of care, have focused on how to 

access the correct structure in the ventricles. The structure in the ventricles for which surgeons 

aim is called the foramen of Monro as shown in Figure 1. Researchers have conducted 

experiments that repeatedly use the same landmarks and attempt to keep the insertion of the drain 

on a tightly controlled trajectory. Because the skull bone at the place which surgeons drill their 

entry site has been found to be spherical [1], and the ventricular structure to be punctured by the 

EVD lies close to the center of the skull, it is easy to imagine that a line segment perpendicular to 

the surface of this spherical structure would increase the probability of reaching the target 

destination. Thus, surgeons rely on well-known entry sites on the skull surface and attempt to 

keep the drain perpendicular to the skull surface during insertion. To confirm successful 

placement of the EVD, surgeons rely on two factors: whether CSF freely flows once the 

Foramen of Monro 

Third ventricle 

Fourth ventricle 

Lateral ventricles 
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ventricles have been reached, and the length of the catheter. The speed at which CSF is drained 

depends on the height of the EVD relative to the patient’s head. The length of the catheter is used 

to determine whether the EVD has reached the desired location, a metric commonly reported as 

average EVD length in previous studies [2, 3, 4, 5, 6]. 

 Different methods have been used to ensure the EVD reaches the desired target location. 

Studies demonstrating a proof of concept have looked at incorporating a mechanical guide into 

the ventriculostomy procedure to ensure the EVD remains on a path that is completely 

perpendicular to the skull surface [7, 8, 9]. Other more recent studies have looked at incorporating 

new forms of navigation such as tracking through ultrasound, electromagnetic tracking and even 

augmented reality [10,11,12,13,14,15,16,17,18]. While these studies demonstrate a decrease in 

mis-insertion of EVDs, they also add time to a procedure that is usually performed under 

emergency conditions. Some procedures are so emergent that they need to be performed bedside 

rather than in an operating room. For this reason, surgeons have been reluctant to change the 

current standard of care if it adds any more than 10 minutes to the existing procedure time. 

 Although current standards for ventriculostomy procedures have substantial scientific 

evidence supporting them, many studies report grade 1 and 2 EVD insertion accuracy to be 

between 42.5 and 88.4%. Considering that this procedure in its current form has existed for 

almost 100 years, it may be surprising that insertion accuracy is not consistently greater than 

80%.  

In our study, rather than focusing on existing standards for this procedure, we focussed 

on exploring all feasible entry sites for insertion of EVDs. As well as looking at the entire surface 

of the skull as potential entry points, we looked at potential entry points on a patient-specific 

basis rather than applying the same general rules for all patient cases. Our study found entry sites 

for trajectories that were perpendicular to the skull surface. The reported entry sites also allowed 

for angular deviation from the ideal trajectory to account for mechanical error. This ensured there 
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exists some error tolerance when inserting EVDs in real-time. The computed entry sites would 

only be recommended to a surgeon if they avoided structures in the brain that could potentially 

impair a patient if disturbed. If no feasible entry site was found, no recommendations would be 

made. 

 Discovery of new entry sites on a patient-specific basis was guided by 3D computed 

tomography (CT) scans. A CT scan is routinely acquired when a patient is suspected of having 

increased intracranial pressure (ICP). In a CT scan of the head, the skull and ventricles are easily 

viewed and differentiated from other structures in the brain, because of the distinctive range of 

pixel intensities associated with each structure. CT images also have clear visual contrast between 

bony tissue and surrounding soft tissue, facilitating the differentiation between the two structures.  

 Using well-known image processing techniques, our work established the feasibility of 

pre-operatively planning the entry site for a ventriculostomy procedure. This work provided a 

visualization tool a surgeon can use to help facilitate decisions about where to drill on the skull 

surface. This work may also provide insight into irregular brain anatomy, which is an advantage 

to mapping the entry sites on a patient-specific basis that may reduce the risks of complications to 

the patient. 

 

1.1 Overview of Work and Results 

In this work, the method designed to create a patient-specific map of ventriculostomy entry sites 

used the following steps: 

1. A conventional CT image of the patient’s head was obtained retrospectively. All CT 

images selected were images taken before surgery. 

2. The CT image was segmented to create a label map of the patient’s skull. 

3. The CT image was registered to a brain MRI atlas to facilitate the segmentation of the 

ventricles. The registration between the CT image and the MRI image was also used to 
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deform structures from the MRI not easily segmented in a CT image, to the patient’s CT 

image. 

4. The 3D structures were converted to 3D meshes consisting of triangles attached in 3D 

space. 

5. Line segments perpendicular to the triangular face were simulated from every triangle in 

the triangular mesh of the skull.  

6. Perpendicular line segments were assessed to find trajectories that intersected with the 

ventricular mesh and avoided structures at risk. 

7. Simulated line segments were deviated between 1 and 10 degrees from the ideal 

trajectory to simulate human error. Simulated trajectories all intersected the middle of the 

feasible triangle. 

8. Entry points were colored according to the kind of trajectory that was possible departing 

from that specific spot. 

This procedure was performed on 90 retrospective patient cases and assessed using evaluation 

metrics common to studies focusing on the ventriculostomy procedure. Patient cases were 

separated into three categories: asymptomatic patient cases, traumatic brain injury patient cases, 

and hydrocephalus patient cases. We calculated the proportion of the skull surface capable of 

being used as an entry site for EVD insertion for each patient category and the difference in 

surface area for entry sites once deviation from the ideal trajectory is considered. In the 

hydrocephalus patient case, the patient group with the highest surface area for potential entry 

sites, the percentage of successful trajectories still considered successful after dispersion from the 

ideal trajectory by 10 degrees drops from ~95% to ~70%.  

 

1.2 Thesis Contributions 

The main contributions of this work are: 



 

 

6 

1. Development of patient-specific planning method for ventriculostomies that look at the 

entire skull for possible EVD insertion sites. 

2. Creation of a visualization tool to help surgeons in decision making related to drill site 

for ventriculostomies. 

3. Validation of visualization tool across three different patient categories, demonstrating 

applicability across a variety of patient types. 

 

1.3 Dissertation Outline 

This dissertation is organized into six chapters that present the background information necessary 

to understand the method developed for visualization and planning of EVD insertion sites on a 

patient-specific basis, whilst incorporating uncertainty in the selected trajectory, the method used, 

the results obtained from evaluating the method and a discussion of the application and 

limitations of this method in a practical setting. This dissertation is organized as: 

Chapter 2, Background: Presents some past and present standards of care employed when 

treating patients with ICP. This chapter reviews past studies that have looked at different aspects 

of the ventriculostomy procedure such as well-known anatomical landmarks and factors used to 

determine the appropriate angle of EVD insertion. This chapter also reviews studies that have 

attempted to incorporate navigation mechanisms such as ultrasound or electromagnetic tracking 

into the procedure. 

Chapter 3, Methods: Details the methods used in this work and the evaluation used to analyze 

this work within the current standard of care. 

Chapter 4, Results: Presents the results obtained from the methods described in Chapter 3. 

Chapter 5, Discussion: Discusses the results, compares the method developed in this work to 

previous works. 
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Chapter 6, Conclusions and Future Work: Concludes the work with the main outcomes of this 

study. Future work is discussed to address the limitations of this study, while also outlining 

logical next steps. 
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Chapter 2 

Literature Review 

A ventriculostomy is a neurosurgical procedure that includes the placement of an EVD catheter. 

In this dissertation, we present a method for planning and assessing an entry site and resulting 

trajectory to the ventricular brain structures for a neurosurgical procedure. A technical goal for a 

neurosurgeon who uses this method is to correctly place a medical device in complexly layered 

brain tissue. 

The medical device is an external ventricular drain (EVD). The mechanical action of an 

EVD is to transfer cerebrospinal fluid from the inside of the brain to elsewhere, such as the 

abdomen where the fluid can be processed by normal physiological responses. One part of an 

EVD is a catheter, which is a made from medical grade materials. An EVD catheter is provided 

as a straight perforated tube but, because it is made of relatively soft material and is not solidly 

anchored, it can bend and move. A catheter may include radiopaque materials so that EVD 

assessment can be performed radiographically. EVDs visible in radiographic imaging clearly 

demonstrate a straight-line insertion. 

We seek to improve precision with respect to placement of the catheter by geometrical 

modelling of a catheter as a line segment, and modelling of a ventriculostomy as a trajectory. 

Specifically, we will model a trajectory as a ray that has a starting point and a direction. 

The remainder of this chapter is a brief review of the relevant history of EVD placement 

and EVD evaluation.  

 

2.1 External Ventricular Drain (EVD) - History 

The purpose of an EVD is to drain and monitor the pressure of the fluid contained in ventricular 

structures of the brain, with the intent of decreasing cranial pressure. The pressure in the brain is 
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measured continuously and should be between 5-15 mmHg [19]. The ventricular system of the 

brain has four cavities that are filled with cerebrospinal fluid: two lateral ventricles and the third 

and fourth ventricles [20]. 

Some medical indications for EVD insertion are subarachnoid hemorrhage, trauma, 

intracerebral or intraventricular hemorrhage, tumor, and hydrocephalus [20,21]. Today, EVD 

placement is the most commonly performed procedure by neurosurgeons [22]. Although there has 

recently been a tendency to improve outcomes and accuracy related to the procedure, 

neurosurgeons have historically been resistant to any supplemental aid that would add more than 

10 minutes to the procedure [23]. Because of clinician responses, and the custom that most EVD 

procedures are performed by first-year or second-year residents, the focus of researchers has 

shifted primarily to educating resident neurosurgeons and secondarily to reducing infection rates 

[22]. It seems common to accept an accuracy of less than 80% for this procedure.  

2.2 Current Insertion Points 

Ventricle access is initiated using well established anatomical landmarks on the skull surface. 

