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Abstract  

MRI-guided percutaneous needle-based surgery has become part of routine 

clinical practice. There are millions of these procedures performed in Canada. The 

conventional MRI-guided needle intervention is usually performed with the primary goal 

of navigating a needle to a target while sparing healthy and/or critical structures. Potential 

limitations of conventional unassisted free-hand needle placement include the physician's 

ability to align and maintain the correct trajectory and angle toward a target, especially in 

case of deep targets. In contemporary practice, images are displayed on the operator's 2D 

console only outside the treatment room, where the physician plans the intervention. 

Then the physician enters the room, mentally registers the images with the anatomy of 

the actual patient, and uses hand-eye coordination to execute the planned intervention. 

Previous concept has been shown and preliminary results discussed from demonstrated 

MRI-guided needle intervention using an augmented reality 2D image overlay system in 

a closed configuration 1.5T MRI scanner. However, the limited availability of 

interventional MR imaging systems and the length of time of MR-guided interventions 

have been limiting factors in the past. 

This dissertation addresses topics related to evaluating and developing the 2D 

augmented reality system, the assistance device for MRI-guided needle interventions. 

This research effort has primarily focused on developing a new adjustable 2D MR image 

overlay system and validating the previous 2D image overlay system in the clinical 

environment. The adjustable system requirement is to overcome the oblique insertions, 

difficulties inherent to MR-guided procedures, and to promise safe and reliable needle 

placement inside closed high-field MRI scanners. This thesis describes development of 
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the image overlay system including requirements, mechanism design and evaluation of 

MR compatibility. Additionally, a standalone realization of an MR image overlay system, 

named “The Perk Station” was developed, implemented and evaluated. The system was 

deployed in the laboratory as a training/teaching tool with non-bio-hazardous specimens. 

This laboratory version of the system allows for evaluation of trial interventions. The 

system also supports recording of the complete intervention trajectory for operator 

performance, technical efficacy, and accuracy studies of insertion techniques.  
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Chapter 1 

Introduction 

1.1 Background and Significance 

Image-guided percutaneous (through the skin) needle-based surgery has become 

part of routine clinical practice in performing procedures such as biopsies, injections and 

therapeutic implants. The number of these procedures can be measured by the millions in 

Canada. They are usually performed under some form of image guidance, such as 

computed tomography (CT), magnetic resonance imaging (MRI), ultrasound (US) or 

fluoroscopy, with the primary goal of navigating a needle to a target while sparing 

healthy and/or critical structures. Significant efforts have been devoted to image-guided 

percutaneous needle-based interventions during the past decade.  Numerous surgical 

guidance and navigation methods have been developed for needle-based surgery. While 

these systems have demonstrated favorable characteristics and performance in certain 

aspects, their development processes were informal, because the optimal usage and 

combination of imagery, decision support information and mechanical assistant devices 

were largely unknown. Prototypes are usually tested in the limited context of a particular 

clinical problem and no methodology is available for systematic comparative analysis.  

Contrary to casual observation, needle-based surgery can be a complex 

intervention. Translational and rotational motions, as well as bending and insertion forces 
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can be combined for delicate needle control in needle-based surgery. Unlike conventional 

surgery, the surgeon does not have direct visual feedback inside the body. Space and the 

means for desired maneuvering of the surgical device, however are extremely limited. 

Last but not least, errors, such as internal bleeding, which increase the risk of these 

otherwise appealing outpatient procedures, must be detected and recovered from. 

Trainees usually perform needle interventions under the supervision of a senior 

physician. This is a slow and inherently subjective process that lacks objective, 

quantitative assessment of the surgical skill and performance. Current evaluations of 

needle-based surgery are rather simplistic. Usually needle tip accuracy and procedure 

time are recorded, the latter being used as an indicator of economic feasibility. Many 

important nuances that pertain to collateral morbidity, side effects, pain and patient 

discomfort are not captured in the current surgical performance evaluation models. The 

surgical process, actions and motions have not been formally described or quantitatively 

analyzed. 

1.1.1 MRI-Guided Interventions 

Magnetic Resonance Imaging (MRI) is an excellent imaging modality for the 

detection and characterization of many human diseases. Its outstanding soft tissue 

contrast allows for accurate delineation of the pathologic and surrounding normal 

structures. Thus, MRI has an unmatched potential for guiding, monitoring and controlling 

therapy [1], [2]. In needle biopsies, the high sensitivity of MRI in detecting lesions allows 

good visualization of the pathology, and its superior soft tissue contrast helps to avoid 



 

3 

 

critical structures in the puncture route [3], [4]. Minimally invasive diagnostic and 

therapeutic image based interventions have been performed under near real-time MRI 

guidance [5]. The trend that started nearly a decade ago continues today, with even better 

and faster scanners [6] and advanced assistive devices such as in-scanner robots [7].  

Advances in magnet design and magnetic resonance (MR) system technology 

coupled with the development of fast pulse sequences have contributed to the increasing 

interest in interventional MRI. The trend is to use high field closed magnets [8], mainly 

because of improved imaging quality and wider availability of pulse sequences. 

Considering these trends, we believe that the use of conventional high-field closed MRI 

scanners for guidance will allow more successful dissemination of MR-guided techniques 

to radiology facilities throughout the country and eventually beyond.  

1.1.2 MRI-Guided Musculoskeletal Biopsy 

Biopsy is often a key step in the diagnosis of neoplastic, infectious or tumor-like 

musculoskeletal lesions. For neoplasms, a well-planned and executed biopsy facilitates 

accurate grading, staging and appropriate treatment. A poorly performed biopsy can be 

detrimental by failing to provide a diagnosis, misclassification (under grading), delaying 

treatment or misdirecting therapy. Fluoroscopy, ultrasound (US), and particularly 

Computed Tomography (CT) have been the primary modalities used for guiding 

interventional procedures but each can be limited by poor lesion visualization (contrast 

resolution) or other modality specific constraint. Ultrasound can provide a good means to 

assess musculoskeletal pathology and perform image-guided biopsy, but the modality’s 
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role in detecting bone lesions with an intact cortex cortical bone or isoechoic soft tissue 

pathology is limited. MR has several features that favor its use as a guidance method. In 

some practice settings, MR guided musculoskeletal biopsy is utilized for specific 

instances and problematic lesions [9]. The contrast resolution provided by MR imaging is 

able to detect lesions not visible with other modalities; particularly edematous lesions are 

often not seen by CT imaging but are shown as a signal increase of bone marrow in fluid 

sensitive sequences such as fat suppressed T2 weighted and STIR, which can be reliably 

visualized and readily biopsied [10]. Another highly suitable case for MR-guided 

biopsies includes patients with recurrent musculoskeletal neoplasm. These tumors, 

especially when of soft tissue origin, are typically visualized only in follow-up MR 

imaging scans. The technique is effective where interventional MR programs exist and 

sufficiently applicable for use in clinical practice [11]. The complication rate of MR-

guided bone biopsies is low, with no significant incidents reported [12]. Thus, MR guided 

musculoskeletal biopsy is becoming an established practice with the potential for 

expansion if more facile biopsy systems were available for the current install base of MR 

devices. 

1.1.3 MRI-Guided Spine Interventions 

MR guidance is being used for a host of spine injections and pain management 

procedures such as discography [13], [14], periradicular nerve blocks [12], sympathetic 

blocks [15], celiac plexus blocks [16], sacroiliac joint injections [17], and facet joint 

neurotomies using cryotherapy. MR imaging provides exceptional depiction of the 
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pathoanatomy in the vertebral column and intervertebral discs and also provides superb 

visualization of spinal nerves and exiting nerve structures. The exiting nerve can be easily 

assessed and accessed. Anatomy that might be obscured in fluoroscopy by degeneration 

or other pathology is readily identified and the procedure planned accordingly [18]. 

Nerve blocks also have good value in identifying the appropriate spinal level and 

predicting success of surgery. Periradicular nerve infiltration is a well-suited procedure as 

the root sheath forms a structure easily detectable at MR imaging [18]. Good results have 

been reported when treating radicular pain caused by contained intervertebral disc 

herniation [12]. As a single modality, MR facilitates diagnosis and treatment of 

degenerative disease of the spine. Disc access is used for diagnostic (discography or 

aspiration for suspected infection) and therapeutic purposes. Demand for discography is 

increasing, as a diagnostic tool to determine levels of pain generation for patients who are 

being considered for surgical management or another type of minimally invasive 

procedure. Degenerated discs may be relatively motionless and the source of pain may be 

at the relatively normal appearing (or at least less degenerated appearing) levels above or 

below due to abnormal biomechanics at these levels. While the diagnostic utility of 

discography is evident for identifying discogenic pain, the treatment utility based on the 

patient outcome is paramount. Therefore, the value added feature that discography should 

provide is to identify patients who may be amenable to available therapies and to exclude 

those who do not have the intervertebral disc as a substantial nociception. Meanwhile, 

less invasive forms of intradiscal therapy are also evolving (e.g. percutaneous disc 
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decompression using coblation, intradiscal electrothermal anuloplasty and radiofrequency 

nerve ablation) which may make discography more relevant.  

There are a number of technical aspects and concerns to consider when putting an 

interventional magnet into operation. Among the most relevant ones are: the 

configuration and field strength of the magnet (which requires a compromise between 

access to the patient and signal-to-noise), the safety and compatibility of the devices and 

instruments that will be used in or near the magnetic field, the spatial accuracy of 

imaging for localization and targeting, the optimal use of the imaging hardware and 

software (the dynamic range of gradients, the limitation and availability of pulse 

sequences, radiofrequency coils) and the level of integration with guidance methods for 

accomplishing the procedure. 

1.2 Requirements  

The efforts proposed here are targeted towards the development of a clinically 

feasible realization of previous proof-of-concept prototypes carried out by [19].  As a 

continuation of a long-term multi-year research project, the fundamental components of 

this thesis work represent significant improvements based on previous discoveries.  These 

improvements shall incorporate recent advances in related technologies and contribute 

new techniques and algorithms to the field of image-guided surgery.  The new systems to 

be developed shall improve the efficacy (e.g. operation time) of existing clinical 

interventions as well as potentially enabling novel procedures and training methods. 
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The technical hypothesis is that MR image overlay guidance is suitable for a 

variety of needle-based interventional procedures and it allows for appropriate procedural 

accuracy and consistency in musculoskeletal and spinal interventions on conventional 

closed high-field MRI scanners, as opposed to the open low-field MRI scanners 

commonly used.  

