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Abstract

Background—Placement accuracy of ventriculostomy catheters is reported in a wide and 

variable range. Development of an efficient image-guidance system may improve physician 

performance and patient safety.

Objective—We evaluate the prototype of Smart Stylet, a new electromagnetic image-guidance 

system for use during bedside ventriculostomy.

Methods—Accuracy of the Smart Stylet system was assessed. System operators were evaluated 

for their ability to successfully target the ipsilateral frontal horn in a phantom model.

Results—Target registration error across 15 intracranial targets ranged from 1.3 – 4.6 mm (mean 

3.1 mm). Using Smart Stylet guidance, a test operator successfully passed a ventriculostomy 

catheter to a shifted ipsilateral frontal horn 20/20 (100%) times from the frontal approach in a 

skull phantom. Without Smart Stylet guidance, the operator was successful 4/10 (40 %) from the 

right frontal approach and 6/10 (60 %) from the left frontal approach. In a separate experiment, 

resident operators were successful 2/4 (50%) when targeting the shifted ipsilateral frontal horn 

with Smart Stylet guidance and 0/4 (0 %) without image-guidance using a skull phantom.

Conclusions—Smart Stylet may improve the ability to successfully target the ventricles during 

frontal ventriculostomy.
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1 INTRODUCTION

Radiologic images are often presented to help surgeons navigate and target during 

procedures. Image-guidance has been used to effectively guide many neurosurgical 

procedures but is not widely used for ventriculostomy due to the time required for 

instrument setup, cost, and complexity of use. A recent nationwide poll of neurosurgeons 

found that greater than 50 percent of respondents would use an image-guidance system that 

guarantees placement 100 percent of the time if it can be implemented within ten minutes 

[1]. Attempts to use fixtures or guides have not been shown to significantly improve 

placement accuracy over the freehand technique [2]. Recent improvements in image-

guidance technology, such as portable components and high-performance computing, offer 

prospects for the implementation of more sophisticated systems that will fit within the 

constraints of clinical practice.

Reported rates of appropriate intracranial catheter placement range from less than 50 to 

greater than 90 percent [3–11]. Unsuccessful placement of the cannula requires its 

withdrawal and an additional pass of the ventriculostomy catheter. Greenberg’s Handbook 

of Neurosurgery dictates a limit of three attempts for the operator to successfully target the 

ventricle [12]. The same survey referenced above reports a wider range of clinical practice 

with 46 percent of respondents having witnessed five or fewer passes [1]. Associations 

between multiple attempts to successfully cannulate the ventricle and intracranial 

hemorrhage have not been thoroughly studied [13]. Properly placed catheters malfunction 

less commonly and require less frequent replacement to maintain patent flow of 

cerebrospinal fluid [14]. Catheter replacement has been significantly associated with 

ventriculostomy-related infection [15].

In this article, we present the development of Smart Stylet as a response to the need for 

improved catheter placement accuracy. This report presents initial measurements of 

performance for the prototype Smart Stylet system. We first established baseline 

expectations for system and operator error. We then requested neurosurgical resident 

operators to target the ipsilateral frontal horn of the ventricular system in a phantom model 

using Smart Stylet.

2 METHODS

2.1 Smart Stylet Components

An electromagnetic (EM) tracking system, a conventional ventriculostomy stylet and 

catheter, and a Dell (Round Rock, TX) Precision personal computer with display were used 

to assemble the Smart Stylet system. (Figure 1) All components are suitable for clinical use 

and commercially available for a total cost of approximately 20,000 USD. We used a pulsed 

direct current EM tracking system designed and marketed by Ascension Technologies 

(Shelburne, VT). A prototype portable flat plate consisting of three EM transmitters (Figure 

2) provided the local EM field where the position and orientation of the EM tracker coils 

could be interrogated by the system. The plate was designed to be under the patient’s head 
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on a hospital bed and composed of a proprietary material to protect the EM field from 

ferromagnetic objects below the transmitter.