There currently exist at least 8 known anatomical landmarks covering all four regions of the 

brain. Although some anatomical landmarks afford a greater margin of error for performing a 

ventriculostomy, others afford a reduced risk of complications when placing an EVD through 

non-eloquent structures of the brain. The first anatomical landmark used and described in the 

literature was Keen’s point. Keen’s point is located over the parietal portion of the brain, 2.5-3cm 

posterior and 2.5-3cm above the pinna of the ear as shown in Figure 2. 
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Figure 2. Existing anatomical landmarks often used in practice or cited in literature: 1 Keen’s, 2 

Kocher’s, 3 Dandy’s, 4 Frazier’s, 5 Kaufman’s, and 6 Tubbs’. Image inspired by [20].  

 

The most well-known and utilized anatomical landmark in ventriculostomy is Kocher’s 

point. Kocher’s point is located 10-11cm posterior of the glabella and 3-4 cm from the midline 

[20] as shown in Figure 2. The preferred side for insertion at Kocher’s point is the right side, even 

in cases with a left-side hemorrhage [20]. Kocher’s point is thought to provide a safe distance to 

the frontal horn of the lateral ventricle [20], but some studies have reported poor functional 

outcomes in a high number of cases with trajectories originating from this point, in the range of 

72-90% [24]. In light of these statistics, the observed trend in literature has been trying to 

improve the accuracy of EVD insertion at Kocher’s point. 

 Some anatomical reference points are associated with less accurate EVD insertion and 

therefore less often utilized, especially in adults who have excessive ICP. Frazier’s and Dandy’s 

points are located over the occipital region of the brain and are mostly used in pediatric cases. 

Dandy’s point is located 3cm above and 2cm lateral to the inion and Frazier’s point is located 

6cm above and 4cm lateral to the inion [20]. Frazier’s point allows for easier advancement of an 
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EVD into the ipsilateral lateral ventricle [20]. Although it is technically easier to enter the 

ventricles through the occipital region, it has been found that a trajectory of an EVD originating 

in the occipital region – such as Dandy’s point or Frazier’s point – restricted the possible freedom 

in the angle of insertion of the EVD trajectory for successful placement [25]. For example, 

Albright et al [26], reported successful EVD placement through the occipital region in only 33% 

of their cases, all being pediatric cases. Overall, there is generally thought to be a higher risk for 

complications with trajectories in this part of the brain [19]. 

 

2.3 EVD and Ventriculostomy - Evaluation 

A ventriculostomy is evaluated based on whether or not the insertion of the EVD reaches the 

ventricles. One study reported the success of EVD insertions from MRI scans based on the 

location of the EVD entry site in the ventricles [27]. In the same year, a system for evaluating the 

placement of ventricular drains using computed tomography (CT) scans, was developed by 

Kakarla et al [21]. Success of EVD placement is characterized by a Karkarla grade ranging from 

1 to 3 [21]. A Grade 1 placement represents optimal positioning of an EVD, with the catheter tip 

placed in the ipsilateral frontal horn, or third ventricle, through the foramen of Monro [21] as 

shown in Figure 1. A Grade 2 placement includes an EVD placement that results in a functional  

EVD but in a less than optimal location in the contralateral lateral ventricle or in noneloquent 

cortex [21]. A Grade 3 EVD placement is generally suboptimal, with the tip of the EVD placed in 

the eloquent cortex or in non-target cerebrospinal fluid space, possibly resulting in non-functional 

drainage [21]. Another common measurement approach is to measure the distance of the EVD tip 

(in mm) from the optimal target, the foramen of Monro and other nearby structures to qualify an 

EVD insertion [13, 15, 28].  

 One study developed another grading system ranging from 1 to 5 [8]. This grading 

system introduced clearly defined margins in which the EVD tip can lie, with respect to well-
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known ventricular structures [8]. Other studies describe or measure the tip location relative to 

known cerebral anatomical structures but do not assign them a grade [2, 14, 16, 17]. 

 Another common evaluation arises from measuring the angular deviation from the ideal 

trajectory of the EVD. Previous studies have reported the angular variation between the ideal 

trajectory line joining the burr hole and the foramen of Monro, and the trajectory line connecting 

the burr hole and the EVD tip [3]. Measuring the inserted EVD length and comparing this length 

to the ideal inserted EVD length has also been used to assess EVD placement [2, 3, 4, 5, 6].  

 Although most previous studies have looked at the accuracy of common and well-

established landmarks, one study examined a small set of entry points laid out in a 5x5-cm grid 

around Kocher’s point, as well as different trajectory angles at these entry points. Because the 

entry points selected were still in the region of the most commonly used landmarks in current 

practice, the discovery of new entry points was limited. This study evaluated accuracy of a 

landmark based on hit rate (HtR), which can also be described as how often a planned trajectory 

might successfully enter the ventricles [30]. 

In first reports dating back to 1890, the mortality rate for this procedure was as high as 

71% [22]. Although the mortality rate has decreased significantly with improvements in 

procedure efficacy, the accuracy of placing an EVD is inconsistent, ranging from 42.5% - 88.4% 

for grade 1 and grade 2 insertions using freehand methods. Accuracy from studies investigating 

aspects of the ventriculostomy procedure are summarized in AlAzri et al [13]. Since the release of 

this study, Kirkman et al [14] looked at virtual insertion of an EVD with three potential imaging-

derived trajectories. It was reported that 42.6% of the simulated insertions were grade 1 

placements, 12.9% were grade 2 placements, and 44% were grade 3 placements. Li et al [17] also 

looked at comparing ventriculostomy in freehand and navigation-assisted procedures. Although 

they did not report on accuracy, they observed a decrease of 1.26 in the mean number of passes, 
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decreasing the risk to patients associated with multiple passes through the brain, and a decrease of 

6.92mm in the mean distance from the foramen of Monro [17]. 

2.4 EVD and Ventriculostomy - Freehand Techniques and Mechanical Guides 

A common surgical approach for a ventriculostomy is to originate near Kocher’s point and to aim 

either perpendicular to the skull or at the ipsilateral foramen of Monro. Many studies, as 

summarized in Table 1, include at least one part of this approach. Other surgical approaches vary 

the insertion point and the trajectory. Generally speaking, the usual surgical approach uses a well-

known landmark and directs the EVD catheter in either a perpendicular trajectory, or towards an 

identifiable anatomical landmark. 

 To attempt a perpendicular trajectory, the eponymous Ghajar mechanical guide has been 

described in two studies as being successful in accurately placing an EVD catheter [7, 9]. 

Although this mechanical guide has been shown to reduce the number of passes needed for EVD 

catheter insertion, and to increase the overall accuracy, adoption of the guide has been low; 

O’Neill [23] reported that the use of this guide is less than 3% of surveyed practitioners.  

 Further developments of an EVD catheter guide led to a mechanical guide that enforces a 

90-degree angle in the sagittal plane allows for adjustment of the angle in the coronal plane [8]. 

The correct angle needed in the coronal plane is calculated in software [8]. Both mechanical 

guides, the Ghajar guide [7, 9] and the guide discussed in Schaumann [8], have been reported as 

having EVD catheter insertion success that was superior to placing an EVD catheter by using a 

freehand technique. 

Table 1. Landmarks used in ventriculostomy studies both performed using the freehand 

technique or aided by guide (such as Ghajar’s) or image navigation. 

Study Insertion Point(s) Technique(s) 

Abdoh et al 2012 [3] 10cm above supra-orbital 

ridge, 2.5 cm from midline 

Freehand 
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AlAzri et al 2017 [13] Kocher’s point Freehand/Navigation 

Beckett et al 2018 [4] Kocher’s point Freehand 

Eftekhar 2016 [18] 1cm anterior to coronal 

suture, close to lateral edge 

of lateral ventricle 

Navigation 

Ghajar 1985 [7] 10cm above the nasion, 3cm 

from midline 

Mechanical Guide 

Hsieh et al 2011 [31] 1cm frontal to coronal suture, 

2.5cm lateral to midline 

Freehand 

Huyette et al 2008 [28] Kocher’s point Freehand 

Junaid et al 2018 [32] Keen’s point Freehand 

Kakarla et al 2008 [31] 10cm posterior to nasion, 

3cm lateral to mid-pupillary 

line 

Freehand 

Kirkman et al 2017 [14] Kocher’s point Freehand 

Krotz et al 2004 [33] 11cm cranial of the nasal 

root, 2-3cm lateral of the 

sagittal line 

Navigation 

Lee et al 2008 [27] (1) 6cm above and 4cm 

lateral to the inion, (2) 

Dandy’s point 

Virtual 

Li et al 2018 [17] Kocher’s point Navigation 

Lind et al 2008 [25] 11cm caudal to orbital rim & 

3cm lateral to midline, 2.5cm 

superior to top of pinna & 

2.5cm posterior, 3cm 

superior & 3cm posterior, 

6cm superior to inion & 3cm 

lateral to inion, 6cm superior 

and 4cm lateral to inion 

Freehand 

Mahan et al 2013 [15] Kocher’s point Navigation 

Manfield et al 2017 [10] Kocher’s point Navigation 
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Matsuzaki et al 2017 [34] Paine’s point – 2.5cm 

superior from the floor of the 

anterior cranial fossa & 

2.5cm anterior to the Sylvian 

fissure 

Freehand 

Muirhead & Basu 2012 [5] Kocher’s point Virtual cannulation 

Muralidharan 2015 [35] Kocher’s point Freehand 

O’Leary et al 2000 [9] Anterior to the coronal suture 

in midpupillary line, approx. 