The specific works toward proving our technical hypothesis are the following: 

1. System Development: Develop a clinically adequate and integrated image 

overlay system to guide needle insertion on high-field (1.5T-3T) closed MRI 

scanners. 

2. Preclinical Validation: Refine procedural workflow and perform technical 

validation of the system on phantoms and human cadavers. 

3. Clinical Evaluation: Perform clinical system performance evaluation trial on 

human subjects  

.  

1.3 Dissertation Contributions 

This dissertation makes three main contributions: 

1. We have quantitatively evaluated the accuracy of the MR Image Overlay System 

(MR-IOS) on lumbar spine phantom, on a clinical MRI scanner. The system has 

been tested to be used in an MRI environment. Transitional clinical practices have 

been performed as an alternative surgical guidance for needle interventions in 
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different procedures such as biopsies, verterbroplasty, epidural injections, 

arthrography, discography, and nerve block in human cadavers. 

2. The limitation in the preliminary MR image overlay prototype is the limitation of 

oblique insertion. To solve the problem of inaccessibility in the oblique plane, we 

have developed the MR Image Overlay Adjustable Plane System (MR-IOAPS). 

This new image overlay device will support oblique insertions, in contrast with 

fixed-angle insertions associated with previous MR image overlay systems.    

3. We have presented a portable training station for percutaneous interventions 

called The Perk Station. This training system will be used as a laboratory 

training/teaching tool with non-bio-hazardous specimens. As for the laboratory 

training, the system will be used to bring out the clinical components, such as the 

patient and imaging devices, to laboratory. We have created a standard phantom 

to represent a patient and the image overlay is to represent an imaging device. As 

for use as a teaching tool, the system will be used for demonstration.  To serve 

such purposes, the training system is designed to be transportable and lightweight. 

1.4 Dissertation Overview 

This dissertation is composed of three main parts, corresponding to three different 

approaches to the usage of the image overlay technique in needle insertions. This 

dissertation is organized as follows:  

Chapter 1 presents the background and significance of the image-guided percutaneous 

interventions in MRI.  
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Chapter 2 reports a literature review of the needle guidance techniques and augmented 

reality technology for surgical navigation.   

Chapter 3 reports the evaluation of the current prototype MR-IOS and the clinical 

feasibilities based on the experiments on phantoms and cadavers.  

Chapter 4 describes the design of the MR image overlay adjustable plane system (MR-

IOAPS).  We analyze and report the preliminary results from motion characteristics of 

the MR-IOAPS and propose the initial intraoperative calibration for the system.  

Chapter 5 describes the design and usability of the needle training station called The 

Perk Station. We show that the Perk Station is a replicable and adaptable tool for 

teaching computer-assisted surgery at all levels, from high-school science classes to 

clinical residency.   

Chapter 6 summarizes the significant contributions of this dissertation.  
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Chapter 2 

Needle Guidance and Augmented Reality Technology 

Preamble:  In this chapter, in addition to my own text, I use images, figures and text from 

publications of which I am first or second author [20], [21]. I made enabling 

contributions to this effort.  For the system, I performed all setup and implementations. I 

was involved in most of the writing and editing of the manuscript. 

2.1.1 Needle Guidance Techniques  

In most image-guided needle placement applications, the success of the procedure 

is directly linked to the spatial accuracy of needle placement. This effect is particularly 

definitive, for example, in biopsy and other diagnostic procedures, where missing the 

target anatomy would likely result in faulty diagnosis. In localized treatments like radio-

frequency ablation, needle placement accuracy is also of crucial importance, because 

faulty needle placement has been known as the most significant cause of failure [22]. 

Faulty needle placement may also violate sensitive structures, which exposes the patient 

to great risk and pain. Potential limitations of conventional unassisted free-hand needle 

placement include the physician's ability to align and maintain the correct trajectory and 

angle toward a lesion, especially in case of deep lesions. In contemporary practice, 

images are displayed on the operator's 2D console only outside the treatment room, 

where the physician plans the intervention. Then the physician enters the room, mentally 
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registers the images with the anatomy of the actual patient, and uses hand-eye 

coordination to execute the planned intervention. 

To aid the physician in image-guided freehand needle placement procedures, an 

array of assistive techniques, such as medical robots, handheld needle guides and 

mechanical arms have been tried out. Bidwell patented a passive needle guided on a 

table-mounted arch system [23], but there is no published evidence of its clinical use. 

Conceptually similar restraining systems combined with stereotactic instrumentation 

[24], [25] also did not become popular, most likely because positioning the patient in the 

fixation system was prohibitively complex. Handheld needle guides have been proposed 

by Palestrant [26] and a similar device was developed by the investigators at the Johns 

Hopkins University [27] as shown in Figure 2-1 (left), where the needle guide is preset to 

the desired insertion angle and the bubble level is held horizontally in-line with the 

transverse laser plane. Here the trajectory of the needle is marked by the intersection of 

the transverse and a parasagittal laser planes. In order to support bilateral interventions, 

two parasagittal laser planes were used. The usefulness of these devices was found to be 

limited by requiring excellent hand stability.  
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Figure 2-1: (Left) Handheld needle guidance [28]. (Right) biplane laser guidance [28] 

Several studies have found biplane laser guidance to be helpful in CT-guided 

insertions [29], [30], and [31]. In our experiments at Johns Hopkins, biplane laser 

guidance compared favorably to conventional freehand unassisted insertions [27], [28]as 

shown in Figure 2-1 (right). A few MRI-compatible percutaneous needle puncture robots 

have been also proposed for open magnets [32], [33], [34] as well as for closed magnets 

[35], [36], [37]. Unfortunately, these robots bring excessive and impractical costs and 

engineering complexity into the otherwise relatively straightforward needle placement 

procedures, and thus are not readily suitable for routine needle insertion procedures. 

While robots allow the procedure to take place inside the magnet under real-time image 

feedback, they force the interventionalist to give up control and haptic sensing. The 

clinician losing control of the device in lieu of a robot is not well embraced by FDA and 

health in Canada. These are critical safety issues that are subject to intense scientific and 

regulatory debates. Moreover, aforementioned are the works related to either 

brachytherapy or breast cancer treatment, which are not our target procedure.  No 

relevant work with closed high-field MRI can be found for the musculoskeletal (MSK) 
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procedures using robots. Hence, a review of robotics is omitted in favor of other surgical 

navigation systems that are available for MSK procedures. 

Numerous surgical navigation systems have been developed to aid the operator by 

tracking the surgical tool with respect to the imaging device by dynamically referencing 

some fiducials (skin markers, bone screws, head-frame, etc.) attached to the patient’s 

body. In the intra-operative setting, they are used with fluoroscopy and sometimes 

ultrasound guidance, and often incorporate pre-operative CT and/or MRI. Although 

surgical navigation systems have been commercially available for over a decade, they 

were not applied in the scanner room except in a handful of limited trials with low-field 

open MRI [4], [5], [38], [39], [40]. No relevant work with closed high-field MRI can be 

found. While the application of surgical navigation systems on high-field closed MRI 

might seem obvious from certain perspectives, the material point is that such a transition 

has not been witnessed. The explanation of this can be found in the inherent limitations of 

tracked surgical navigation systems. In theory, the most appealing aspect of tracked 

navigation systems is multi-planar image guidance, i.e. when the needle trajectory is 

shown in three orthogonal images reformatted in real-time as the needle moves: the tool 

is unconstrained while real-time images follow the tool. This feature is excellent, as long 

as the reformatted images are of good quality, i.e. the image volume is large in all three 

dimensions, and the voxel resolution is uniformly high. This feature also works well on 

open magnets [4], [5] where the acquisition of MR slices follow the tool in real-time. 

This, however, is not the case with closed bore magnets where patients are moved in and 
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out of the bore for needle manipulation. In these procedures, in the interest of time, we 

acquire only a few thin slices (often only a single image) instead of a thick and dense slab 

of data. This limitation has a decisive negative impact on the performance of a tracked 

navigation system, because real-time image reformation is now impossible outside the 

principal plane of imaging (typically transverse), thereby depriving the surgical 

navigation system of its best feature. Worse yet, now the tool is constrained to the thin 

slab or single image; instead of the image following the free-moving tool, the tool must to 

follow the image. These constraints dramatically reduce the ergonomic value of a 

surgical navigation system. Further problems include that optical trackers require 

unobstructed line of sight that may result in a spatial arrangement disrupting room traffic; 

and that electromagnetic trackers are incompatible with the MRI room altogether. In 

short, tracked surgical navigation systems are not well suited for assisting interventions 

on closed bore high-field MRI scanners. 

2.1.2 Augmented Reality  

A review of AR systems for medical navigation has been published as a chapter in 

the book entitled “Image-Guided Interventions” by [41]. The following review is based 

on this book chapter, extended to fit the current context.  

An alternative surgical navigation other than tracked surgical navigation is to 

combine the guidance image with the vision of the operator, i.e. augmented reality with 

digital information. The concept of augmented reality is to overlay the virtual images to 

the real object.   Medical augmented reality technology, first developed over forty years 
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ago [42] refers to displaying the virtual information onto the real user’s sensory 

perceptions. 

A moderately small number of groups have been active in developing AR systems 

for medical navigation. The difference of AR systems for medical navigation is 

categorized by the type of viewing system (optical vs. video), the configuration and 

placement of the display (head-mounted display [HMD] vs. external-mounted display). 

System examples are shown below. Four main system features of the available and 

ongoing research of AR systems for medical navigation have been defined by [43] as 

follows: 

1. Microscope systems – overlaying 3D graphics from the patient’s preoperative images 

onto the optical view of the microscope. Figure 2-2 shows the external-mounted 

optical microscope AR system. The prototype is reported by [44], [45]. MAGI device 

has been used in neuro-surgery and otolaryngology (ENT). The microscope is tracked 

by an optical tracking system. The precision of the overlaid graphics was reported to 

be better than 1 mm throughout the procedures.  



 

16 

 

  
Figure 2-2: (Left) A prototype AR system called MAGI (microscope-assisted guide interventions). (Right) 
the AR view through the microscope. [43]    

Figure 1-2 shows the head-mounted optical microscope, reported by [46], [47]. The 

device is referred as Varioscope AR. This device has a similar approach to MAGI. 