Smart Stylet’s software module was implemented in 3D Slicer 2.7, open-access research 

software for image analysis and image-guided therapy (www.slicer.org). The software 

interface consists of a three-dimensional segmented display, two reformatted CT displays, 

and three traditional radiology CT imaging views. All imaging displays were dynamically 

viewed using coordinates transmitted from the EM system. Within the segmented display, 

two trajectories were defined – one along the path of the stylet (incident) and the other an 

ideal straight-line trajectory from the tip of the catheter to the target (planned). The three-

dimensional display was designed to simulate the operator’s environment at the head of the 

patient bed and help provide orientation during navigation. (Figure 3 – Below Display) The 

simulation displays the stylet in relation to surrounding anatomy at twenty frames per 

second. Oblique axial slices (Figure 3 – Above Left) display dynamically at an angle 

perpendicular to the stylet trajectory and in the plane of the target ventricular system. The 

image frame was designed to help the operator align incident and planned trajectories. The 

stylet’s incident trajectory was defined as a red circle that translates across the oblique axial 

slice view. The origin of the x- and y-axes represent the planned trajectory. During the 

procedure, the operator maintains the red circle directly over the origin to achieve a “bull’s 

eye” effect. Oblique coronal slices were positioned along the incident trajectory of the stylet. 

(Figure 3 – Above Right) The view was designed to help the operator align catheter 

trajectory with the target ventricular system. The red line represents the incident trajectory 

of the stylet and remains stationary in the image frame. Figure 3 - Above Right shows a 

portion of the red trajectory line at the inner plate of the skull phantom and represents the 

stylet tip – the stylet is not shown. During the procedure, the operator aligns the incident 

trajectory with patient ventricular anatomy.

In the Accuracy experiment described below, a 1.8 mm 6 degrees of freedom (6-DOF) 

sensor was used to derive the position and orientation of a rigid needle pointer. In the Bench 

and User experiments, a prototype 0.3 mm 5-DOF sensor was used to determine the position 

and orientation of the catheter and stylet. We did not find targeting to require the 

measurement of angular rotation along the length of the stylet. We selected a 0.3 mm sensor 

because it was small enough to be placed at the tip of the stylet within the catheter’s lumen 

(Figure 4) and thereby minimized calibration errors.

2.2 Test phantoms

2.2.1 Accuracy Phantom—A test Accuracy Phantom (not shown) was built using a 

plastic skull replica for use in the Accuracy experiment. Five CT fiducial markers were 

placed across the frontal and temporal regions of the phantom for registration. Fifteen 

intracranial CT fiducial targets were placed on the base of the empty cranial vault along the 

frontal, sphenoid, temporal and occipital bones.

2.2.2 Procedure Phantom—The above test phantom was modified to include a model of 

a shifted ventricular system for use in the Bench and User experiments (Procedure Phantom 

– segmented image shown in Figure 3). To build the phantom, a patient CT image data set 
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with significant midline shift was de-identified. The image was processed using a 

combination of thresholding, morphological operations and manual outlining to make a 

segmented model of the ventricles. The model was converted for use by computer-aided 

design software and a three-dimensional printer processed the image to create a physical 

ventricular model. The ventricular model was rigidly fixed within the plastic skull’s cranial 

vault using the approximate sagittal planes of the medial canthi and approximate coronal 

plane of bilateral tragi.

To create entry points for the Bench and User experiments, three ¼-inch frontal twist drill 

holes were created on the skull replica, two left frontal and one right frontal. Ten centimeters 

were measured posterior to the nasion along the midline. Three centimeters lateral from the 

midline were measured in both directions and two twist drill holes were made using a hand 

crank drill – one left and one right. Once it was determined that the left frontal horn was 

difficult to access from the traditional twist drill hole coordinates, two more centimeters 

were measured lateral from the left hole and an additional entry point was placed. In all 

instances, the hand crank drill bit was positioned perpendicular to the plane tangential to the 

entry point. It was manually confirmed that the target ventricle could be reached from all 

entry points at a catheter depth no greater than 7 cm.

2.3 Accuracy measurement experiment (Accuracy)

The aim of this experiment was to measure the baseline accuracy of the Smart Stylet system. 

First, a segmented three-dimensional model of the Accuracy Phantom was created. The 

Accuracy Phantom was imaged in a Siemens Somatom CT scanner using 1.25 mm slice 

thickness. Images were segmented using Slicer 2.7 software.

2.3.1 Calibration and Registration—The rigid needle was calibrated to define the 

location of the needle tip in relation to the attached 1.8 mm sensor [16].

The Accuracy Phantom was placed in the transmitter space. The calibrated needle was then 

used to acquire spatial coordinates of the three and five external fiducial markers on the 

frontal and temporal regions of the Accuracy Phantom in two separate acquisitions of data. 