10cm above the nasion, 3cm 

from the midline 

Freehand, Mechanical Guide 

Park et al 2011 [29] Kocher’s point and forehead Freehand   

Phillips et al 2012 [11] Kocher’s point Navigation 

Phillips et al 2014 [36] 11cm posterior to the nasion, 

3cm lateral from the midline 

Freehand 

Raabe et al 2018 [30] Frontal entry points 1-5cm 

lateral to the midline in the 

sagittal plane & 3cm in front 

of the bregma to 1cm behind 

the bregma, with 1cm 

spacing between points 

Virtual cannulation 

Rehman et al 2013 [6] Kocher’s point Virtual cannulation 

Saladino et al 2008 [37] Kocher’s point Freehand 

Schaumann & Thomale 2013 

[8] 

10 to 12.5cm from the nasion 

and 2 to 3.5cm from the 

midline 

Freehand, Guided 

Rucholtz et al 1998 [31] 11cm cranially to the nasion, 

and 2.5cm to the sagittal line 

CT guided 

Sussman et al 2014 [24] Kocher’s point Freehand 

Toma et al 2009 [2] Kocher’s point Freehand 
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2.5 EVD and Ventriculostomy - Ultrasound Guidance 

Two studies have implemented real-time ultrasound (US) guidance to improve EVD catheter 

placement accuracy [10,11]. In a study by Manfield et al [10], an improvement on current 

ventriculostomy procedures involved employing a burr-hole US probe to provide real-time 

visualization of the EVD catheter as it approached the ventricles. This study built on a previous 

study that employed real-time ultrasound guidance for ventriculostomy performed in pediatric 

cases [12]. For the training of a junior neurosurgeon, use of US was quite beneficial because it 

provided constant feedback of the location of the EVD catheter tip. This technique was limited by 

several technical factors, such as the need to increase the size of the standard burr hole from 

11mm to 13mm to properly position the US probe for guidance [10]. Additionally, surgeons had 

to learn to manipulate the probe and insert the EVD catheter at the same time, while maintaining 

the same image plane [10]. 

Manfield et al [10] described the benefits of using US to guide EVD catheter insertion, 

such as reducing the number of passes needed. A limitation may be that their US technique may 

be applicable only to practice in the UK, where it is standard practice to perform EVD catheter 

insertion in an operating room rather than at a bedside [10]. A high proportion of EVD catheter 

insertions are performed bedside elsewhere in the world, and a significant change to current 

practice might need to be implemented for use of this technology to become feasible elsewhere.  

An earlier study done by Phillips et al [11] reports that their institution, in the United 

States, made real-time ultrasound guidance for ventriculostomies standard practice. Whereas 

Manfield et al [10] focused on the general use of real-time ultrasound for operating room use, 

Phillips et al [11] incorporated the advantages of real-time ultrasound for bedside use in three 

illustrative cases. All three cases involved complications that were recognized and rectified by the 

use of real-time ultrasound. Although this study addressed the United States practice of bedside 
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procedures, the burr-hole size required for use of US was still bigger than what is considered 

standard. 

 

2.6 EVD and Ventriculostomy - Stereotactic Electromagnetic Guidance 

Electromagnetic (EM) navigation for neurosurgery, also known as neuronavigation, was 

evaluated in two prospective studies for use in ventriculostomy procedures [13,14]. Kirkman et al 

[14] had participating neurosurgeons simulate 3 different EVD catheter trajectories at Kocher’s 

point, over 3 attempts. This was a virtual study and there was no time recording during the 

procedures.  

In the same year, another attempt to incorporate EM navigation systems into the 

ventriculostomy procedure to help guide EVD catheters to the ventricles was reported [13]. The 

proposed method involves planning the trajectory of the EVD catheter on the patient’s CT scan 

and then registering the patient’s head to their CT scan and using the navigation probe loaded 

with the catheter, to guide the catheter on the pre-planned trajectory [13]. The patient group who 

underwent ventriculostomy using EM navigation had 37.6% more grade 1 EVD catheter 

insertions over the freehand group [13]. Patients in the electromagnetic navigation group also 

experienced fewer passes to place each EVD catheter, with an average of 1.16 ± 0.38 for EM 

navigation and 1.63 ± 0.88 reported for the freehand group [13]. Although this study reported 

very high accuracy and managed to reduce the average number of passes needed, insertions were 

planned only at Kocher’s point. It was also reported that registration might be problematic, 

especially when extreme swelling significantly affected the head shape as was the case for one 

patient [13]. The time reported for the navigation group was on average 28.76-min and, although 

they did not report the average time of the freehand group, they reported the average time needed 

for the navigation group was longer than that of the freehand group [13]. 
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EM navigation was also employed on a patient population of thirty-five in a study by 

Mahan et al [15]. Although this technology lowered the average number of passes needed to place 

EVD catheters, the time needed for the procedure was on average increased by 36 minutes [15]. 

This technology also relied on a registration method that required high resolution CT scans, 

thereby requiring patients undergo another CT scan following the original diagnostic CT, before 

beginning the procedure [15]. Although the study reported high accuracy, with 94.1% of EVDs 

evaluated at grade 1, there was no follow-up study because of limiting variables such as the added 

time and cost [15] of using EM navigation. 

 

2.7 Ultrasound vs Stereotactic Guidance vs Freehand 

In an attempt to compare the ultrasound and stereotactic guidance methods for ventriculostomies, 

Wilson et al [16] performed a retrospective study on 249 patients separated into either a freehand, 

stereotactic or ultrasonic group. They reported significantly higher accuracy in the stereotactic 

and ultrasonic groups when compared to the freehand group but there was no statistically 

significant difference between the two guidance groups themselves. To confirm the freehand 

group did not have patient cases at a higher risk for mis-insertion, ventricle sizes across all three 

groups was compared and it was observed that there was no significant difference between the 

average sizes of the ventricles targeted. The only risk factor for inaccurate EVD catheter 

placement was whether or not the freehand method was used.  

Although there was no significant difference in EVD catheter placement accuracy 

between the ultrasound and stereotactic patient groups [16], ultrasound guided ventriculostomy 

procedures may take less time than stereotactic navigated procedures because of the additional 

time for image registration that stereotactic navigation procedures generally require [10]. 
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2.8 EVD and Ventriculostomy - Augmented Reality 

Making use of commercially available technology, one research group recently investigated the 

use of the Microsoft HoloLens as a neuronavigation tool for use in ventriculostomy [17]. The 

study demonstrated the feasibility of overlaying patient pre-operative anatomy over the physical 

anatomy, so the surgeon could easily follow a predetermined holographic trajectory. This study 

also took into account an important element, which was structures at risk. This was the only study 

that reviewed CT slices to identify brain structures to avoid, that were at risk of being intersected 

by an automatically planned trajectory. Their use of augmented reality (AR) technology reduced 

the need for space-consuming systems such as electromagnetic navigation systems but confined 

the possible viewing angles of the preoperative anatomy. The AR system relied on a registration 

using surface markers and, although manual re-registration was required if the patient moved 

during drilling of the burr hole, the report effectively summarized the limitations and proposed 

extensions. Because this study did not employ Kakarla grades to evaluate EVD catheter 

placement, which made it difficult to compare accuracy to other studies, accuracy was reported as 

deviation from the target trajectory and patients in the holographic group had EVD catheters 

placed much closer to the target trajectory than in the freehand group. This study reported an 

average number of passes of 1.07 ± 0.26, which was the lowest number of average passes needed 

to successfully place an EVD catheter of all the reports in this review. A difficulty is that AR 

added approximately 40.2 ± 10.74 minutes to the operating time, making this system harder to 

add to the current standard of care for widespread adoption.  

Following the trend of implementing AR systems to increase EVD catheter placement 

accuracy for ventriculostomy, one group developed an Android app to be used as a neurosurgical 

planning aid [18]. The app was designed to overlay patient scans onto the real patient anatomy in 

the operating room, displaying an EVD catheter trajectory to be followed and monitored in real 
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time. Although it was an interesting application, the accuracy of EVD catheter placement and the 

time needed for the procedure were not described in this study. 

 

2.9 Automatic Computer-Assisted Planning 

A recent study reported an attempt to automate the process of planning EVD catheter trajectories 

using CT scans in an effort to improve the safety and accuracy of EVD placement [4]. Using 

computer vision to automatically find the best trajectory from Kocher’s point to the foramen of 

Monro, the average trajectory angle needed was calculated to be 90 degrees. This supports the 

long-held notion that a trajectory that is perpendicular to the surface of the skull has a high 

chance of hitting a ventricle from this entry point. The study was limited to retrospective cases 

and focused mainly on discussing idealized trajectory planning. Reported accuracy was high but 

likely was not reflective of real-world accuracy that would be achieved. Their methodology relied 

on planning from template cases and then registering those template cases to new patient scans. 

The report noted some failures and speculated on reasons for the failures. Future work for this 

study might focus on implementing these methods in a clinical trial, in combination with 

technology such as augmented reality, to provide a user with a better pre-planned trajectory. 

 

2.10 Summary 

 Past work suggests that attempts to improve the insertion accuracy of EVDs using new tools or 

systems, have a low adoption rate clinically. Although recent studies have looked at entry sites 

outside of the typical skull surface landmarks, the area was only slightly expanded near existing 

landmarks. The possibility of completely new insertion sites outside of the confines of existing 

landmarks can and should be investigated. Paired with the ability to account for potential 

deviation from an ideal trajectory, a new flexible method as described in this work could improve 

insertion accuracy while also reducing potential complications associated with this procedure.  
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Chapter 3 

Materials and Methods 

 

This study was conducted in accordance with the principles outlined in the Declaration of 

Helsinki for research involving human subjects. With Institutional Review Board (IRB) approval, 

ninety patient axial CT scans were acquired from Kingston Health Sciences Centre for 

retrospective image analysis. 

 

Materials  

CT scans were chosen based on three inclusion criteria: patient cases tagged as hydrocephalus; 

patient cases tagged as trauma; and patient cases tagged as migraine or headache, representing the 

asymptomatic patient group. A list of potential patient cases was compiled by co-author and 

neurosurgeon, Dr. Alkins. All venticulostomy procedures performed at this center were 

performed using the freehand method as is the current standard of care. 

CT scans were acquired using a GE machine at 2.5mm slice thickness and using an 

Aquilion ONE machine at 3mm slice thickness. Acquisition may have been with or without 

administration of a contrast agent, depending on clinical parameters. 

Patient cases were downloaded in the DICOM image format and converted to the NIfTI 

file format. NIfTI is a standard format for neurological scans and this format was easier to 

manipulate in this study than were the DICOM files. All patient scans were kept within the 

Queen’s University network. Only axial scans, which contain the original plane at which the 

images were taken, were used in this study, which limited the amount of information needed to be 

processed for planning of insertion sites. Axial images were sufficient to perform 3D 

reconstruction. 
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The ICBM 2009c Nonlinear Asymmetric head MRI atlas was used in this study for 

registration and segmentation purposes [38,39]. Segmentation of structures in this atlas was done 

using 3D Slicer, and all further software processing of patient CT scans was performed in Matlab 

(Mathworks, Natick, US) on a conventional personal computer.  