The distinctions between them are the configuration and placement of the device. 

Varioscope is a head-mounted AR system with a lightweight operating binocular, and 

is commercially available.      
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Figure 2-3: (Left) A head-mounted operating microscope, Varioscope AR [47]. (Right) AR view through 
one of the oculars. [43] 

 

2. Video AR systems – combines medical images (US/CT/MRI) with the real scene 

from video cameras, plus additional virtual graphics with required information such 

as the targets. Video-based AR systems are commonly designed for HMD and are 

described as video see-through systems. The video AR system is also available for 

endoscopes and laparoscopes [48] [49] [50]. System examples for Video AR HMD 

systems are shown in Figure 2-4, including the first video see-through AR system of 

overlaid ultrasound images, which was first reported in 1992 by [51]; Figure 2-5 

shows the video endoscope system for ENT surgery, reported by [50]. Later, the 

endoscope surgical navigation system for ENT and neurosurgery became 

commercially available, called Scopis®Navigation (Scopis®Navigation, Scopis 

GmbH, Berlin, Germany), Figure 2-6. Figure 2-7 shows the AR visualization for 

laparoscopic surgery, reported by [52].  
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Figure 2-4: (Left) A technician scans a subject while another person looks on with the video see-
through head-mounted display (HMD). (Right) the video image presented to the HMD. [51] 

 

Figure 2-5: (Top left) Endoscope with camera module and coupled tracker; (top right) calibration body 
with dot pattern and rigidly attached tracker. (Bottom left) Calibration procedures for the endoscope at the 
beginning of surgery; (bottom right) AR view of the endoscopic video image with the outlined pointer 
instrument and the marked target structure that is hidden behind tissue. [50] 
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Figure 2-6: (Left) A commercially available AR endoscope surgical navigation system, Scopis® 
Navigation. (Right) The system is designed to be fully integrated into any existing endoscopy tower. 
(http://www.scopis.com/en/products/scopis-navigation/)   

 

Figure 2-7: (Left) A prototype video-see-through head-mounted display for laparoscopic. (Right) Wall-
eyed stereo pair of images the physician sees in the HMD. [52] 

 [53] has reported on a portable image overlay projection device (IOD). The portable 

video AR system based on a portable RGB laser projector for open liver surgery with 

an  accuracy of 6.3 mm is shown in Figure 2-8.  
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Figure 2-8: a) IOD-integrated system functional model, b) projection of liver vessel, and c) application of 
the projector during a computer-assisted liver resection. [53] 

These devices (namely HMD, laparoscope, endoscope, and portable AR) are 

tracked to update the displayed scene according to the pose of the devices and the 

operator’s viewpoint. The accuracy may be limited based on the performance of a 

tracked navigation system.  

3. Semitransparent Screens – refers to large and stationary AR display for either optical 

or video systems. With such a large system, it can only be mounted externally. Users 

look through the semitransparent screen or mirror that provides the combination of a 
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patient’s preoperative images (CT/MRI) and the virtual graphics overlaid on the 

physical body. System examples are shown in Figures below. Figure 2-9 shows the 

sample of large-screen video AR, reported by [54]. The system combines a video 

camera, a large-screen for AR visualization, and an optical tracking system. Figure 

2-10 shows the sample of large-screen optical AR for orthopaedic surgery. An image 

overlay system based on semitransparent mirror placed above the surgical workspace 

was developed by the MRCAS group (Medical Robotics and Computer Assisted 

Surgery) at the Carnegie Mellon University (CMU) Robotics Institute. The system 

was first reported by [55]. The concept has been demonstrated with a CRT monitor. 

 

Figure 2-9: 3D AR graphic of tumor was generated from MRI scan and overlaid on the patient’s head. [54]   
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Figure 2-10: (Left) Illustration of the image overlay concept. (Right) Prototype system in use [43].  

 

4. Tomographic overlays – Reflection from the screen to the semitransparent mirror 

creates a 2D virtual image that overlays on the patient, so that the operator can just 

directly look through the mirror. An example of the use of tomographic overlays for 

ultrasound imaging has been purposed by [56], [57], [58] called sonic flashlight, is 

shown in Figure 2-11. Another example of the image overlay with the same concept 

was developed at the CISST Lab, the Johns Hopkins University in collaboration with 

Tokyo Denki University [59], [60]. The system was used in conjunction with CT 

scans and with MRI scans [61] for musculoskeletal interventions, as shown in Figure 

2-12.  
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Figure 2-11: (Left) A prototype of the sonic flashlight. (Right) tomographic overlay with the sonic 
flashlight [43] 

 
Figure 2-12: (Left) A prototype of the CT image overlay system. The system was mounted on the CT 
scanner. (Right) A prototype of the MR image overlay system. The system was stood ~1.2 meters away 
from the scanner bore, measured from the iso-center of the scanner. [43]  

Several research groups have investigated true three dimensional (3D) augmented 

reality systems [62], [63], [64], [45], [65], [66], [67], [68], [47], and  chiefly  among 

those, head-mounted display (HMD) devices [45], [65], [66], [67], [69], [70], [71], [72], 

[47].  
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Current 3D augmented reality devices require careful calibration and real-time 

spatial tracking of multiple (often four or more) components. [73] has reported a 3D AR 

for MRI-guided surgery using integral videography (IV). The IV display allows a 3D 

projection image onto the 3D anatomical organs. Although the system concept is similar 

to a 2D image overlay system, but with the complexity of 3D registration, tracked 

navigation is required as shown in Figure 2-13.  

 
Figure 2-13: Configuration of IV image overlay navigation system [73]. 

These systems involve an extensive engineering support and thus have not gained 

acceptance beyond pilot trials. To overcome some of the aforementioned limitations of 

3D in in situ visualization and needle guidance, a simple yet powerful system is required. 

Among the four categories, a simple and robust method for AR visualization that can be 

used in conjunction with US, CT and MRI without the need to track the user is the 2D 

tomographic overlay system. The 2D image overlay concept is described in section 2.2.  
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2.2 Image Overlay Concept 

The basic concept of the 2D image overlay is developed by authors at the Johns 

Hopkins University, offering CT-guidance [59] and MRI-guidance [61] as shown in 

Figure 2-15. A flat panel display is aligned with a semitransparent mirror along their 

edges and mounts this unit in the bore opening imaging scanner (MRI or CT) that is able 

to produce 2D transverse slice images. In short-bore scanners, one can set up the overlay 

to coincide with the scan plane. Alternatively, one can translate the patient out with the 

encoded table position to the body under the overlay. The scanner, display, and mirror are 

co-aligned so that the reflection of a transverse image appearing in the mirror coincides 

with the patient’s body behind the mirror. The image appears to be floating inside the 

patient, as if the operator had 2D ‘tomographic vision’ by virtually slicing the body. The 

intersection of the mirror and display surface planes is marked with a transverse laser 

plane that is used to help the surgeon constrain the needle to the image plane.  

Figure 2-14 shows diagram of the image overlay concept. From the Law of 

Reflection, the angle of reflected light from a surface is equal to the angle of incidence 

upon that surface as measured from the surface normal. Thus, from the viewpoints shown 

in Figure 2-14, αi  = αr and βi  = βr . The image remains stable because the incident light 

from the display reflects back to the viewer along the same path as the light from the 

corresponding point on the patient transmitted through the mirror. Thus, from any 

viewpoint, an optically stable virtual image is always visible through the mirror [19].  
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The MR overlay system is recognized by fixing an MR-compatible monitor that is 

housed to a semi-transparent mirror at a precise angle θ. This alignment is performed 

during initial manufacturing, and may be confirmed and adjusted as required. In the 

current iteration of the system, Ɵ1 = Ɵ2 = 60o. This angle proves to be optimal for the 

procedures at hand; decreasing Ɵ limits clearance for the patient, while increasing Ɵ 

limits the depth of visibility from usable viewpoints and requires unacceptably long 

mirrors that would impede the workflow.  

 

Figure 2-14: Image overlay hardware configuration. An optically stable virtual image that coincides with 
the scan plane from all viewpoints is produced when Ɵ1 = Ɵ2 [19].  

The overlay unit is suspended from a modular extruded fiberglass/aluminum 

frame as shown in Figure 2-15. The freestanding frame arches over the scanner bed and 

allows for images to be displayed on a patient when the encoded table is translated out of 

the bore by a known amount.  
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Figure 2-15: The concept of 2D image overlay device (left) and MR image overlay device in the cadaver 
trial (right) [19] 

The operator marks the target and entry points on the MR/CT images shown on a 

standalone laptop computer. The 3D Slicer software, called Perk Station Module, is used 

as the platform for the graphical user interface on the laptop. A virtual needle guide along 

the specified trajectory is superimposed on the overlaid anatomical image. The operator 

then inserts the needle using the overlaid guide while simultaneously being able to see the 

anatomy and the patient; therefore, his/her focus need never be taken off the patient 

during the procedure. In most needle placement procedures, after the entry point is 

selected with the use of skin fiducials, the operator must control three degrees of freedom 

(DOFs) of needle motion. The operator uses the overlay image to control the in-plane 

insertion angle (1st DOF), while holding the needle in the axial plane marked by a laser 

light (2nd DOF). The insertion depth (3rd DOF) may be marked with the clamp on the 

needle. The MRI static image overlay concept and system design has been described by 

[61]. However, the preclinical validation of this static image overlay system, such as MR 

compatibility of the device and accuracy of the image overlay technique, have not been 
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done. The efforts proposed here are targeted towards the development of a clinical 

feasibility proof-of-concept prototype. As a continuation of a long-term multi-year 

research project, the fundamental components of this thesis work represent significant 

improvements, based on previous discoveries.     
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Chapter 3 

Validation of the MR Image Overlay System 

Preamble: The material presented in this chapter has been published in [20]. A part of 

this work has also been published in medicine [74] [75] [76] [77] [78], in which I am the 

second author. I performed all setup, experiment planning, protocol development, and 

data analysis tasks, while the first author (the clinician) performed the interventions. I 

was involved in most of the writing and editing of the manuscript, including all graphics. 

MRI static image overlay concept and system design has been described by [61]. 

Its basic feasibility has been demonstrated in various clinical indications [77] [78]. The 

MR Image Overlay System (MR-IOS) provides a unique geometry and smooth workflow 

without auxiliary tracking of the patient and physician, nor interfering with the 

conventional needle insertion procedure. This chapter presents detailed quantitative 

analysis of the MR-IOS through studies of MRI compatibility and system accuracy, and 

transition to clinical practices.   