A transformation to convert the registration points on the phantom to their coordinates with 

respect to the CT scan was automatically derived [17], defining a registration matrix for 

three fiducials and another for five fiducials. Each registration matrix was used to view the 

calibrated stylet with respect to the CT image.

2.3.2 Data Gathering—Five successive acquisitions of data were completed to determine 

spatial coordinates of the intracranial target points using the tracked rigid needle. The tip of 

the tracked needle was placed on each of the 15 intracranial targets at the base of the cranial 

vault in the Accuracy Phantom. Fifteen sensor readings were acquired. The experiment was 

done twice – once with a three-point registration and once with a five-point registration.

2.3.3 Data Analysis—All data analysis was carried out using MATLAB 7.4.0 (The 

Mathworks, Inc., Natick, MA). For this experiment, target registration error (TRE) was 

defined as the Euclidean distance between the calibrated, registered sensor readings and the 

positions of corresponding intracranial targets on CT imaging. TRE was calculated for each 
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of the fifteen intracranial target points and averaged across five sets of data per registration 

matrix.

2.4 Bench level testing (Bench)

The aim of this experiment was to evaluate the performance of Smart Stylet with an initial 

user. The user was a physician with entry-level clinical ventriculostomy experience and a 

partial developer of the Smart Stylet system. The Procedure Phantom containing the shifted 

ventricular model was imaged and segmented.

2.4.1 Calibration and Registration—First, the stylet was calibrated to define the 

location of the catheter tip with respect to the attached 0.3 mm EM sensor. The Procedure 

Phantom was placed in the transmitter space. A separate EM sensor was used to collect a 

surface map of points by tracing the calvarium with adequate coverage of frontal, temporal 

and occipital areas. The collection of points was used to register the surface of the skull 

phantom to that of the segmented model [18].

2.4.2 Ventriculostomy Catheter Placement—The test operator inserted the stylet ten 

times without image-guidance and ten times with image-guidance. Each pass of the catheter 

was made to a maximum depth of 7 cm or if the operator encountered a solid structure 

within the phantom. The EM tracking system was used to acquire spatial coordinates of the 

catheter tip at the completion of each pass. On each attempt, the operator was blinded to 

success or failure when targeting the ventricle. Each attempt was separated by at least an 

hour to minimize visual-spatial learning.

2.4.3 Data Analysis—The data were analyzed using a method to evaluate catheter 

trajectory. Success or failure was post-experimentally defined by visualizing the trajectory 

with respect to the segmented model of the ventricular system. A trajectory beyond the final 

location of the catheter tip was extrapolated using points representative of the twist drill hole 

and Smart Stylet’s final location on each pass of the catheter. A “hit” or “miss” was 

recorded dependent on intersection of the extended trajectory with the ventricular model.

2.5 User evaluation (User)

The aim of this experiment was to evaluate Smart Stylet when used by neurosurgical 

residents in a clinical simulation representative of distorted ventricular anatomy. Under 

approval of the Institutional Review Board, two resident physicians from the neurosurgical 

service were randomly recruited to test and evaluate Smart Stylet.

The Smart Stylet system was implemented as in the Bench experiment and tested on the 

Procedure Phantom that housed a shifted ventricular model. The same registration and 

calibration transformation matrices used in the Bench experiments were maintained in this 

series of experiments for ease of comparison. Each resident passed the catheter once with 

and once without guidance from both frontal approaches for a total of four passes per 

resident operator. Data acquisition with and without Smart Stylet guidance were separated 

by a minimum of one hour to minimize visual-spatial learning in the study subjects. The 
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residents were requested to pass the catheter to a maximum depth of 7 cm or until solid 

surface was encountered within the cranial vault.

3 RESULTS

3.1 Accuracy measurement experiment

TRE ranged from 1.5–4.6 mm when using a 3-point registration on the Accuracy Phantom. 

Use of a 5-point registration resulted in TRE between 1.3 – 4.6 mm (Figure 5). The mean 

error across all 15 intracranial fiducial targets for both experiments was 3.1 mm. The 

uncertainty in localizing each target ranged from 0.12 to 0.59 mm.