 

3.1 Methods 

Prior to finding potential entry points for a ventrisculotomy, substantial image pre-processing was 

performed. This specifically facilitated segmentation of the ventricles and also provided better 

visualization. 

 

3.1.1 Contrast Adjustment 

The first pre-processing step applied was reducing the contrast of the images. The algorithm 

developed for contrast adjustment was based on previous work for segmentation of CT brain 

images [40, 41, 42]. The range of intensity values of the patient CT scans was first determined, 

along with the intensity values corresponding to the ventricles, the brain structure that we are 

most interested in. This was done by creating a histogram of the image intensity values using 

Matlab’s histogram functionality. After the range of intensity values corresponding to the 

ventricles was identified, the other intensity values were removed from the data structure. Having 

narrowed down the range of intensity values, the data was then clustered using two cluster centers 

representing the two structures we are interested in seeing more clearly. The data were clustered 

using a Matlab expectation maximization (EM) algorithm to find the cluster centers and 

variances. The EM algorithm was initialized using Matlab’s built-in kmeans
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*Lourakis M. TV-L1 Denoising Algorithm [Online]. Available: 

https://www.mathworks.com/matlabcentral/fileexchange/57604-tv-l1-image-denoising-algorithm), MATLAB Central 

File Exchange. [Accessed July 7, 2020]. 

 

algorithm from the Statistics and Machine Learning Toolbox. From the initial estimate histogram 

analysis, and using the assumption that the cerebrospinal fluid filling the ventricles had an 

electron density close to that of pure water, it was determined that the intensity values 

corresponding to the ventricles were those closest to zero and so the cluster center found to be 

closest to zero was retained. The image intensity values for the image were then remapped to lie 

within the range of values for the cluster with cluster center closest to zero. Image intensity 

values were mapped to the new range using Matlab’s imadjustn, a built-in function from the 

Image Processing and Computer Vision toolbox, which mapped intensity values in an N-

dimensional volume from one range to a new range. 

 

3.1.2 Despeckling 

Our CT images contained speckle artifact that affected the visual appearance of the ventricles. 

The speckle observed in our patient CT scans could have affected our segmentation solution 

because of ventricle borders that were not clearly defined. Speckle artifact was reduced by using a 

“de-noising” algorithm that solved a minimization problem first proposed by Rudin, Osher and 

Fatemi [43]. To reduce some of the speckle associated with patient CT scans, total variation noise 

reduction was employed; this was a non-linear optimization algorithm that used the L1 norm. 

This functionality was implemented by a Matlab function written by Manolis Lourakis*. This 

algorithm works best for additive impulse noise, which was a reasonably effective model for 

speckle in our CT scans. The de-speckling algorithm was applied to the contrast adjusted CT 

images. The algorithm was applied to each slice individually rather than to the entire volume as a 

whole. For efficiency, this slice-by-slice algorithm was performed in parallel using Matlab’s 

parfor function from the Parallel Computing Toolbox. The resulting image volume
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largely eliminated the speckle artifact, resulting in an image volume with more clearly delineated 

borders of the ventricles. 

 

3.1.3 Atlas Registration 

Based on advice from a practicing neurosurgeon we identified the sensory and motor cortexes as 

the most important structures in the brain to avoid in a ventriculostomy trajectory. We also 

observed that most ventriculostomy trajectories were planned to avoid crossing the patient’s 

midline. This led to the midline also being designated as a structure at risk. Structures at risk in 

this study were not segmented for every patient case but were instead segmented from our brain 

atlas and deformed to fit onto each patient’s CT scan. The brain atlas used in this study was the 

ICBM 2009c Nonlinear Asymmetric head MRI atlas [38,39], using the T1 weighted images. The 

midline, sensory and motor cortexes were first segmented manually in 3D Slicer. Three NIfTi 

label maps were created, one each for the midline, the coronal suture, and the sensory and motor 

cortexes. The coronal suture was identified and segmented as a visualization tool, rather than as a 

structure to avoid. Because the sensory and motor cortexes were side by side, only one label map 

was created for these structures.  

 To identify patient specific ventricles, a label map of the brain atlas’s ventricles was 

created by segmenting them manually in 3D Slicer. The label map was saved in the NIfTI file 

format. This label map was then deformed using the intensity-based registration method 

imregtform, a built-in registration function in Matlab from the Image Processing and 

Computer Vision Toolbox. The function parameters were set to optimize the computed 

transformation based on a measure of similarity implemented in the function, between the 

reference image, in this case the patient CT scan, and the transformed image, the brain atlas MRI 

scan. The transformation obtained from this operation was then applied to the brain atlas ventricle 
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label map, the brain atlas sensory motor label map, the coronal suture label map, and the brain 

atlas midline label map.  

3.1.4 Ventricle Segmentation 

Ventricle segmentation started with the contrast adjusted, de-speckled patient brain CT images. 

Using the pre-processed CT image, the images’ pixel intensities were clustered using either 4 or 6 

cluster centers with Matlab’s kmeans function. The default number of cluster centers was 4 but, 

in some cases where the resulting segmented ventricles did not have all pixels labelled as 

ventricles that should have been so labelled, the number of cluster centers was increased to 6. 

Visual confirmation was used to determine the number of clusters appropriate per patient case. 

Patient cases labelled as trauma cases more often needed 6 clusters for successful ventricle 

segmentation. Where 6 clusters were more appropriate for the segmentation of the patient 

ventricles, it was observed that the clustering may have been improved because of artifacts in the 

original images, or a condition such as bleeding which introduced new ranges of CT intensities. 

These potentially confounding factors should be noted before starting the process of 

ventriculostomy trajectory planning.  

When picking the range of intensities to use, the cluster centers were first ordered by 

increasing intensity value. In the case of using 4 clusters, the range of intensities identified as 

belonging to the ventricles was the intensities corresponding to the first cluster. In the case of 

using 6 clusters, the range of intensities identified as belonging to the ventricles was the 

intensities belonging to the second cluster. This was confirmed visually in Matlab, by checking 

the resulting mask for each cluster of pixel intensities. The pixels corresponding to the chosen 

intensity range were then labelled as 1 and all other intensities were labelled as 0. This resulted in 

a preliminary selection of pixels within the range of intensities associated with the ventricles in a 

CT scan.  
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There were other structures in the brain with pixel intensities similar to the pixel intensities 

associated with the ventricles. To eliminate these structures and obtain clearly defined ventricles, 

the connected components of each image slice were obtained using Matlab’s bwconncomp, a 

built-in function from the Image Processing and Computer Vision Toolbox. This function enabled 

us to group the connected labelled pixels. The same process was also applied to the label map of 

the manually segmented ventricles from the brain atlas. After the connected components of both 

the patient CT scan and the brain atlas ventricle label map were found, the two images, which 

were already registered, were automatically compared slice by slice to find the connected 

components of the patient CT scan that overlap with the connected components of the brain atlas 

ventricle label map. Any component of the patient CT scan label map that did not overlap with a 

component from the brain atlas ventricle map was discarded.  

After discarding the non-overlapping connected components, the number of image slices was 

reduced to avoid computations on anatomically insignificant image slices. Depending on the 

original number of CT slices, the bottom 30-50% of image slices were removed. To find the 

appropriate number of slices to remove, the remaining slices were visually inspected to confirm 

the necessary ventricle parts remained. The slices discarded often contained fully black images, 

or parts of the ventricles that would not be considered in calculation of ventriculostomy 

trajectories because they were too anatomically inferior for a perpendicular trajectory above the 

brow line to reach these regions.  

To obtain a 3D model of the patient ventricles, it was first necessary to smooth the label map 

to better represent the continuous contours of the ventricles. We used Matlab’s smooth3 

function from the Graphics toolbox and applied a Gaussian convolution filter with kernel size 61. 

This helped reduce the staircase effect observed after image reconstruction, due to the selected 

slice thickness of the original images. Convolution filter and kernel size could be adjusted until 

the desired level of smoothness was achieved. After pre-processing of the patient ventricle label 
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maps was completed, the label map was used to create a 3D model. 3D models used in this study 

were in the STL file format and created using Matlab’s built-in isosurface function, from the 

Graphics Toolbox, with an isovalue of 0.5. After converting the label map into the 3D model face 

vertex structure, the model was written to a file for subsequent processing. 

 

3.1.5 Skull Segmentation 

All necessary brain structures in this study were converted to 3D models, including the skull. 

Because the ventriculostomy trajectory was calculated as a line between two points, the skull 

surface model was only one layer of triangular faces. To further reduce the computation time, the 

skull surface model was reduced by 30-50%, by removing image slices from the base of the neck 

to the brow line. The reduction in the number of slices was applied to the resulting de-speckled 

image. This was done because an EVD is only rarely inserted through the skull at a point below 

the brow line. As well as creating a surface model of the skull, the registered label maps of the 

midline, the sensory motor cortex, and the coronal suture were converted into 3D models in this 

step. 

 Skull segmentation started with the contrast adjusted, de-speckled patient image volume. 

A threshold operation was applied using Matlab’s multithresh built-in function from the 

Image Processing Toolbox. This function implementation used Otsu’s method [45] with 4 

threshold levels, similar to the use of the 4 clusters in ventricle segmentation. Thresholding, a 

function with a smaller runtime, was used in skull segmentation. Finding the threshold of the 

skull was much simpler than attempting to find the ventricles threshold. The threshold level 

selected was usually the third threshold level but, in cases where the skull bone was not 

appropriately represented by the third threshold level, the second threshold level was used. The 

threshold level was chosen by visually confirming the resulting skull segmentation.  
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 In choosing an appropriate threshold level to represent the skull bone, the pixels 

representing the skull bone were identified. The pixels with intensities less than the threshold 

level were set to 0, and the rest were set to 1 to create a binary label map. To obtain solely the 

skull bone, the connected components of the image volume were found using Matlab’s 

bwconncomp and the biggest connected component was identified as the skull bone. All other 

components were set to 0. 