3.1 Introduction 

MR imaging is advantageous due to the use of non-ionizing radiation and 

multiplanar imaging capabilities and its potential for guiding, monitoring and controlling 

therapy. Interventional MR imaging has proved feasible, accurate and safe for spinal 

injections such as nerve root injections, facet joint injections and epidural injections [79], 

[80]. Guidance with MRI appears well suited to repeated and multilevel injections, which 
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are not rare in the management of patients with chronic lower back pain [81]. However, 

MRI poses formidable engineering challenges by limited access to the patient and a 

strong magnetic field that prevents the use of conventional materials and electronic 

equipment. Hand-eye coordination is one of the main challenges for image-guided needle 

placement.  To overcome some of the aforementioned limitations of 3D in-situ 

visualization and needle guidance, we propose a 2D augmented reality MR image overlay 

device to guide needle insertion procedures.  

3.2 System overview 

A major limitation of the initial MR-IOS [61] was the inability to work adjacent 

to the MRI bore because of the magnetic field effects on the monitor. A fully MRI 

compatible monitor (19-inch, RF shielded LCD monitor, Siemens Healthcare) was used 

to minimize table translation and allow more working space for multiple needle insertion.  

This monitor allows the operator to work closer to the bore; it decreased from 

1400 mm to less than 600 mm from the scanner laser plane to the overlay laser plane. 

The current MR-IOS consists of two main physically separate subsystems (in-

room and out-of-room); the in-room subsystem resides in the MRI suit and consists of the 

main structure frame, an MRI-compatible monitor, a transverse plane laser, a semi-

transparent mirror and a wire attached keyboard. The out-of-room subsystem resides in 

the MRI control room and consists of a laptop computer attached to an interconnection 

box (Figure 3-1). The system description is shown in Appendix B.  
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The overview of the MR-IOS is in Figure 3-1. We align a flat-panel display and a 

semi-transparent mirror along their edges and mount this unit in the bore opening of an 

imaging scanner that is able to produce 2D transverse slice images. On long bore 

scanners, we translate the patient out with the encoded table to position the body under 

the overlay. The scanner, display, and mirror are co-aligned so that the reflection of a 

transverse image appearing in the mirror coincides with the patient’s body behind the 

mirror. The image seems to be suspended inside the patient in correct pose and 

magnification, in an optically stable position observed from any viewpoint. We acquire a 

transverse image, flip it horizontally, adjust its in-plane orientation and magnification, 

and finally render the modified image on the flat panel display.  

 
Figure 3-1: (a) The MR-IOS in a phantom experiment; the system coordinates are defined as illustrated. 
(b) Virtual image (2D "MRI vision”) superimposed on the phantom. Transverse laser plane coincides with 
the image projection plane; [82] 

This technique can also be characterized as in-situ visualization, where the 

medical image is rendered right over the patient’s body. Visualization and procedure 
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planning is performed by an open-source software developed as an interactive module for 

3D Slicer (www.slicer.org).  

3.3 Software  

The software for the MR image overlay is implemented as an interactive module for 

the 3D Slicer application (www.slicer.org), named PerkStationModule [83]. Main 

features of the software are as follows: 

• Calibration of image position displayed on the image overlay in-room monitor 

• Review of pre-insertion MR images 

• Planning of needle placements on the pre-insertion MR images 

• Updating display of the in-room monitor to provide image overlay guidance for 

the needle placements 

• Review of post-insertion MR or CT images 

• Measurement of distance between planned needle position and real needle 

position that appears on post-insertion images 

• Load / Save workspace functionality for off-line analysis and recovery of data 

Software workflow 

The software workflow consists of the following main steps: 

1. Calibration - alignment of the virtual overlaid image with the physical object/patient 

from which the image was acquired 

Features of the calibration work phase: 

http://www.slicer.org/
http://www.slicer.org/
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• The software implements translation (x and y direction) of the image 

plane and rotations by arbitrary increments, controlled by a keyboard 

inside the MRI room 

• To eliminate accuracy errors from the optical parallax effect, any 

number of calibration data can be saved, named and loaded during the 

Insertion work phase 

2. Planning - an arbitrary number of needle insertions was planned on the pre-insertion 

MR images. Every insertion plan was defined by a needle entry point and a needle 

target point (planned position of the tip of the needle) in a coordinate system fixed to 

the "patient coordinate system" of the DICOM standard.  

Features of the planning work phase: 

• Plans can be renamed to identify their anatomical target, which is 

displayed on the image overlay guidance display during needle 

insertion 

• Plans can be deleted and added in the planning work phase 

• Plans are not modified otherwise anywhere in the software 



 

34 

 

 
Figure 3-2: Needle placement (left) calibration and (right) planning interface 

3. Insertion - in the insertion work phase, the user can select between saved needle 

insertion plans and calibrations for the current operator point of view. The needle 

guide is displayed on the second monitor attached to the overlay computer, which is 

mounted on the image overlay hardware. Its reflected image creates the augmented 

reality guidance for needle insertion. 

4. Validation – after needle placement, confirmation images are acquired to verify the 

actual needle position. These post-insertion images can be loaded in the validation 

work phase of the software for off-line analysis of the distance between planned and 

actual needle positions. Since this work phase would be used when the patient has left 

the operating room, this does not add to the risk of the image overlay system. 
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Figure 3-3: Needle placement insertion and validation interface 

3.4 Workflow and Calibration of the MR-IOS  

The workflow of the MR-IOS is shown in Figure 3-4. The presumed clinical 

workflow of the MR-IOS retains all major components of the unassisted freehand 

technique in musculoskeletal interventions and at any time during the procedure, the 

operator can revert to it. The process is as follows:  

1. Image Acquisition: position the subject under MR-IOS on the table and acquire a 

small stack of MRI images; 

2. Image display and Calibration: select the preferred image plane of insertion and 

place skin fiducials in the plane of interest. The skin fiducials are used to register 

the entry point picked in MRI to the actual subject;  

3. Planning: the operator picks the entry and target points by mouse click. The 

computer marks the target and entry points, draws a virtual needle guide along the 

trajectory, marks the insertion depth, and provides a virtual depth gauge in the 

overlay image;  
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4. Load Plans and calibrations: the operator selects the image plane with the target 

and draws a needle path. The subject is then transferred so that the image plane of 

interest is under the laser light of the overlay plane;  

5. Insertion: the operator uses eyesight to place the needle in the middle of the laser 

line and virtual guide on the subject. The operator reaches behind the mirror, 

places the needle on the entry point and adjusts the angle to match with the virtual 

guide in the overlay image while holding the needle in the laser light;  

6. Validation: after the needle is inserted, a confirmation image is acquired and 

validated. 

 
Figure 3-4: MR-IOS Workflow; (1) Image Acquisition, (2) Image Display and Calibration, (3) Planning, 
(4) Load Plans and Calibrations, (5) Insertion, and (6) Validation. [20] 
 

MR-IOS Calibration is based on the assumption that the virtual image plane is 

superimposed on the target plane. Between these two planes, there are six relative 

degrees of freedom that must be controlled through calibration and relative motion. MRI 

system coordinates (X-Y-Z) are defined as follows: X-axis represents left-right direction, 



 

37 

 

Y-axis represents up-down direction, and Z-axis represents in-out of the scanner bed 

table as shown in Figure 3-1.  

Calibration of the MR-IOS is divided into three steps:  

1. Hardware calibration:  the virtual image plane is aligned to coincide with the 

overlay transverse laser plane; this is performed during the fabrication of the MR-

IOS device; 

2. Pre-procedural system calibration: the image overlay laser plane is aligned to be 

parallel to the scanner laser plane; this is performed after setting the MR-IOS in 

front of the MRI scanner and it takes approximately 5-10 minutes using a 

calibration phantom. During this step, the offset along the z-axis between the laser 

planes is measured. This step needs to be repeated before each patient. 

Completing Steps 1 and 2 manage three DOFs, the out of plane rotations (Rx and 

Ry) and translation along the z-axis (Tz);  

3. Software calibration: to minimize plan offsets relative to the target (assumed to be 

zero), the radiologist moves the virtual image plane until the real fiducial markers 

on the phantom and their virtual images overlap perfectly on the phantom, by 

translating in the x-y directions (Tx and Ty) and rotating about the z-axis (Rz) using 

the keyboard; this is performed after acquiring MRI data from the phantom and it 

takes approximately 2 minutes.  
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3.5 System Evaluation  

3.5.1 MRI Compatibility Study 

Running the MR-IOS may create random variations in signal intensity, which 

degrades image quality. To evaluate the MRI compatibility of the system, we examined 

the signal-to-noise ratios (SNR) based on the National Electrical Manufacturers 

Association (NEMA) standard for determining SNR in MR images while the MR-IOS 

was in both active and inactive states, Figure 3-5. To obtain the SNR values, a set of two-

dimensional axial T1-weighted fast spin echo MR images (TR/TE, 550/8.8; field-of-

view, 250 x 250 mm; section thickness, 5mm; flip angle, 90°; pixel bandwidth, 150.0) of 

a phantom were acquired on a 1.5-Tesla MR imaging system (Magnetom Espree, 

Siemens Healthcare).   

The following five system configurations were used while an MR volume of five 

slices were acquired:  

1. Baseline:  images were acquired without the system in the MR-room;  

2. Inactive: the in-room system was setup and every component turned off;  

3. Monitor only: the MR monitor was turned on;  

4. Laser only: the MR monitor was turned off, and the laser was turned on; 

5. Active: the complete system was turned on. 

Data Analysis: The noise was measured among four black corners to the white center of 

an image slice. This step was repeated through all five slices. The average SNR values 

from each configuration were compared by One Way Analysis of Variance (ANOVA).  
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Figure 3-5: MRI Compatibility Study; Baseline configuration (left) - acquiring five image slices of a 
phantom with a body imaging coil attached on top without MR-IOS being present; Active configuration 
(right) – acquiring images with the whole system turned on. [20] 

3.5.2 System Accuracy Study 

We evaluated the accuracy of the MR-IOS on a lumbar spine phantom, on a 

clinical MRI scanner. A total of 62 needle insertions were employed to evaluate the 

technical accuracy of needle placement. MRI-compatible needles from Cook (Cook Inc., 

Bloomington, IN, USA) and E-Z-EM (E-Z-EM, Inc., Lake Success, NY), 20 gauge, of 

lengths 5, 10, and 15 cm were used according to the length of the insertion plan. The 

insertion depths were controlled by clippers attached to the needles. The origin of the 

acquired MR image was set at the iso-center of the MR scanner and was referenced by 

the laser planes inside the scanner bore.  