3.2 Bench level testing

The test operator selected the adjusted twist drill hole at 10 cm posterior to the nasion and 5 

cm lateral to the midline on the left frontal approach. The operator successfully targeted the 

ipsilateral frontal horn of the Procedure Phantom using Smart Stylet guidance in 10 (100 %) 

attempts from the left frontal approach and 10 (100 %) attempts from the right frontal 

approach. Without image-guidance, 4 (40 %) attempts were successful when targeting the 

right frontal horn and 6 (60 %) were unintentionally targeted to the contralateral frontal 

horn. From the left frontal approach without image-guidance, 6 (60 %) attempts were 

successfully targeted to the ipsilateral frontal horn and 4 (40 %) unintentionally to the 

contralateral frontal horn (Table 1).

3.3 User evaluation

Both residents selected twist drill hole coordinates at 10 cm posterior to the nasion and 3 cm 

lateral to the midline on the left frontal approach. With image-guidance from the left frontal 

approach, one resident successfully targeted the ipsilateral frontal horn and the other resident 

missed the model. Without Smart Stylet guidance, both residents missed the ventricular 

model. From the right frontal approach using Smart Stylet guidance, one resident 

successfully targeted the ipsilateral frontal horn and the other resident unintentionally 

targeted the contralateral frontal horn of the Procedure Phantom. Without image-guidance 

from the right frontal approach, one resident unintentionally targeted the contralateral frontal 

horn and the other resident missed the ventricle model (Table 1).

3.4 Typical Use Scenario

Smart Stylet in its current developmental stage is a low-cost, rapidly-implemented, 

frameless electromagnetic (EM) image-guidance system. The prototype computer-assisted 

system provides advantages over others commercially available for reasons including 

portability, minimal interference in the EM field from surrounding ferromagnetic objects, 

real-time tracking, and an intuitive display for the operator. The display was custom-built for 

targeting during the ventriculostomy procedure. Using the results of a series of proof-of-

concept, prototyping and laboratory experiments, we present here a typical use scenario. The 

Smart Stylet components would be on a small mobile cart that is easily placed at the patient 

bedside. The use of Smart Stylet does not require fiducial-based registration and so an 

additional imaging study is not required after the initial screening examination. These 

volumetric computed tomography (CT) images can be transferred from the CT control room 
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computer to the Smart Stylet computer via a universal serial bus (USB) portable disk drive 

or over the radiology imaging network (data transfer < 30 seconds) to decrease system setup 

time. A “metal immune” EM transmitter board is first slipped underneath the head, the head 

is non-rigidly fixed with foam pads, the Smart Stylet system is calibrated, and the EVD 

catheter position can be measured in relation to the patient’s head. The EVD cannula is then 

placed under Smart Stylet guidance, the guidance equipment is removed, and the patient is 

ready to be sent for a confirmatory CT imaging study. We estimate this preliminary practice 

outline would add no more than ten minutes to procedure time.

4 DISCUSSION

The experiments presented in this article were designed to assess the accuracy and utility of 

Smart Stylet. All components were off-the-shelf including the personal computer, EM 

tracking system, EVD catheter, and stylet. Once the system was assembled, we determined 

the sources of system and operator error. We addressed major obstacles when using the 

prototype Smart Stylet system in environments limited by time, location, and cost.

Custom phantoms were built and each step of the image-registration process analyzed to 

help isolate system and operator errors. Errors due to system design and setup were more 

evident when using the Accuracy Phantom in the Accuracy experiment. Placement of the 

tracked pointer on a visualized target helped localize sources of error to the processes of 

calibration, registration, and segmentation. The operator errors while carrying out the 

procedure were best observed while using the Procedure Phantom that housed a shifted 

ventricular model in the Bench and User experiments.

Smart Stylet was built for implementation without extensive procedure planning and 

hardware setup. It is not clear how best to quantify intracranial distortions in the event a 

significant midline shift is not present. One study defined quantitative measures of 

hydrocephalus using patient measurements derived from CT imaging studies. The article 

describes that the measure correlates well with patients experiencing hydrocephalus but not 

with inaccuracies of cannula placement [5]. A phantom with a ventricular system normal in 

size, morphology, and location would assess an individual’s ability to improve on traditional 

practice. EVD’s have traditionally been placed with high levels of accuracy, albeit variable. 