 To obtain only the outer layer of the skull bone, the boundary of the skull bone was 

obtained using Matlab’s bwboundaries, which was a built-in function in the Image Processing 

Toolbox that found the boundary of 2D objects in binary images. The skull boundary was found 

in each image slice and, by ignoring any holes inside the skull, improved computational 

performance and eliminated unnecessary anatomical structures. The skull boundary pixels of each 

image slice were filled using Matlab’s imfill, a function from the Image Processing Toolbox, 

so that all pixels inside the skull bone were set to 1. Whereas the previous step of finding the skull 

boundary accounted for any holes inside the skull, the fill function also accounted for holes, 

filling those in if any remained.  

 The filled skull label map was then used to create a 3D surface model of the skull. To 

avoid the staircase effect often observed with medical images, the label map was smoothed, using 

the CT scans physical dimensions to determine a box convolution filter that had a kernel size of 

31. The convolution filter and kernel size were estimated until the desired level of smoothness 

was achieved. The smoothed skull label map was then converted to a face vertex 3D model using 

Matlab’s isosurface at an isovalue of 0.5. The registered label maps representing the coronal 

suture, the midline and the sensory motor cortex were smoothed using a Gaussian convolution 

filter and a kernel size of 61, then converted into 3D models using isosurface with an 

isovalue of 0.5. All four 3D surface models – the skull, midline, coronal suture, and sensory 

motor cortex – were then written to a file for subsequent processing.
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3.1.6 Generating a Region Map 

There were two important regions calculated when determining entry points for a ventriculostomy 

trajectory. The first region was an area of high accuracy, which was the area that encompassed 

entry points that would have resulted in successful EVD trajectories provided that the trajectory 

was kept perfectly perpendicular to the skull exterior surface. The second important region was 

the region of high dispersion, which accounted for dispersion in the perpendicular angle between 

5 and 10 degrees. More specifically, this allows for a variation of the insertion 

trajectory of the EVD by up to 10 degrees from the perpendicular trajectory. Every triangular face 

on the 3D skull model had a simulated entry point located at the center of the triangular face. An 

ideal trajectory was one that was normal to the triangular face. A dispersed trajectory was defined 

as one that varied by some angle from the normal trajectory.  

 To calculate the region of high accuracy for each skull surface model, the skull surface 

model was first reduced to a total of 5000 triangular faces using Matlab’s reducepatch 

function from the Graphics Toolbox. The reduction in the number of triangular faces provided a 

significant reduction in computation time and produced triangular faces with areas that were 

smaller than a regular burr hole. To further reduce computation time, the minimum volume 

bounding box for the ventricle 3D model was found. Prior to simulating EVD trajectories from 

the entry points to the ventricle 3D model, the trajectories were first reviewed to confirm that they 

did intersect with the minimum volume bounding box around the ventricles. Trajectories that did 

not intersect with the bounding box were rejected. If the proposed trajectory intersecting the 

bounding box, the trajectory was analyzed to determine if it intersected with the 3D model of the 

ventricles and retained if successful. Successful intersection with the ventricles was confirmed 

using the function intersectLineMesh3d, from the geom3D Matlab toolbox*. The 

trajectory was then analyzed to determine if it intersected with the 3D model of the midline or the 
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sensory motor cortex. Trajectories intersecting the 3D model of the structures at risk were 

eliminated. The remaining entry points constituted the region of high accuracy. The number of 

triangles in this area, as well as the surface area were calculated for each patient case. 

 To simulate a freehand interventional procedure, we accounted for trajectory error. 

Previous reports of the deviation in EVD insertion angle was between 5 and 15 degrees in 

deviation [3]. This type of trajectory error was incorporated in our study by finding the entry 

points on the surface of the skull that allowed for a maximum deviation from the ideal trajectory 

of 10 degrees. Simulated dispersion for one entry point resulted in the 10 trajectories being 36 

degrees apart. All trajectories that were found to have successfully intersected the ventricles but 

avoided the structures at risk that were previously calculated for the region of high accuracy, were 

dispersed in 10 different directions around the ideal trajectory for a triangular face. The new, 

dispersed trajectories were tested by first simulating a trajectory with the minimum volume 

bounding box. Trajectories intersecting the bounding box were then tested to confirm intersection 

with the ventricles 3D model using the intersectLineMesh3d function*. Dispersed 

trajectories that intersected the ventricles 3D model were further tested to confirm they did not 

intersect with the 3D models of the structures at risk. This intersection check was also performed 

using the intersectLineMesh3d function*. The entry points with dispersed trajectories that 

fulfilled these criteria were retained and constituted the region of high dispersion. 

3.2 Evaluation 

Evaluation of the visualization tool developed in this study used hit rate, dispersion angles, 

surface areas, skull maps, and catheter length.  

3.2.1 Hit Rate 

In this study, hit rate (HtR) was used to determine the number of potential entry points for a 

ventriculostomy trajectory, as well as the proportion of the skull surface considered feasible for 
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*Legland D, geom3d [Online]. Available: https://www.mathworks.com/matlabcentral/fileexchange/24484-geom3d, 

MATLAB Central File Exchange. [Accessed July 7, 2020]. 

insertion of an EVD. Hit rate was calculated as the number of successful simulated catheter 

trajectories, using the ideal trajectory of a triangular face. In each patient case, 5000 catheter 

trajectories were simulated and tested using the intersectLineMesh3D function*, 

confirming intersection with the ventricles while avoiding the structures at risk.  

 Pairwise comparisons were performed between all three patient groups. The HtR 

observed in the region of high dispersion was also compared pairwise between all patient groups. 

The change in the number of entry points still deemed acceptable as entry points was also 

calculated from the region of high accuracy to the region of high dispersion. The average HtR for 

the region of high accuracy and the region of high dispersion was calculated for each patient 

group and compared. 

 

3.2.2 Altered Angles 

 

Successful trajectories in the region of high accuracy represented the ideal ventriculostomy 

trajectories, with a deviation of 0 degrees. Although perpendicular trajectories are generally 

accepted as providing the best angle for catheter trajectories, it may be physically difficult to 

maintain a perfectly perpendicular trajectory unless using a guide such as the Ghajar guide. 

Potential trajectories were simulated by dispersing by an angle between 2 and 10 degrees from 

the ideal trajectory. This angular dispersion was introduced to represent potential trajectory 

variation from the perpendicular.  

To obtain a new HtR using these dispersed simulated trajectories, two methods were 

applied. In the first method, all 5000 potential entry points on the skull surface were dispersed by 

2-10 degrees, potentially finding regions of entry points that could be used and that the program 

had not considered when only looking for ideal trajectories. For example, to simulate a dispersion 

away from one ideal trajectory by 2 degrees, 10 points were simulated in a circle around the ideal 
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trajectory. For every degree of dispersion, there were a total of 50000 simulated trajectories 

because there were 10 trajectories per triangle, with a total of 5000 triangles over the whole skull 

surface. The HtR at each degree of dispersion was compared within each patient group. The 

average HtR at each degree of dispersion was also compared between each patient group. 

 To test some variations of a ventriculostomy trajectory from an ideal trajectory, 

trajectories originating from entry points in the region of high accuracy were dispersed in 1-

degree increments between 2 and 10 degrees from the triangular face normal. Each entry point 

had a total of 10 simulated trajectories, rotated every 36 degrees around the triangular face 

normal, which resulted in a 10-fold increase in the number of simulated trajectories. The HtR at 

each degree of dispersion was compared within each patient group. The average HtR at each 

degree of dispersion was also compared between each patient group. 

3.2.3 Altered Angles 

Successful trajectories in the region of high accuracy represented the ideal ventriculostomy 

trajectories, with a deviation of 0 degrees. Although perpendicular trajectories are generally 

accepted as providing the best angle for catheter trajectories, it may be physically difficult to 

maintain a perfectly perpendicular trajectory unless using a guide such as the Ghajar guide. 

Potential trajectories were simulated by dispersing by an angle between 2 and 10 degrees from 

the ideal trajectory. This angular dispersion was introduced to represent potential trajectory 

variation from the perpendicular.  

To obtain a new HtR using these dispersed simulated trajectories, two methods were 

applied. In the first method, all 5000 potential entry points on the skull surface were dispersed by 

2-10 degrees, potentially finding regions of entry points that could be used and that the program 

had not considered when only looking for ideal trajectories. For example, to simulate a dispersion 

away from one ideal trajectory by 2 degrees, 10 points were simulated in a circle around the ideal 

trajectory. For every degree of dispersion, there were a total of 50000 simulated trajectories 
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because there were 10 trajectories per triangle, with a total of 5000 triangles over the whole skull 

surface. The HtR at each degree of dispersion was compared within each patient group. The 

average HtR at each degree of dispersion was also compared between each patient group. 

 To test some variations of a ventriculostomy trajectory from an ideal trajectory, 

trajectories originating from entry points in the region of high accuracy were dispersed in 1-

degree increments between 2 and 10 degrees from the triangular face normal. Each entry point 

had a total of 10 simulated trajectories, rotated every 36 degrees around the triangular face 

normal, which resulted in a 10-fold increase in the number of simulated trajectories. The HtR at 

each degree of dispersion was compared within each patient group. The average HtR at each 

degree of dispersion was also compared between each patient group. 

3.2.4 Surface Area 

The surface area of the skull 3D models was calculated, as well as the surface area of the regions 

of high accuracy and regions of high dispersion. The change in surface area from the region of 

high accuracy to the region of high dispersion was also calculated. Surface area was obtained by 

summing the area of each triangular face.  

Surface area comparisons were performed pairwise between patient groups. The surface 

area of the skull, the surface area of the region of high accuracy, the surface area of the region of 

high dispersion and the change in surface area from the region of high accuracy to the region of 

high dispersion were compared using the rank sum test. 