Figure 3-6 (left) shows the human lumbar spine phantom with five lumbar 

vertebral bodies and foam discs, fit into a plastic enclosure with dimensions of 150 x 250 

x 125 mm. The spine was embedded into an opaque soft gel (animal protein-based, SIM-

TEST, Corbin Mfg. & Supply, Inc., White City, OR) simulating soft tissue and muscle as 

shown in Figure 3-6 (right). Additionally, the top of the gel was covered with a 0.6 mm 
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neoprene layer simulating skin. Rigid tube markers, filled with a mixture of saline (0.9% 

NaCl) and gadolinium-based contrast agent in a 300:1 ratio, and a number (at least 5, 

depending on the region of interest) of fiducial markers (Multimodality Fiducial Marker, 

IZI Medical Products) were attached on the top and side of the phantom box to provide a 

frame of reference for the ground-truth registration of the image overlay device. 

 
Figure 3-6: Human lumbar spine phantom before filling with gel (left); complete phantom with fiducials 
markers and a receiving MRI loop coil (right).  

A radiologist experienced in the use of the MR-IOS performed a total of 62 

needle insertions for the accuracy measurement [77]. Due to the limitation of the 

available targets in a spine phantom, the trials were grouped into four batches, in which 

the radiologist performed 14, 16, 16, and 16 insertions respectively. The technical 

accuracy was assessed by the parameters of skin entry error, target error, depth error, in-

plane angle error, and out-of-plane angle error. Skin entry error was defined as the 

Euclidean distance of the planned and actual skin entry point. The target error (mm) was 

defined as the Euclidean distance of the planned and actual position of the needle tips. 

The depth error (mm) was defined as the distance between the target locations and the 
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needle tips along the needle trajectory. In-plane angle error (degrees) was defined as the 

included angle of the planned and actual needle paths. Out-of-plane angle error was 

defined as the deviation of the needle from the difference of needle tip between 

transverse image planes (entry needle tip plane and final needle tip plane). The location 

of the transverse image plane in 3D space was indicated using a marked line on the skin 

surface. It was difficult to locate the needle tips in the MR images due to needle artifacts. 

Hence, data were assessed by comparing the planned needle paths with the true locations 

of the needles based on pre- and post-procedure MR images from the 1.5-Tesla MR 

imaging system registered to post-procedure CT images (DynaCT, Siemens Healthcare) 

using the PerkStation module of 3D Slicer and were validated offline. Confirmation 

images were examined by the radiologist to determine the accuracy of the needle 

placements. Statistical analysis was performed with a statistical software package (JMP 

version 7.01, SAS Institute). Quantitative variables were expressed as mean ± standard 

deviation (SD). 

The experimental setup of system accuracy assessment is shown in Figure 3-7. 
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Figure 3-7: System accuracy assessment; experimental setup and coordinate systems diagram (left) and 
real implementation in-room (right). 

3.6 Results 

3.6.1 MR Compatibility Study 

MR environment compatibility assessment showed an overall SNR difference of 2% 

on MR images obtained with the MR-IOS in the active and inactive state (Figure 3-8). 

There was no perceptible change in image quality or uniformity (p = 0.090). 

The five system configurations showed the SNR and changes as shown in Table 

3-1(expressed in value and percent deviation from baseline +/-):  

Table 3-1: The SNR value and SNR (%) of each configuration.  

Configuration SNR value SNR (%) 
Baseline 22 100 
Inactive 23 102 
Monitor Only 23 101 
Laser Only 22 98 
Active 22 98 
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Figure 3-8: Images from baseline and the system on show no visually perceptive change in uniformity as 
shown in image subtraction [20] 

3.6.2 System Accuracy Study 

All anatomical targets (62 of 62 insertions) were successfully punctured, 

including all 20 facet joints, all 20 disks, and all 22 spinal canals into the lumbar spine 

phantom. Four needle adjustments (6.7%) were required. Planning of a single path took 

an average of 55 seconds. A single needle insertion took an average of 1 minute and 27 

seconds [77].  The parameters that were assessed in the offline validation for accuracy 

includes errors in the entry and target points, insertion depth, out-of-plane angle, and in-

plane angle of the insertions. The absolute errors were also determined and show in Table 

3-2.  

Table 3-2: The mean absolute errors for 62 needle insertions defined in each parameter. 

Insertions 
Entry error 

(mm) 
Target error 

(mm) 
Depth error 

(mm) 

Out-of-
plane angle 
error (deg) 

In-plane 
angle error 

(deg) 
62 (total) 1.6±0.6 1.9±0.8 0.7±0.5 1.2±1.3 1.5±1.1 
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3.7 Transitional to clinical practice 

Disclosure: This section contains images, figures and text from publications of which I 

am second author [74] [75] [78]. My contributions to these works are comparable to that 

of first author. I was active in every part of the procedures as a key member, from 

experimental setup, protocols, research planning, data analysis, and manuscript 

authoring. 

The purpose of these studies was to prospectively test the hypothesis that image 

overlay technology facilitates accurate navigation for MR-guided interventions. The MR-

IOS was used in conjunction with a clinical 1.5-Tesla MR scanner. 

3.7.1 Shoulder and Hip Arthrography  

Forty-five arthrography procedures (23 shoulders, 22 hips) were performed in 12 

human cadavers. Two operators participated (A and B). Operator A performed 12 

shoulder and 12 hip injections. Operator B performed 11 shoulder and 10 hip injections. 

Accuracy was assessed according to the rate of needle adjustment, target error, and 

whether the injection was intra-articular. Efficiency was assessed according to 

arthrography procedural time. We used experienced operators who were familiar with the 

image overlay system and trained in the use of the system prior to the experiments, which 

may have influenced the average arthrography time. MR imaging was used to confirm 

needle positions, monitor injections, and perform MR arthrography. Table 3-3 shows the 

parameters that were assessed for accuracy and efficiency of image overlay system. 
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Operator differences were not significant with regard to needle adjustment rate (P = 

0.08), target error (P = 0.07), intra-articular injection rate (P > 0.99), and arthrography 

time (P = 0.22)  

Table 3-3: Parameters that were assessed for accuracy and efficiency  

Operator 
Needle 

adjustment 

Target error 

(mean±SD) 

Intra-articular 

injection 

Average time 

(minutes) 

A 

(24 insertions) 

1 2.9 ± 1.4 mm 24 12 (range 6-25) 

B 

(21 insertions) 

5 3.5 ± 0.9 mm 21 16 (range 6-27) 

Average rate 13% (6 of 45) 3.1 ± 1.2 mm 100 % (45 of 45) 14 (range 6-27) 

 

The target error of approximately 3 mm was clinically sufficient for needle placement 

and intra-articular injections.  
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Figure 3-9: (a) Schematic depiction of the interventional setup of the AR image overlay prototype system 
(white arrow). The red laser line (black arrow) on the subject’s skin coincides with the selected MR image 
target. (b) Planning of the needle path to the femoral head-neck. Top left: Axial reformation. Top right: 
Three-dimensional map. Bottom left: Sagittal reformation. Bottom right: Coronal reformation. A = anterior, 
R = right, L = left, S = superior, I = inferior. (c) The target MR image (orange arrow) is fused with a 
graphical representation of the planned needle path and depth (blue arrow). The skin entry point is 
indicated by the apparent intersection of the red laser line and the virtual needle path. White arrow = 
operator’s hand while inserting the needle. [78] 
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3.7.2 Bone Biopsy  

Osseous biopsy of a total of 16 lesions was planned in 4 human cadavers with 

osseous metastases. Outcome variables included successful drill placement, number of 

intermittent MR imaging control steps, target error, number of performed passes and 

tissue sampling, time requirements, and pathological analysis of the obtained osseous 

core specimens including adequacy of specimens, presence of tumor cells, and degree of 

necrosis. 

A total of 16 osseous lesions were sampled with percutaneous osseous drill 

biopsy. The procedures were feasible in all three sizes of the cadavers. For the large 

cadaver, the height of the individually adjustable reflective mirror of the image overlay 

system was increased. Successful placement of the drill inside the lesion was 

demonstrated in 16 of the 16 lesions (100%) by MRI. Each lesion was successfully 

targeted with one needle pass. The average length of time required for biopsy of a single 

lesion was 38 minutes (ranging between 20–55 minutes, varied by the difficulty of targets 

in different anatomical structures). Table 3-4 shows parameters that were assessed for 

accuracy and efficiency.   

Table 3-4: Parameters that were assessed for accuracy and efficiency 

# lesions 
Lesion size 

(cm) 
MR imaging 
control steps 

Target error 
(mm) 

Average 
Time  

(minutes) 

Successful 
drill 

placement 
16  1.1 - 3.5 2 - 8 0.8 – 6.8 20 – 55 16 

Average  2.2 4 4.3 38 100% 
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Figure 3-10: Image overlay navigated MR-guided biopsy of a right sacral osseous lesion: A, Axial T2-
weighted MR image demonstrates the planned biopsy path (gray line) through an osseous lesion in the right 
upper sacrum (white arrow). B, Intraprocedural photograph of the operator view demonstrates the hybrid 
view of the subject and the projected MR image (orange arrow), virtual biopsy path (blue arrow) through 
the right sacral lesion, the drill and the trocar (green arrow), and the operator’s hand (red arrow). C, Axial 
intermediate-weighted turbo spin echo MR image after the drill placement demonstrates the drill (blue 
arrow) through the target lesion (white arrow). D, Postprocedural assessment of the target error using the 
PerkStation module of the 3D Slicer software. The thick line indicates the planned biopsy path and the thin 
line indicates the actual biopsy path. The target error was 1.2 mm. [84] 

The target error of 4.3 mm in our study was sufficient for accurate biopsy of all 

osseous targets and avoidance of vulnerable, non-targeted structures. This target error, in 

part, relates to the large size of the trocar (6-mm outer diameter), the size of the hollow 

drill itself (4-mm inner diameter), and the deeply situated osseous lesions, which required 

a longer intra-osseous course of the drill. Comparison with reported target errors of other 
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navigation systems for MR-guided interventions is limited by the use of different targets 

(e.g., more superficially located soft tissue targets), the use of injection needles (e.g., 20-

G spinal needles), and differences in the methods of error calculations, but range between 

1.1 to 7.5 mm.  