While preparing the phantom for Bench level testing and User evaluation experiments, fluid 

or gelatin was not used within the cranial vault to simulate brain parenchyma. It could be 

argued that selection of a trajectory prior to passing the catheter is commonly the most 

difficult portion of the procedure. Alternatively, maintenance of a linear trajectory in the 

Procedure Phantom’s air-filled space may prove more technically difficult than navigating 

through simulated parenchyma. Once in the air-filled cranial vault, the catheter resides in a 

less constrained environment thus granting the operator increased freedom to deviate from 

the previously intended linear trajectory. A phantom with simulated parenchyma would 

require significant adjustments between experiments to eliminate catheter tracts in simulated 

parenchyma. Using the air-filled phantom, multiple experiments and passes of the Smart 

Stylet were possible without disassembly of the phantom. This method prevented the use of 

multiple registration matrices, minimized sources of error, and allowed for ease of 

comparison between trials. We selected a registration method suitable for use at the bedside 
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in the Bench and User experiments by calculating a matrix from a trace of the phantom’s 

calvarium using an EM sensor [18]. In clinical practice, this registration algorithm would 

minimize time for system setup by removing the requirement to place fiducials followed by 

an additional pre-procedure imaging study.

Results of the Accuracy measurement experiment report an average error of 3.1 mm when 

targeting intracranially with Smart Stylet. Bench level testing demonstrated an improved 

ability for the operator experienced with the system to target a shifted ventricle model in a 

skull phantom. Similar levels of placement accuracy were observed during the Bench 

experiment when the operator used the left and right frontal approaches. The targeting 

accuracy of the residents during the User evaluation experiment was improved with the help 

of Smart Stylet guidance although the results are not conclusive due to the small sample 

size. The residents had never interacted with Smart Stylet prior to the experimental attempts. 

They were given a verbal description of the display without extensive time to study the 

interface and subsequently requested to pass the catheter. The 50 % success rate using Smart 

Stylet guidance, while not exemplary, shows an improvement from 0 % and presents the 

potential for improvement in a technically difficult scenario or in the presence of a midline 

shift. These preliminary results warrant further development of Smart Stylet and indicate 

that it may have a place in neurosurgical training and practice.

TRE was calculated to analyze results of the Accuracy measurement experiment and 

establish a baseline expectation for system error when using Smart Stylet. The accuracy 

numbers in this article differ from those occasionally used to describe the accuracy of EM 

systems. Some reports describe manual measurements of system accuracy to confirm 

targeting information presented to the neurosurgeon [19,20]. Other articles report a measure 

known as the Fiducial Registration Error (FRE) [21,22]. The Euclidean distance is 

calculated between the points representative of fiducials in the CT images and the 

coordinates from the calibrated, registered pointer placed on the corresponding fiducials in 

transmitter space. Error measures can be given for each fiducial, averaged to calculate FRE, 

and used to assess the quality of a given registration. TRE can then be used to assess how 

well the operator can target a non-fiducial target point in transmitter space. These 

calculations become impossible intraoperatively due to fiducial displacement with scalp 

retraction and target displacement with brain shift. Irrespective of the method used to 

calculate error margins, baseline error for Smart Stylet using TRE in the Accuracy 

experiment is comparable to those figures reported in other studies of frameless EM systems 

[19,22–24,20]. During Bench and User experiments, we broadly defined our targeting ability 

by visualizing the trajectory of the Smart Stylet in relation to the shifted ventricular model. 

A binary definition of accuracy on pass of the catheter as “hit” or “miss” is more relevant 

than calculated error in a clinical simulation and setting.

Modern optical and EM navigation systems are used exclusively in the operating room. 

Time-consuming practices that limit use of these systems include the transfer of large 

imaging datasets from the radiology information systems to the navigation system, 

segmentation, and registration of the patient to the image. While these tasks may take 

minutes, the estimated window of opportunity for system deployment is 10 minutes [1]. The 

time to transfer imaging data could be improved by use of a portable USB drive to transfer 
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studies from the CT control room PC to the navigation PC. If the navigation PC is added to 

the radiology imaging network, images could transfer within seconds. Rapid file transfers 

could save the neurosurgeon significant amounts of time while deploying the system. 

Quicker methods of creating three-dimensional visualizations such as volume rendering may 

be more practical than segmentation. In order to use a portable tracking system such as 

Smart Stylet at the bedside, registration of the patient to the segmented model must be 

mastered or further automated. Improvements to the efficiency of system deployment are 

relevant in emergency clinical scenarios like trauma or other acute presentations of 

increased intracranial pressure that require rapid intervention.