 

3.2.5 Skull Maps 

Two methods were employed for visualization of the entry points found to be best for a 

ventriculostomy trajectory. Two methods of visualization were implemented to give a surgeon a 

simple view of the regions for which they should be aiming, but also to give a surgeon a more 
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detailed view of the gradual decrease in the number of entry points as more dispersion from the 

ideal trajectory was introduced.  

The first method of visualization found the region of high accuracy and the region of high 

dispersion for each patient case and overlaid these regions on the 3D surface model of the skull. 

To help orient a surgeon when deciding which entry point to use, 3D models of the midline and 

the coronal suture were overlaid on the skull surface. These structures were slightly raised so that 

they were visible above the skull surface, despite being anatomically on or below the skull 

surface. 

For a more detailed visualization of the recommended ventriculostomy entry points, hit 

rates from every degree of dispersion from 2 to 10 degrees were summarized on the skull surface 

as a gradual decrease from the region of high accuracy to the region with the highest amount of 

possible dispersion. Colors gradually became lighter as the possible angle of dispersion from the 

ideal trajectory was increased to 10 degrees. As for the simpler visualization model, the coronal 

suture and midline 3D models were slightly raised and overlaid on the skull surface model. 

 

3.2.5 Catheter Length 

Although each patient case differed in brain anatomy, there was a generally accepted range for 

the depth of an EVD that reached a ventricle. This depth was often referred to as the catheter 

length. In this study, the catheter length was measured as the distance between a potential entry 

point on the skull surface and a potential point of insertion in a ventricle.  

Catheter length was measured for each simulated trajectory originating in the region of 

high accuracy, as well as for each simulated trajectory in the region of high dispersion. 

Comparison of catheter length was performed within each patient group. One patient, coded as 

number 8 in the hydrocephalus patient group, was excluded from the catheter length comparison 
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for the region of high dispersion because there were no potential entry points that would result in 

successful cannulation allowing for an angle of dispersion between 5 and 10 degrees from the 

perpendicular trajectory.  

Average catheter length was calculated for each patient group for entry points in the 

region of high accuracy. Average catheter length was also calculated for each patient group for 

entry points in the region of high dispersion. Average catheter length was compared across all 

patient types by region type.  

Catheter length was compared for trajectories in the region of high accuracy pairwise 

across all patient groups using the rank sum test. Catheter length was also compared pairwise 

across patient groups for entry points in the region of high dispersion, as well as the change in 

catheter length from the region of high accuracy to the region of high dispersion. The change in 

average catheter length was also measured and compared pairwise across all patient groups using 

the rank sum test.  
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Chapter 4 

Results 

The results are reported as sections that correspond to those in the chapter that describes the 

Methods that were used. 

 

4.1 Patient-Specific Planning 

The following sections correspond to the steps involved in creating a visualization of the patient-

specific plan for a surgeon to view before a ventriculostomy. An original slice for example patient 

cases from each patient group is shown in Figure 3. 

 

-add original ct images 

4.1.1 Contrast Adjustment 

For brevity, only selected representative example patients from each patient group will be used to 

demonstrate the effect of each pre-processing step involved in obtaining an appropriate 

visualization in the planning of ventriculostomies. In Figure 4, patient 3, patient 6, and patient 26 

were selected from the asymptomatic, hydrocephalus and trauma patient groups respectively. For 

patient 3 in the asymptomatic group, the original range of intensities was between -3024 and 

Figure 3. Original CT image slices for example patient cases. (a-c) Asymptomatic, 

hydrocephalus, and trauma patient case. 
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2319; this intensity range was remapped to lie between 0 and 1, having remapped only intensities 

lying between 3.67 and 78.98. For patient 6 in the hydrocephalus group, the original range of 

intensities was between -2048 and 2108; this intensity range was remapped to lie between 0 and 

1, having remapped intensities lying between 3.58 and 71.29. For patient 26 in the trauma patient 

group, the original intensity range was between -3024 and 2205; this intensity range was 

remapped to lie between 0 and 1, having remapped only intensities lying between 2.73 and 59.85. 

 

Figure 4. Contrast adjusted CT scans from example patient cases. (a-c) Asymptomatic, 

hydrocephalus, and trauma patient case. 

 

4.1.2 Despeckling 

One patient case in each patient type was selected to demonstrate the effects of de-speckling as 

shown in Figure 5. Patient 3, patient 6 and patient 26 were selected as representative cases in the 

asymptomatic, hydrocephalus and trauma patient groups, respectively. The slice selected for each 

example patient case was slice 35 for the asymptomatic case, slice 30 for the hydrocephalus case, 

and slice 32 for the trauma case. Each CT scan was despeckled using the same parameters of the 

total variation noise reduction algorithm. An alpha value of 1 was used and the number of 

iterations was set at 300. 
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Figure 5. Despeckled CT scans from example patient cases. (a-c) Asymptomatic, hydrocephalus 

and trauma patient case. 

 

4.1.3 Atlas Registration 

Representative patient cases for each patient group were selected to demonstrate the effects of 

registration to the brain atlas MRI. In Figure 6, the patients selected were patient 3, 6 and 26 for 

the asymptomatic, hydrocephalus and trauma cases respectively. The slice selected for each 

example patient case was slice 35 for the asymptomatic case, slice 30 for the hydrocephalus case, 

and slice 32 for the trauma case. Each CT scan was registered using the same set of parameters 

for Matlab’s imregtform function. The initial radius was set to 0.004, the growth factor was 

set to 1.01, and the maximum number of iterations was set to 300. 

 

Figure 6. Patient CT scan registered to MRI brain atlas for example patient cases. (a-c) 

Asymptomatic, trauma and hydrocephalus patient case. 
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4.1.4 Ventricle Segmentation 

Binary label maps of the segmented ventricles of example patient cases are shown. In Figure 6, 

selected patient cases chosen were patient 3, patient 6 and patient 26 for the asymptomatic, 

trauma and hydrocephalus patient groups respectively. Only slices with ventricle labels are 

shown. Slices that contained parts labelled as the ventricles were, for these representative CT 

scans:  asymptomatic example, slices 21 to 38; trauma example, slices 25 to 40; and 

hydrocephalus example, slices 18 to 36. 

 

Figure 7. Ventricle label map resulting from ventricle segmentation of example patient images. 

(a-c) Asymptomatic, trauma and hydrocephalus patient case. 

 

4.1.5 Skull Segmentation 

Binary label maps for the skull bone above the brow line were generated for three example 

patient cases from each patient group. In Figure 7, selected patient cases chosen were 3, 6, and 26 

from the asymptomatic, hydrocephalus and trauma patient groups respectively. For the 

asymptomatic example, the calculated threshold level was 349.42. For the hydrocephalus 

example, the calculated threshold level was 347.8. For the trauma example, the calculated 

threshold level was 297.9. 
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Figure 8. Skull label map resulting from skull boundary segmentation of example patient images. 

(a-c) Asymptomatic, hydrocephalus and trauma patient case. 

 

4.1.6 Generating Skull Maps 

A 3D model of the example patient’s skull was generated for visualization purposes. In Figure 8, 

overlaid on top of the patient’s 3D skull model is the region of high accuracy in pink and the 

region of high dispersion in green.  Patients with smaller ventricles, such as those in the 

asymptomatic patient group, had observably smaller plotted regions of high accuracy and high 

dispersion. Any intersections that might have interested the midline or a structure at risk were 

automatically omitted.  

 

 

Figure 9. Skull maps for example patient cases indicating regions of high accuracy (pink) and 

regions of high dispersion (green). Coronal suture (white) and midline (black) included for 

orientation. (a-c) Asymptomatic, hydrocephalus, and trauma case. 
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4.2 Evaluation 

The corresponding sections summarize the results of the evaluation applied to the method 

developed in this work. The following section headings correspond to the same section headings 

in the evaluation portion of chapter 3. 

4.2.1 Hit Rate 

Each skull surface was subdivided into 5000 triangular faces with simulated trajectories 

originating in the center of the triangular face, aimed perpendicular to the triangular face. The 

patient group with the highest overall average HtR in both the high-accuracy region and the high-

dispersion region was the hydrocephalus patients, followed by the trauma patients and then the 

asymptomatic patients; these are illustrated graphically in Figure 9. There was a statistically 

significant difference between the HtR of asymptomatic and trauma patients for high accuracy 

regions, as well as between asymptomatic and hydrocephalus patients for high accuracy and high 

dispersion, which is summarized in Table 2. Statistical significance was evaluated using an alpha 

value of 0.025 after applying the Bonferroni correction to the usual 0.05 threshold of significance. 

 



 

42 

 

Figure 10. (a-c) Hit rate out of 5000 possible catheter trajectories by patient type. (d) Average hit 

rate by patient type. 

 

Table 2. Rank sum results for patient type comparisons of HtR in region 1 and region 2. 

Comparisons are two-way comparisons between (1) Asymptomatic, (2) Trauma, and (3) 

Hydrocephalus. Alpha value corrected using the Bonferroni adjustment resulting in alpha value of 

0.025, which should be used in interpreting results. 

 
HtR: High-Accuracy Region HtR: High-Dispersion Region 

1:2  p = 0.022 p = 0.05 

2:3 p =0.49 p = 0.32 

1:3 p = 0.016 p = 0.0046 

 

 

4.2.2 Dispersed Trajectory Hit Rate 

Simulated trajectories were dispersed from the normal to account for uncertainty that might be 

introduced by potential deviations from a perfectly perpendicular trajectory. Trajectories were 

dispersed from the normal by angles ranging between 2 and 10 degrees while maintaining the 
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original entry point, that is, the dispersed trajectories were mutually intersecting and were not 

geometrically skew. The resulting HtR of dispersing the successful trajectories is reported in 

Figure 10. Resulting HtR when all potential trajectories were dispersed was reported in Figure 11. 

A linear decrease in HtR was observed the further the dispersed trajectory was from the original 

trajectory. This trend was more apparent when comparing trajectories that were considered 

successful with a perfectly perpendicular trajectory to trajectories that were dispersed. 

 

Figure 11. HtR of successful trajectories dispersed by 2 to 10 degrees in 10 different directions 

around the original perpendicular trajectory. Red dots represent outlier patient cases. 
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Figure 12. HtR of all potential trajectories dispersed by 2 to 10 degrees in 10 different directions 

around the original perpendicular trajectory. Red dots represent outlier patient cases. 