3.7.3 Spinal Injection  

A total of 187 lumbosacral spinal injection procedures (epidural injection, spinal 

nerve root injection, facet joint injection, medial branch block, and discography) were 

performed in 12 human cadavers. Needle paths were planned with the Perk Station 

module of the 3D Slicer software on high-resolution MR images. Outcome variables 

assessed were needle adjustment rate, inadvertent puncture of non-targeted structures, 

successful injection rate and procedure time, Table 3-5. 

Table 3-5: Parameters that were assessed for accuracy and efficiency 

# Injections # Accessible # Inaccessible 
#Needle 

adjustment 
Time (minutes) 

187 176 11 47 5 – 19 

Average 94.1% 5.9% 26.7% 10.2 

 Six of 11 (54.5 %) L5–S1 disks were inaccessible because of an axial obliquity of 

30° (27°–34°); 5/11 (45.5 %) facet joints were inaccessible because of osteoarthritis or 

fusion. 

All accessible targets (176/187, 94.1 %) were successfully injected, requiring 

47/176 (26.7 %) needle adjustments. There were no inadvertent punctures of vulnerable 

structures. Median procedure time was 10.2 min (5–19 minutes). 
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Figure 3-11: a) Intra-procedural photograph similar to the operator’s view with the MR image projected 
onto the subject, laser line (white arrow), virtual needle path (blue arrow) and operator’s hand with needle 
(red arrow); b) axial (left) and sagittal (right) images demonstrate the tip of the needle (white arrows) in the 
posterior epidural fat pad (orange arrows); c) axial image demonstrates the needle tips (white arrows) near 
the L5–S1 nerve roots (orange arrows); d) axial spine image following needle placement demonstrates the 
tips of the needles (white arrows) in the left and right facets joints (orange arrows); e) axial spine image 
following needle placement demonstrates the tips of the needles (white arrows) at the upper edge of the 
transverse process (orange arrows), near the anatomical location of the medial branch nerve; f) Axial spine 
image following needle placement demonstrates the tip of the needle (white arrows) in the nucleus 
pulposus of the disk (orange arrow). The blue arrow indicates the spared L4 nerve root. [74] 

3.7.4 Patient compatibility and comfort trial 

The objective was to demonstrate accessibility to the intended target sites by MR 

imaging using the image overlay system guidance without performing needle insertion on 

9 healthy volunteers (6 males and 3 females, between 25 and 52 years). The mean 

volunteer age was 32.37 ± 8.55 years. The mean age of the men was 35.80 ± 9.31 years 

(range, 29-52 years), and  26.66 ± 2.08 years (range, 25-29 years) for women. 

Consent was obtained prior to performing the study in the MRI suite. Time 

allotted to consent was usually around 30 minutes. After reading the consent (Appendix 
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A) forms, a member of the research team assessed the patient’s understanding of the 

procedure as well as submitting them to MRI safety questionnaires in usual clinical 

standard of care. The experiment was performed on a Siemens MAGNETOM Espree 

1.5T MR equipment located at the Johns Hopkins Hospital, USA, Figure 3-12. The 

experiment workflow was used as follows: 

1. System setup 

2. System calibration 

3. Place the volunteer on the MR board 

4. Hold the patient with system straps and his / her apron with tapes in order to 

assure none of them will move during volume acquisition 

5. Place fiducials on the skin or apron depending on the region, orthogonally and 

oblique to the approximate slice direction 

6. Place the imaging coil over the target site 

7. Translate the patient into the scanner 

8. Acquire scout images 

9. Acquire 3D volumetric images (PD SPACE) on the region of interest 

10. Download the targeting MRI to the image overlay system 

11. Translate the table out with the patient such that the selected entry point is under 

overlay’s laser plane 

12. Perform in-room calibration, aligning the overlay image to the patient, in-plane 

13. Verify that the respective fiducials in the patient and image coincide 
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14. Select the target of interest endpoint on screen 

15. Select the skin entry point on screen 

16. Perform steps 4 to 14 until all the volumes are acquired. 

17. Release the volunteer. 

Procedures and targets used on different patients during the volunteer experiment: 

• MR Arthrography 

• Unilateral shoulder 

• Unilateral hip 

• Spine Interventions 

• Epidural (thoracic and lumbar level) 

• Facet joints (thoracic and lumbar levels) 

• Sympathetic blocks (thoracic and lumbar levels) 

• Intervertebral discs 

• Vertebral bone biopsy 

• Perineural injections 

• Pelvic Injections 

• Sacroiliac joint (SIJ) 

• Pudendal block 

• Piriformis injection 

• Pubic symphysis 
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Figure 3-12: Patient compatibility and comfort trial  

3.8 Conclusion 

The image overlay system was designed with low cost in mind. Currently, the 

cost of the system prototype adds as much as $13,000 USD, mostly related to the 

shielded monitor (≈$10,000). However, if the configuration of the MRI system allows 

constant location of the image overlay system outside the 5-gauss zone, an unshielded 

conventional liquid crystal display can be used, decreasing the cost of the entire system to 

approximately $4,000. The image overlay system allows the use of high-resolution MRI, 

which combines the advantage of superior soft-tissue contrast and depiction of small 

structures. For instance, it improves assessment of the frequently variable shape and 

orientation of the facet joint space, which results in more appropriately oriented needle 

paths and subsequent easier joint access. Without the image overlay system, high-
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resolution MRI used to be impractical for direct MRI guidance because of the 

requirement for either repetitive or real-time image acquisition. 

Even though the acquisition time for a high resolution planning volume requires 

considerable time, the overall procedure time is expected to be substantially less, because 

only a single pre-interventional planning volume is required.  

Our accuracy study shows the meaning of an overall target error of 1.9 mm. This 

can be difficult to translate into practice; we tested the operator’s ability to puncture 

frequently targeted spinal structures. Our finding of a success rate of 100% suggests that 

the accuracy of the system is sufficient for lumbar spinal injection procedures. Even facet 

joints, which have been found to be challenging in clinical interventional MRI, can be 

reliably accessed with the image overlay system. 

Although efforts were made to use a high number of cadavers, multiple 

procedures were performed in one cadaver, which may result in clustering effects. Owing 

to the use of cadavers, effects of patient motion and respiration were not apparent in our 

study, which may influence the performance of static image overlay navigation.  

Observing our studies on cadavers, we found that image overlay technology can 

be used with almost any MRI system with a horizontal bore configuration and a 

moveable patient table. Based on the performance of the MR-IOS in this cadaver trial, we 

plan to extend our work to a clinical trial, which will yield additional data about logistics, 

time requirements, patient acceptance and cost.  
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Chapter 4 

MR Image Overlay Adjustable Plane System 

Preamble: The material in this chapter is being prepared for publication. 

4.1 Introduction 

As stated in Chapter 3, the 2D MR image overlay system (MR-IOS) concept and 

its clinical feasibility have been evaluated and successfully proven in cadavers [85], [20], 

[86], [76]. The current MR image overlay system (MR-IOS) works well with a 

perpendicular plane since the system is fixed after calibration. Because of the vertical 

orientation of the image plane, insertions are currently limited to the axial plane. 

However, for obliquely oriented anatomic targets (disc spaces, vertebral bodies, 

hypogastric plexus) and for biopsy targets, optimal percutaneous access often requires 

oblique insertion. Also with a different patient size, translations along vertical (up-down) 

and horizontal (left-right) would be useful as well. 

This study provides a concept and design for the MR image overlay adjustable 

plane system (MR-IOAPS). The system is designed to allow sufficient working space to 

execute multiple oblique needle insertions. The new system calibration is more 

challenging compared to the previous fixed-plane MR-IOS. Changing the position of the 

system thus requires recalibration. Initial intraoperative calibration method has been 

proposed and the motion characteristics of the new system have been assessed. 
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4.2 MR Image Overlay Adjustable Plane System 

4.2.1 Design and construction  

The MR image overlay adjustable system (MR-IOAPS) is an advanced version of 

the MR-IOS. The basic specifications for the adjustable-plane system include MRI 

compatibility and manual actuation in four degrees of freedom (DOF). To overcome the 

technical functionality limitation of the previous system imposed by the fixed overlay 

plane, MR-IOAPS is designed with four DOFs (two translations and two rotations) added 

to the system. Figure 4-1 shows the schematic and diagram of the MR-IOAPS. 

 
Figure 4-1: MR-IOAPS is a rigid body and has four DOFs; two prismatic joints and two revolute joints. 
Laser plane represents as image plane, which is located away from the center of the IOAPS with a distance 
of L1 while L2 represents the height of the laser to the phantom. 

In order to gain improved strength and safety of the whole structure, we consider 

developing a kinematically decoupled apparatus. The extruded aluminum frame carries 

the weight of all devices; a customized positioning table from IGUS (igus® inc.) 
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provides motions of ±100 mm in X-Y directions (𝑑𝑥and 𝑑𝑦), while two rotating stages 

manually actuated with lead screws provide ±5 degrees around the X-Y axes (θ𝑥and θ𝑦). 

These motions are recognized by encoders (US Digital, www.usdigital.com) attached to 

the system. A fully MRI compatible monitor (19-inch, RF shielded LCD monitor, 

Siemens Healthcare) and a semi-transparent mirror are held firmly at an angle of 30 

degrees. Figure 4-3 shows the CAD design of the proposed system. MR-IOAPS consists 

of two main, physically separated subsystems (namely, in-room and out-of-room); the in-

room subsystem resides in the MRI suite and consists of the main MR-IOAPS structure 

frame, an MRI-compatible monitor, a transverse plane laser, a semi-transparent mirror, a 

wire attached MR compatible keyboard, linear and rotary encoders attached to the 

aluminum frame, an X-Y linear positioning table and a sensor control box. The out-of-

room subsystem resides in the MRI control room and consists of a laptop computer 

attached to an interconnection box, and a power control box for the sensors. The key 

components of the electronics and control system for MR-IOAPS include standard 

optical encoders (EM1-0-500, US Digital), rotary encoders (E5-1250-197,US Digital), an 

Optic-Ethernet converter (EIR-M-SC, B&B Electronics Manufacturing Company), a 

120W, 24V, 5A power supply, fiber cable and multimode LC cable (L-com, Inc.), and a 

Galil controller (DMC-2143, Galil Motion Control). Figure 4-2 shows the diagram of 

electronic and controlling system. 
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Figure 4-2: Diagram of the MR-IOAPS sensors controlling system. 