In its current developmental stage, Smart Stylet differs from modern systems meant for the 

operating room due to its portable components and unique imaging display. EM sensors are 

normally placed at convenient locations on instruments meant for the operating room based 

on sensor size. The distance to the tool tip must then be calculated to accurately measure and 

display tip position in relation to pre-procedure imaging. Calibrating for longer distances 

results in greater error than when the sensor is placed close to the instrument tip. If the 

sensor is placed at the base of the catheter stylet, any bends in the catheter due to its weight 

under gravity and/or during the catheter pass will also cause inaccuracies in the initial 

calibration. Smart Stylet was designed to minimize these sources of error by placement of 

the prototype 0.3 mm EM sensor at the tip of the cannula. The system’s tracking 

functionalities allow the operator to view the EVD catheter and stylet with respect to the 

segmented pre-procedure imaging in real-time. The simulation provides a virtual-reality 

view of the procedure from the head of the patient’s bed. The two oblique views provide 

more detailed visual feedback to align the trajectory with the intended target in comparison 

to the information provided in the segmented view.

The portable prototype EM transmitter (Figure 2) was designed for use at the bedside in a 

trauma bay, emergency room, intensive care unit (ICU) or other inpatient setting. The base 

is composed of a proprietary material designed by Ascension Technologies that shields the 

EM field from any ferromagnetic interference below the patient (i.e., hospital gurney and 

ICU bed frames). The three EM field generators surrounding the patient head were 

strategically placed to allow for intraprocedural positioning of the patient head. A dynamic 

frame can be used to compensate for any movement of the patient within the transmitter 

space [21,25,26]. We did not assess any changes to system accuracy due to dynamic frame 

calculations in this series of experiments. The transmitter design allows for non-rigid 

fixation or immobilization of the patient head by padding the spaces between the three 

transmitter bases and the patient. Further studies are being developed to improve Smart 

Stylet’s design and test it within a clinical practice setting.

Study limitations

Results of the current study were concluded using phantom simulations and do not directly 

correlate to clinical practice. Measurements that can be optimized using high precision data 

capture (calibration, registration and segmentation) required user input. Errors due to 

calibration and registration can be readily quantified while segmentation errors are more 

subjective given the large amount of user input necessary to build the three-dimensional 
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image models. TRE was minimized to an average of 3.1 mm. The sensor was not fixed 

within the catheter and this may have inadvertently caused variability in measurements of 

catheter position. Operator and resident performance may have been effected by use of a 

flexible catheter and stylet with an air-filled phantom. Lack of simulated brain parenchyma 

prevents tactile feedback to the operator and subjects the catheter to gravity. This study may 

not generalize well to other practitioners given the low number of study participants.

5 CONCLUSION

Smart Stylet provided an advantage over the freehand frontal technique when targeting the 

ventricles in a phantom experiment representative of distorted ventriuclar anatomy. The 

results of this study warrant further development of the prototype Smart Stylet system.
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Figure 1. 
Smart Stylet system component flowchart.
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Figure 2. 
Prototype flat plate EM transmitter. The transmitter can be positioned and removed from 

under the patient’s head at the bedside. Three small cube transmitters are positioned on a 

plate to create a working volume around the patient’s head.
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Figure 3. 
Smart Stylet display. Above Left – bull’s eye reformat (axial). Above Right – trajectory 

reformat (coronal). Below – segmented view (green = planned trajectory, red = incident 

trajectory)
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Figure 4. 
0.3 mm prototype electromagnetic sensor (Above) in comparison to an external ventricular 

drainage catheter (Below). An EM sensor is also shown in the catheter alongside the stylet.
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Figure 5. 
Target registration error with five acquisitions of data across fifteen intracranial targets in a 

3-point registration (Above) and 5-point registration (Below).
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Table 1

Bench and User experiments by Right and Left frontal approaches, With (Smart Stylet) guidance, and 

Freehand. 

Targeting results

Bench level testing Hit Contralateral Miss

Right With guidance 10 0 0

Freehand 4 6 0

Left With guidance 10 0 0

Freehand 6 4 0

User evaluation

Right With guidance 1 1 0

Freehand 0 1 1

Left With guidance 1 0 1

Freehand 0 0 2

Hit = success targeting ipsilateral frontal horn, Contralateral = target the contralateral ventricle, Miss = fail to encounter ventricle model
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