 

4.2.3 Surface Area 

Skull surface area was calculated for every patient case. The relevant surface area was reduced to 

the area encompassing all areas of the skull where a trajectory perpendicular to the immediate 

surface would successfully intersect the ventricles. The average surface area for these trajectories 

is summarized in Table 3 by patient type. The area for these successful trajectories was 

significantly smaller in the asymptomatic patient group than in the hydrocephalus patient group, 

as summarized in Table 4. The same trend was observed when comparing the asymptomatic 

patients to the trauma patients.  

This region of high accuracy was further reduced to allow for limited dispersion in the 

trajectory. Areas kept were those that had trajectories dispersed between 5 and 10 degrees from 

the normal and which would still result in a successful intersection with the ventricles. Average 

surface area for these regions by patient group is summarized in Table 3, with the asymptomatic 
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patient group having a significantly smaller surface area in this region than in the hydrocephalus 

and trauma patient groups as summarized in Table 4. There was no significant difference when 

comparing entry site regions for the hydrocephalus and trauma patient groups. Statistical 

significance was evaluated using an alpha value of 0.025 after applying the Bonferroni correction 

to the usual 0.05 threshold of significance. 

 

Table 3. Average surface area, in cm2, by patient type in regions of high accuracy and regions of 

high dispersion. 

 Skull Surface 

Area 

High-Accuracy 

Region 

High-

Dispersion 

Region 

Change in Area 

of Regions 

Asymptomatic 190.24 ± 26.19 126.02 ± 60.76 48.77 ± 44.88 77.24 ± 25.19 

Trauma 228.87 ± 30.58 182.87 ± 54.15 80.94 ± 53.84 101.93 ± 22.24 

Hydrocephalus 207.65 ± 27.58 170.54 ± 54.4 81.83 ± 42.09 88.71 ± 24.59 

 

Table 4. Rank sum results for patient type comparisons of surface area, in cm2. Comparisons are 

two-way comparisons between (1) Asymptomatic, (2) Trauma, and (3) Hydrocephalus. Alpha 

value corrected using the Bonferroni adjustment resulting in alpha value of 0.025, which should 

be used in interpreting results.  

 

Skull Surface 

Area 

High-Accuracy 

Surface Area 

High-Dispersion 

Surface Area 

Change in Surface 

Area 

1:2 p < 0.001 p = 0.0004 p = 0.0099 p = 0.0008 

2:3  p = 0.0156  p = 0.7172 p = 0.6414 p = 0.085 

1:3 p = 0.0108 p = 0.0032 p = 0.0029 p = 0.0748 
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4.2.4 Skull Maps 

 

Figure 13. Skull maps for example patient cases demonstrating alternative method of 

visualization. Colors range from 0 to 11 representing highest deviation from ideal trajectory 

between 1 and 10 degrees. (a-c) Asymptomatic, trauma and hydrocephalus case. 

 

4.2.5 Catheter Length 

Catheter length was measured as the distance between the point of insertion on the skull to the 

point of insertion in the ventricles. As is seen in Figure 13 and summarized in Table 5, the 

average catheter length calculated for trauma patients did not vary significantly between the 

average catheter length of asymptomatic and hydrocephalus patients when calculated for all 

successful trajectories in the high-accuracy region. When comparing the average catheter length 

between asymptomatic and hydrocephalus patients in the region of high accuracy there was also 

no statistically significant difference observed. Statistical significance was evaluated using an 

alpha value of 0.025 after applying the Bonferroni correction to the usual 0.05 threshold of 

significance. 

When we reduced the pool of successful trajectories to those trajectories that were still 

successful when dispersed by an angle of between 5 and 10 degrees, which were simulated in the 

high-dispersion region, the average catheter length followed a trend. As shown in Figure 14, 

asymptomatic patients on average required a longer catheter length, whereas hydrocephalus 

patients on average required a shorter catheter length. As shown in Figure 15, for the change in 
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catheter length from the initial pool of successful trajectories to the reduced pool encompassing 

only successful dispersed trajectories, trauma patients had the greatest change and the highest 

average change. 

 

 

Figure 14. Average catheter length for all successful trajectories, in region 1. 
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Figure 15. Average catheter length for successful dispersed trajectories – greater than 4-degree 

variation allowed. 

 

Table 5. Rank sum results for patient type comparisons of catheter length in the high-accuracy 

region, the high-dispersion region, and the change in catheter length between regions. 

Comparisons are two-way comparisons between (1) Asymptomatic, (2) Trauma, and (3) 

Hydrocephalus. Alpha value corrected using the Bonferroni adjustment resulting in alpha value of 

0.025, which should be used in interpreting results. 

 

Catheter Length, 

High-Accuracy 

Region 

Catheter Length, 

High-Dispersion 

Region Change in Catheter Length 

1:2 p = 0.65 p = 0.11 p = 0.064 

2:3 p = 0.17 p = 0.16 p = 0.5 

1:3 p = 0.061 p = 0.005 p = 0.37 
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Figure 16. Change in average catheter length by patient type. 
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Chapter 5 

Discussion 

 

Currently, ventriculostomy procedures are often performed under emergent, time-sensitive 

conditions, which limits the options for aids to improve procedure accuracy. Due in part to the 

time constraints, neurosurgeons have long relied on pre-determined anatomical landmarks and a 

trajectory perpendicular to the skull surface for EVD insertions. Ventriculostomies are the most 

commonly performed procedure in neurosurgery, yet there is a large discrepancy in the reported 

accuracy results of studies that evaluated the freehand method for ventriculostomy procedures [1, 

2, 3, 13, 21, 23, 28, 29, 37, 45]. Despite the large discrepancies in existing literature, most studies 

concur that this procedure could be vastly improved: accuracy has ranged widely, with studies 

reporting insertion accuracy from 42.5 - 88.4% on the first attempt at insertion [1, 3, 13]. Patient-

specific planning of EVD insertion regions is intended to improve procedure accuracy. 

It is evident that the accuracy of EVD insertions has varied widely, but improvements to 

date have often involved increased demands in the form of equipment, training, and time. 

Previous studies have suggested the use of navigation, such as ultrasound or electromagnetic 

tracking during the procedure [10, 13, 14, 15, 16], as a way to reduce the number of passes and 

increase accuracy. However, neurosurgeons have been reluctant to add more than 10 minutes of 

time to the procedure [23]. It may also be hard to change current traditions that have existed in 

the field of neurosurgery for many decades. Mechanical guides to ensure a certain trajectory, such 

as the Ghajar guide [7], have been shown to decrease rates of mis-insertion, and add no time to 

the procedure [8], but are seldom used in practice [23]. Traditionally, the freehand procedure is 

taught as the first skill in a neurosurgery resident program and residents are required to 

successfully place a catheter in the ventricles before moving on with their training. For example, 

the placement accuracy of junior residents was reported as having successfully cannulated 
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patients in 72% of cases [23], which implies that two or more attempts were needed in 28% of 

cases. This reason alone makes for a compelling case for the adoption of a patient-specific 

planning system, both in emergent cases and for the training of new neurosurgical residents.  

 Procedure parameters that can be varied are limited. In the mechanical performance of 

the procedure, the point of insertion on the skull surface and the angle at which the catheter is 

inserted into the skull are parameters that can be adjusted for a specific patient case. The most 

commonly used insertion point is Kocher’s point, as is evident by the number of times it appears 

in the literature, summarized in Table 1. Kocher’s point is not a clearly effective insertion point; it 

is, however, limited by its small size and the stringency in its placement for less common 

individual anatomical variations. Kocher’s point is an advantageous insertion point in part 

because it typically lies in a region of the skull where the skull bone is spherically shaped, with 

the center of the sphere being the ventricles [1]. Mis-insertions may occur from mechanical 

malalignment of the insertion trajectory, as a result of inaccurate measurements of anatomical 

landmarks, or from a shift in the planned catheter trajectory during the procedure. A virtual study 

of ventriculostomies that looked at catheter placements at Kocher’s point reported that using this 

as the insertion point, the ventriculostomies were only successful in 67% of cases; this suggests 

that a large number of mis-insertions may be attributable to a source of error other than 

mechanical malalignment [6]. Comparing the results of Rehman et al [6] and Saladino [37], there 

were inconsistencies in the accuracy of cannulation at Kocher’s point, which suggests that there is 

a need for some method of planning to introduce more consistency in the operative procedure. 

Our method takes into account the skull surface above the bridge of the nose that also avoids 

eloquent brain structures; the resulting patient-specific map can improve the consistency of the 

operative procedure by locating good regions for a ventriculostomy trajectory for an individual 

patient. 
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5.1 Regions of Interest 

An appropriate place to locate a ventriculostomy trajectory, as determined by software developed 

during this study, is dependent on several parameters such as the patient’s underlying condition. 

For the hydrocephalus patients, the planning system predicted that the skull surface region that 

allowed for high dispersion, or a large margin of error, was evaluated to be the greatest of all the 

patient groups, as summarized in Table 4. This patient group had a large surface area in the 

region of highest dispersion and also had the smallest change in surface area from the region of 

high accuracy to the region of highest dispersion. Trauma patients generally had the greatest 

variety in terms of ventricle size, with their average surface area calculated for their area of 

greatest accuracy and dispersion being less than that of hydrocephalus patients. 

 Another metric that we used to evaluate the size of the regions of interest, both in terms 

of accuracy and dispersion, was the percentage of triangles on the skull surface that result in 

successful catheter trajectories we referred to this as HtR. Using this metric, we also observed the 

same trend in the average size of regions of interest using the surface area.  