The Cartesian axes are encoded with the aforementioned MRI-compatible 

standard optical encoders that can be used to initialize the in-plane transformation in 

software, requiring the operator to simply fine-tune in the range of a few millimeters. 

Similarly, the rotational joints are encoded by MRI-compatible rotary joint encoders. 

The in-room and out-of-room subsystems are connected to each other using 

optical data fibers and RF-shielded power cables, via the patch panel available in the 

MRI room. The shielded sensor control box resides in-room with a distance of 5 meters 

from the MRI scanner. Encoders on the MR-IOAPS frame are connected to the Galil 

controller contained inside the sensor control box via DB-9 fibers, and the controller 

converts the optical encoder signals to Ethernet signals for transmission. An optic-

Ethernet converter converts the Ethernet signals to optical ones, which then transfer the 
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motion information from the controller to the laptop. Power to the in-room subsystem is 

delivered via DB-9 RF-shielded cables, also via the patch panel. 

 

Figure 4-3: 3D Rendered of the proposed system and its description. Encoders numbered 1 and 2 are rotary 
encoders, 3 and 4 are linear encoders. Black line represents MRI room patch panel. 

4.2.2 Load analysis and materials 

The system is designed using the 3D CAD program SolidWorks before 

manufacture. The strength, stability and motion of the assembly are tested during the 

design process to evaluate the functional requirements, performance and safety of the 

system. Loads are designed as shown in Figure 4-4. The MR-IOAPS system is divided 

into two distinct assemblies; one is the main structure frame that carries the weight of all 

devices (right) and the other is the image overlay device (left). 
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Figure 4-4: (Left) the image overlay device detached from the main frame, red arrow represents gravity 
load (W), and pink arrow represents external load (P); (right) The main structure frame with loads and 
fixtures, green arrows represent fixed geometry. 

 

 
Figure 4-5: (Left) Bending moment diagram of the main structure, (center) deflection diagram from load P, 
and (right) estimate deformation analysis of the main structure from load P, is computed on SolidWork. 
Blue color represents minimum value and red color represents maximum value. 
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The main structure frame is made of 6105-T5 extruded aluminum alloy with total 

mass (Mstructure) of approximately 39 kg. The structure frame is designed to be fixed 

rigidly to the ground at all times. The image overlay device is treated as a load mass to 

the main structure frame, Figure 4-4 (left).  

A simple equivalent force and bending moment diagram are shown in Figure 4-5. 

The deflection of the bars holding the image overlay device are treated as a L-beam fixed 

at one end, Equation 4-1. With these diagrams, One would be able to predict where the 

maximum stress and deflection would occur on the main structure as shown in Figure 4-5 

(right). The results show deflection on the vertical bar is small as 0.2 mm. The deflection 

result is close to zero. Therefore, it means that the undeformed and deformed 

configurations of the body can be assumed identical and could be neglected for buckling 

calculation.  

 
Figure 4-6: (Left) Rigid body is assumed for the main structure with a load of 200 N applied at the end of 
the beam (orange arrow), (center) result of stress analysis, and (right) result of deformation.  
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The results show that maximum deformation is 1.4 mm at the bar frame holding 

the image overlay device, and a maximum stress of 41 N/mm2 upon the linear rail guide, 

Figure 4-6. By applying the maximum load to the system at the static condition, it 

demonstrates that maximum stress appears to be less than the material yield stress 

(𝜎𝑦𝑖𝑒𝑙𝑑) or with the FOS up to 121.  Therefore, 6105-T5 extruded aluminum alloy is 

sufficiently strong for such a system. The deflection, stress, and the factor of safety 

(FOS) for the main frame are determined as follows:  

Equation 4-1:   𝐷𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 (𝛿𝑣) = 𝑎𝜃 + 𝛿 

𝐷𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 (𝛿𝑣) = 𝑎 �
𝑃𝑎𝑏
𝐸𝐼

� +
𝑃𝑎3

3𝐸𝐼
  

𝐷𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 (𝛿𝑣) =
𝑃𝑎2𝑏
𝐸𝐼

+
𝑃𝑎3

3𝐸𝐼
 

Equation 4-2:    

𝐷𝑒𝑠𝑖𝑔𝑛 𝑆𝑡𝑟𝑒𝑠𝑠 (𝜎) =
𝐿𝑜𝑎𝑑 (𝑃)
𝐴𝑟𝑒𝑎 (𝐴)

 

Equation 4-3:    

𝐹𝑎𝑐𝑡𝑜𝑟 𝑜𝑓 𝑆𝑎𝑓𝑒𝑡𝑦 (𝐹𝑂𝑆) =
𝑌𝑖𝑒𝑙𝑑 𝑆𝑡𝑟𝑒𝑠𝑠 (𝜎𝑦)
𝐷𝑒𝑠𝑖𝑔𝑛 𝑆𝑡𝑟𝑒𝑠𝑠 (𝜎)

 

While,  L = Length of the beam (mm) 

            E = Modulus of Elasticity (EAl =  70,326.5 N/mm2) 

           I = Moment of Inertia of the entire cross-sectional area (A) computed about the 

neutral axis. Ix = 97.66 cm4, Iy = 25.29 cm4 

P = Mg (Moverlay = 20 kg, g = 9.81 m/s2), mass load of the overlay device (N) 
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 𝜎𝐴𝑙 = Yield Stress for Extruded aluminum 6105 (Al) = 241.3 N/mm2 

   The motion frame of the overlay device consists of a customized aluminum X-Y 

linear positioning table from IGUS (igus® inc.) and a U-shape 6105-T5 extruded 

aluminum frame. The X-Y linear positioning table is designed to be able to hold the 

weight of the overlay device while the device is being translated up-down and left-right. 

This linear positioning table is connected to the overlay device through the U-shape 

6105-T5 extruded aluminum frame. A total load of 200N is applied to the image overlay 

device motion frame (weight of the monitor + mirror) as shown in Figure 4-7. The 

gravity is included for completeness and the system is assumed to be static with no 

orientation. 

 
Figure 4-7:  Possessive on DOFs, (up) the linear station carry the load of 200 N. 
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The stress and deformation analysis results for the motion frame structure can be 

seen in Figure 4-8.  The maximum stress appears to be less than the yield stress (𝜎𝑦𝑖𝑒𝑙𝑑) 

with small displacement as little as 0.03 mm which could be neglected. Hence, the 

motion frame is strong enough to hold the image overlay device while provide the 

motions.  

 
Figure 4-8: Results of stress and deformation analysis of (top) the linear station and (bottom) the U-shape 
aluminum frame. 

Refraction/Reflection 

For successful image overlay, the laser, LCD monitor, and mirror planes must 

intersect in a line, and the angle between the LCD monitor and the semi-transparent 

mirror must equal the angle between the semi-transparent mirror and the laser plane. The 

effects of semi-transparent mirror material choice on system error were studied.   
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Refraction and reflection are two critical properties that vary between semi-

transparent mirror media.  

Reflection is defined as the phenomenon of a propagating wave being thrown 

back from a surface. For our system, there is a tradeoff with reflection; greater reflection 

results in increased ability to see the overlaid image but decrease ability to see the actual 

physical object. A medium with moderate reflective capacity would be sufficient.   

Refraction is defined as the bending of light as it passes between the interface of 

two different media. Snell’s Law is used to quantify the degree of bending that occurs.  

Equation 4-4: Snell’s Law 

𝑛1 sin𝜃1 =  𝑛2 sin𝜃2 

 In the most general case, n1 and n2 are the indices of refraction for the two 

different media, and θ1 and θ2 are the angles the light passes through relative to the 

normal. For the analysis of the effect of refraction on the overlay system, one will define 

the parameters as seen by Figure 4-9.  

 For the analysis of the effect of refraction on the overlay system, the parameters 

are defined by applying Snell’s Law for the entry and exit of light through the medium:   

Equation 4-5: Entry light   

𝑛𝑎𝑖𝑟 𝑠𝑖𝑛 𝜃𝑟𝑒𝑓𝑙𝑒𝑐𝑡 =  𝑛𝑚𝑒𝑑𝑖𝑢𝑚 𝑠𝑖𝑛 𝜃𝑟𝑒𝑓𝑟𝑎𝑐𝑡1 

Equation 4-6: Exit light 

𝑛𝑚𝑒𝑑𝑖𝑢𝑚 sin𝜃𝑟𝑒𝑓𝑟𝑎𝑐𝑡1 =  𝑛𝑎𝑖𝑟 sin𝜃𝑟𝑒𝑓𝑟𝑎𝑐𝑡2  
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Figure 4-9: A diagram of refraction 

From Equation 4-5 and Equation 4-6 we see that 𝜃𝑟𝑒𝑓𝑙𝑒𝑐𝑡 = 𝜃𝑟𝑒𝑓𝑟𝑎𝑐𝑡2. The 

equivalence of these two angles demonstrates that the effect of refraction is a space shift 

that is independent of the medium location from all other objects, specifically in our 

application, the location of the flat panel screen, the target object, and the user. One will 

define the error of refraction, ε, as the distance between the target’s physical location (L2) 

and the target’s image’s location (L1) as measured at the surface of the refracting 

medium. The error can be thought of conceptually as a space shift of the image. The error 

can be derived via basic trigonometry both visually as seen in Figure 4-10 and 

analytically as seen.  
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Equation 4-7: Basic trigonometry, 

 𝑡𝑎𝑛𝜃𝑟𝑒𝑓𝑟𝑎𝑐𝑡1 =  
𝐿1
𝑊

 

From the diagram in Figure 4-10, Equation 4-7 could be replace with 

𝑡𝑎𝑛𝜃𝑟𝑒𝑓𝑟𝑎𝑐𝑡1 =  𝐿1
𝑊

   and   𝑡𝑎𝑛𝜃𝑟𝑒𝑓𝑙𝑒𝑐𝑡 =  𝐿2
𝑊

 

𝐿1 =  𝑊𝑡𝑎𝑛𝜃𝑟𝑒𝑓𝑟𝑎𝑐𝑡1  and  𝐿2 =  𝑊𝑡𝑎𝑛𝜃𝑟𝑒𝑓𝑙𝑒𝑐𝑡 

𝜀 = 𝑊(𝑡𝑎𝑛𝜃𝑟𝑒𝑓𝑙𝑒𝑐𝑡 − 𝑡𝑎𝑛𝜃𝑟𝑒𝑓𝑟𝑎𝑐𝑡1) 

By applying the equations from Snell’s Law, the final refraction error equation is: 

𝜀 = 𝑊(𝑡𝑎𝑛𝜃𝑟𝑒𝑓𝑙𝑒𝑐𝑡 − tan�sin−1((𝑛1 𝑛2) sin𝜃𝑟𝑒𝑓𝑙𝑒𝑐𝑡⁄ ))� 

While,  L1 = Target’s image location, L2 = Target’s physical location 

            𝜀 = Error of refration, and 𝑊 = Width of the medium (semi-transparent mirror) 

 
Figure 4-10: A diagram of refraction error 

Thus, refraction error is dependent on the width of the medium through which the 

light passes, the angle of reflection, and the indices of refraction for the medium and air. 