 I found only one other study that looked at HtR, by planning many trajectories over a 

gridded area placed on the skull surface [30]. Unfortunately, the study followed the standards of 

other ventriculostomy studies and focused on certain regions of the skull rather than attempting to 

find the best regions for insertion over the whole skull surface [30]. The grid region applied to 

patient images was a 25cm2 area over, or close to, Kocher’s point [30]. Study authors tested every 

entry point in this 5x5 grid with three different kinds of trajectories [30]. Their definition of HtR 

was the percentage of successful trajectories within that gridded area, with the highest reported 

HtR at 86% [30]. The HtR for the regions of interest determined for all patient cases was 100% 

for perpendicular trajectories in those areas. The regions of high dispersion allowed for potential 

mechanical malalignment when guiding the catheter on its trajectory through the brain, permitting 

dispersion in the trajectory between 5 and 10 degrees from the normal angle to the local skull 

surface. 



 

53 

 The regions of high dispersion can act as starting points for ventriculostomy trajectories, 

indicating regions with a potential for successful cannulation. We observed that the skull maps 

include anatomical features often used by surgeons to find insertion sites such as Kocher’s point. 

The maps also include the midline and the coronal suture. As can be seen from Figure 8, the 

example trauma and hydrocephalus patient cases have regions of high dispersion that overlap 

with Kocher’s point. There also was overlap with seldom used insertion points, such as the 

occipital landmarks of Dandy’s point and Frazier’s point. These points are seldom used because 

of the smaller margin of error available when performing the procedure [23], but the findings in 

this research suggest that these regions could be utilized more frequently. With the regions clearly 

marked, and easily found by referencing relative to recognized anatomical landmarks such as the 

midline, surgeons might gain more confidence with narrower insertion sites that would otherwise 

be avoided for fear of intersection with eloquent brain structures. 

 

5.2 Angle Dispersion 

 Although the point of insertion on the skull surface is an important consideration when 

performing a ventriculostomy, of equal importance is the trajectory angle. This is evident in 

studies that have used mechanical guides in attempts to ensure the angle of insertion of catheters. 

An early study that advocated for the use of a ventricular guide was the Ghajar study [7], with 

free-flowing CSF reportedly obtained in all patients but in which only 65% of patients were 

confirmed to have the catheters placed in what would today be considered a grade 1 position. All 

catheter trajectories from the Ghajar [7] study originated from Kocher’s point. In a later study, the 

accuracy of insertions using the Ghajar guide was revisited, with insertions also originating at 

Kocher’s point [9]. Although the number of patient cases that needed to be re-cannulated was not 

reported, the average number of passes needed for successful cannulation was 1.1 ± 0.3, which 

was an improvement over freehand procedures [9]. An improvement over the freehand procedure 
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was discussed but the study authors did not attempt cannulation at other landmarks. Despite the 

use of catheter guides in surgical practice being low [23], another study used a new catheter guide 

and found an improvement over the freehand method [8]. These studies that incorporated catheter 

guides into ventriculostomies, [7, 8, 9] all inserted EVDs at Kocher’s point.  

My study does not compare to a freehand ventriculostomy patient group, but mechanical 

malalignment was accounted for by allowing for angle variation in the EVD trajectory by 

determining which areas of the skull might allow for dispersion in the angle of insertion and still 

result in successful cannulation, as indicated in the skull maps that are shown in Figure 8. Areas 

of the skull that would result in successful cannulation for a perpendicular trajectory, and which 

were then dispersed, had a tighter distribution in HtR as observed in Figure 10; this finding 

suggests that planning ventriculostomies using a patient-specific visualization calculated before 

surgery may be more reliable and more economical in terms of calculation time. An alternative, 

which was dispersing every possible trajectory over the whole skull surface as is summarized in 

Figure 11, produced a greater distribution of HtR results that had an average overall lower HtR. 

Due to a lower HtR, the corresponding entry sites should not be recommended to a surgeon. A 

lower HtR indicates there is less surface area available for EVD insertion, thereby decreasing the 

safe margin of error.  

Other studies have looked at angle variation from the ideal trajectory. Lind et al [25] 

reported a small acceptable range for angle deviation in their occipital trajectories of 8 degrees in 

the sagittal plane and 11 degrees in the coronal plane and is much greater for EVDs inserted 

through the parietal and frontal regions of the brain. Considering that the highest angle deviation 

calculated for the region of highest dispersion is 10 degrees, our planning method might retain 

those occipital regions as an appropriate place in which to drill the burr hole. As was also 

concluded in Lind et al [25], the occipital regions often had the lowest tolerance for dispersion 

from the ideal trajectory, and the frontal areas often had the highest tolerance, with respect to 

angular variation from the perpendicular of the skull surface. Unlike other studies, we were able 
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to calculate regions that could be considered for insertion of catheters and which would allow for 

an angular variation between 5 and 10 degrees, rather than calculating the maximum angular 

variation at existing landmarks. 

Abdoh et al [3] performed a retrospective study on patients who had undergone a 

freehand ventriculostomy. They measured the angle deviation in the EVD trajectory from the 

calculated ideal trajectory, similar to how we dispersed the trajectories from the ideal 

perpendicular trajectory. In their study, they consider a trajectory appropriate if it was ±5 degrees 

from the ideal trajectory, whereas our study allowed for an angle deviation between 5 and 10 

degrees from the ideal trajectory, which provided a larger margin of error for freehand insertions. 

 

5.3 Catheter Sizes 

Catheter length is a common metric in ventriculostomy studies because it can indicate whether an 

insertion is successful. The determination can be based on having pre-calculated the length the 

catheter will need to be inserted to achieve free-flowing CSF. In our study, we defined catheter 

length as the distance from the tip of the catheter to the burr hole. This is a common metric [2, 3, 

4, 5, 6, 13, 14, 28] but it is also common to measure the distance from the tip of the catheter to the 

foramen of Monro in the ventricles. Although measuring the distance to the foramen of Monro 

can be an effective measurement for studies looking to improve their insertion accuracy, this 

statistic is irrelevant to our study because every calculated trajectory successfully reaches the 

ventricles. Another important aspect of the catheter length measurement is its usefulness in 

determining whether a catheter has crossed the midline, a situation surgeons commonly try to 

avoid.  

In our study, we observed that the average length of our simulated catheters was not 

longer than the average catheter length reported in Huyette et al [28]; this is in part because only 

trajectories that did not cross the midline were retained when generating our region maps. The 
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midline was designated as a structure at risk and therefore was a structure to be avoided when 

computing the trajectory. The group that had the greatest catheter length was the asymptomatic 

patient group, with an average catheter length in the region of high dispersion of 51.4 ± 6.4 mm; 

the average catheter length reported in Huyette et al [28] was 87.4 ± 14.0 mm. We separated the 

patient cases by patient type and the standard deviation for each patient group (6.4mm, 5.9mm, 

and 6.3mm) was less than the standard deviation reported in Huyette et al [28]. This lower 

standard deviation suggested that catheter length, when measured inside of the region of high 

dispersion in this study, was a useful metric to evaluate a proposed catheter trajectory. 

In a study done by Abdoh et al [3], they found that the average catheter length from burr 

hole to catheter tip was 60 mm ranging from 39 to 102 mm. Their reported average catheter 

length was closer to the measured average catheter length in this study, suggesting that the results  

we have obtained are anatomically consistent with the Abdoh study that was based on 

retrospective CT scans of patients with previously inserted catheters. One curiosity of the Abdoh 

study is that the catheters were inserted through Kocher’s point, yet they reported a large range of 

catheter lengths. EVDs originating from the same entry site would be expected to have similar 

catheter lengths. They reported the ventricle volume as having had a large range (10 to 118 cc, 

median 53 cc) yet the average reported distance from the burr hole to the midline was 28 mm (11 

to 49 mm), which suggests that they did not account for trajectories that crossed the midline. 
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Chapter 6 

Conclusions and Future Work 

6.1 Conclusions 

In this study, we developed and assessed a new planning system for ventriculostomy procedures. 

The system made use of readily available CT images, which are routinely acquired before 

assessing an appropriate course of treatment. The calculation of regions where one could 

appropriately place a burr hole resulted in a 3D model of potential sites that could be shown to a 

neurosurgeon about to perform the procedure, avoiding the need to introduce new and time-

consuming equipment into the procedure. During this study, we came to similar conclusions as 

Lind et al [25], which were that there is no single landmark that worked best for insertion of 

catheters through the skull. There was often overlap between the frontal regions of high 

dispersion that were calculated for the patients. Overall, our method highlights novel potential 

regions of EVD insertion on the skull surface. These regions have the potential to produce better 

EVD insertions while also giving a neurosurgeon more confidence in performing procedures in 

areas that may be thought of as more difficult, such as the occipital regions of the skull.  

 

6.2 Future Work 

 This system provided a visual planning system for ventriculostomies, but currently the only 

guiding anatomical features provided on the 3D model are the midline and the coronal suture. In 

the future, it may be necessary to incorporate more anatomical structures to help guide where the 

burr hole should be placed; an augmented reality system might also be developed to plot the 

contours of the regions of high dispersion directly onto the patient’s skull surface. A caution that 

is mentioned in Eftekhar [18] is that there may be need of extra resources, such as an assistant, to 
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align the images necessary to make technology such as augmented reality work in the operating 

room.  

 As well as looking at ways to facilitate the use of this program, we can foresee improving 

the current algorithms to decrease current run time. Currently the run time is under 15 minutes 

and, with the anticipated use of this program immediately after the CT scan becomes available, 

the run time should not be an issue in a clinical setting.  

 It would also be beneficial to have the regions of high dispersion overlaid on the CT 

images, because some neurosurgeons might find this method of planning more familiar than 

looking at a 3D model of the skull. In our study, only axial images were utilized; this decreased 

the amount of data that needed to be analyzed and the regions of high dispersion were then 

overlaid on the axial slices. There may be better visualizations for planning a 3D trajectory. 

 Finally, this work could continue on to a clinical setting that evaluates whether clinicians 

actually find this method of planning and visualization useful in their daily practice. A future 

evaluation might assess whether use of this system improves on currently reported 

ventriculostomy accuracy. Another use for this system might be for training neurosurgical 

residents. This system could be tested for its accuracy when used by new residents and then 

compared to the accuracy of new residents performing the procedure freehand. This system has 

the potential to reduce the time needed to train a neurosurgical resident in this commonly 

performed procedure, as well to as reduce the number of passes needed. 
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