 

68 

 

The effect of reflection angle on refraction error does not change with different media as 

reflection derived error is independent of medium choice. The effect of reflection angle is 

minimally at smaller angles; therefore, placing the semi-transparent mirror in such a 

location that prohibits extreme angles will minimize the effect of reflection angle.  

The refraction errors inherent in various semi-transparent mirrors can be seen in 

Table 4-1. Comparing the mirror at constant width and reflection angle, demonstrates that 

refraction error varies by less than a tenth of a millimeter. Therefore, although a lower 

index of refraction reduces the error, the extent to which the error is reduced is not 

significant. Therefore, mirror choice does not significantly affect system error. Because 

of this finding, we chose to use Lexan due its durability. 

Table 4-1: Table Showing the Refraction Error in Various Media with 3mm Width at 10° angle of 
Reflection [87] 

Semi-Transparent Mirror Medium Index of Refraction Error(mm) 

Lexan (will be used in MR-IOAPS) 1.590 .1993 

Optical Glass 1.500 .1792 

Plexiglass 1.488 .1764 

Acrylic, Polymethylmethacrylate, PMMA  1.480 .1744 

Tenite Acetate 1.475 .1732 

Tenite Butyrate 1.475 .1732 

Pyrex 1.474 .1730 

Solvay Solexis Hylar 460 PVDF Polyyinylidene Fluoride 1.420 .1603 
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4.3 Registration and calibration 

In order to provide physicians with a correct 2D MR image projection plane 

corresponding to MR-IOAPS motions, the transformation between image coordinates in 

software (3D Slicer, www.slicer.org) and the MR-IOAPS need to be determined. 

To form the MR-IOAPS calibration, five coordinate systems are defined. Figure 4-11 

(left) shows the coordinates of the entire system. MR is the coordinate system of the MRI 

scanner, IO is the coordinate system of the MR-IOAPS, PH is the coordinate of the 

calibration phantom, IM is the coordinate system of the 2D MR image projection plane, 

and 3D is the coordinate of the 3D Slicer software. The transformations between five 

coordinate systems are shown in Figure 4-11 (right). Figure 4-11 shows the frame 

transformation of the MR-IOAPS frame to the 2D MR image frame, which can be 

expressed as: 

𝑇𝐼𝑂3𝐷 =  𝑇𝐼𝑀3𝐷𝑇𝑃𝐻𝐼𝑀𝑇𝑀𝑅𝑃𝐻𝑇𝐼𝑂𝑀𝑅 , 

where 𝑇𝑀𝑅𝑃𝐻𝑇𝐼𝑂𝑀𝑅 are assumed to be known from the laser alignment calibration. In relating 

the phantom coordinate system (PH) to the MR image projection plane (IM), 𝑇𝑃𝐻𝐼𝑀, and to 

3D slicer (3D), 𝑇𝐼𝑀3𝐷, the ‘Z’ shape provides three points for each Z-shaped fiducial. In 

Figure 4-10 (right) P1, P2 and P3 are the three points that would be seen in the MR image, 

while points A, B, C and D represent points at the end of the parallel lines. The mid-point 

(P2) on the Z-shaped fiducial can be computed using the triangle similarity: 

𝑆1 =  
𝑑 − 𝑍 𝑡𝑎𝑛𝜃
𝑎 + 𝑍 𝑡𝑎𝑛𝜃
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𝑍 =  
𝑑 − 𝑎𝑆1

(𝑆1 + 1)𝑡𝑎𝑛𝜃
 

where 𝑎, 𝑑, θ, and 𝑆1 can be determined from the CAD model of the phantom. 

 

 

Figure 4-11: (Top) MR-IOAPS coordinates system; (bottom) transformations and computation of the mid-
point (P) in phantom coordinates. 

 
The triangular phantom (PH) is designed for system and motion calibrations. The 

phantom consists of three acrylic plates combined to form a triangle. Rigid tube markers, 
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filled with a mixture of saline (0.9% NaCl) and gadolinium-based contrast agent in a 

300:1 ratio as suggested by the radiologist, are attached to the top and side of the 

phantom box with a Z-shaped pattern to provide a frame of reference for the ground-truth 

registration of the image overlay device. 

The front plane of the phantom is designed to be thinner than other parts. This 

frontal plane is used in system calibration by aligning the MR-IOAPS laser plane to the 

scanner laser plane. The MR skin donut markers are embedded in this frontal plane with 

an asymmetric pattern as shown in Figure 4-11. 

 
Figure 4-12: (left) Diagram of calibration phantom with Z-shaped fiducials in each image motion (a-c) and 
frontal plane of the calibration phantom with MR-donut skin markers, where the laser plane cut through. 
The zero position is set to the isocenter of the MR scanner and is referenced by the laser planes inside the 
scanner bore. The phantom is then aligned to the isocenter of the scanner in both axial and sagittal planes. 
 

During motion calibration, the Z-shaped markers exhibit different patterns 

throughout the hardware motions as shown in Figure 4-12. 
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In reference to the predecessor system, MR-IOS [88], the calibration is divided 

into three steps: (1) Hardware calibration; (2) System calibration; and (3) Software 

calibration. The results are valid if the system remains fixed after calibration. However, 

MR-IOAPS is designed to allow the radiologist perform needle insertions in an oblique 

plane by adding two revolute joints that rotate about the X- and Y-axes. Hence, motion 

calibration for MR-IOAPS is proposed to eliminate misalignment caused by these 

motions. To simplify and reduce the time consumed by intra-procedural calibration, the 

two DOFs from the prismatic joints (𝑑𝑥 and 𝑑𝑦) are neglected, since it is assumed that 

movement along the X- and Y-axes should be completed prior to motion calibration. 

Motion calibration is meant to register the MR-IOAPS rotations to image plane rotations 

(θ𝑥 and θ𝑦). 

The zero position of the MR-IOAPS is set as a “home” position, where θ𝑥and θ𝑦 

encoder readings are set to zero. 

The workflow for MR-IOAPS calibration is proposed as follows: 

1. Adjust the frame height and lateral positions appropriately on a per-subject basis, 

and maintain these positions fixed so that these two DOFs (𝑑𝑥and 𝑑𝑦) do not need 

to be incorporated into the motion calibration 

2. Establish the current configuration as the MR-IOAPS Home position 

3. Acquire an image volume of the triangular phantom (PH) 

4. Upload the image volume to 3D slicer 



 

73 

 

5. Select the two end points of each Z-shape fiducial from three sides using 3D 

Slicer; nine fiducials, totaling 18 points, generate 9 lines based on the user point 

of view 

6. In the MRI room, slide the table out to the PH midpoint 

7. Correct for table offset based on the position label on the PH 

8. Select nine points on the Z-shaped fiducials that intersect with the laser mounted 

on the MR-IOAPS 

9. Rotate the MR-IOAPS in any direction, and again select nine points as in the 

previous step (encoder readings are recorded for each rotation) 

10. Repeat Step 9 for at least six different image planes; the table must not move 

during this process so that the planes intersect 

This calibration is only required whenever the frame is repositioned. 

4.4 Motion Characteristics 

The purpose of this study was to assess the motion characteristics of the four 

DOFs (𝑑𝑥, 𝑑𝑦, θ𝑥 and θ𝑦) and test the encoders functionality. In motion analysis 

experiments, the MR-IOAPS was first stood rigidly against a wall. The calibration 

phantom was then placed on the table and fixed rigidly under the MR-IOAPS apparatus 

as shown in Figure 4-13 (left). Five optical markers were attached to the table, MR-

IOAPS, and the calibration phantom. The MR-IOAPS was then calibrated for the 

experiment by matching the overlay laser projection plane to the overlay image 

projection plane using a calibration phantom, Figure 4-13 (right). The “home” position 
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was defined to be (X, Y, Z) = (0, 0, 0) in this configuration. The (X, Y, Z) positions were 

measured using the encoders and rulers attached to the system. All motions were tracked 

by an optical tracking system (NDI Optotrak, Northern Digital Inc., Waterloo, ON, 

Canada).  

The study consisted of two consecutive parts for the four DOFs. The X-Y-Z 

coordinates are defined relative to the patient. The X-axis is defined along the horizontal 

axis from left to right, the Y-axis is defined along the vertical axis from bottom to top, 

and the Z-axis is defined along the bed from head to toe. 

Statistical analysis was performed with a statistical software package (SigmaPlot, 

version 11.0 Systat Software, Inc.). One-way analysis of variance with Kruskal-Wallis, 

Wilcoxon, was used to evaluate for group differences. A p-value of less than 0.05 

indicates a statistically significant difference. 

 
Figure 4-13: (Left) Experimental setup including with the current prototype of MR-IOAPS, calibration 
phantom, electronics and control boxes, and optical tracking system with five rigid body; (right) matching 
the overlay laser plane to the image plane by using the calibration phantom.  

4.4.1 Translation along the X-axis (𝒅𝒙) and Y-axis (𝒅𝒚) 
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A total of eight translations along the X-axis and eight translations along the Y-

axis were measured. The experiment protocols are shown in Figure 4-14. 

 
Figure 4-14: (Left) Experiment protocol for translation along X- axis and (right) protocol for translation 
along Y- axis; where N represents the order of translation in each axis. 
Translations were carried out as shown below: 

Nright (i) = Home (0, 0, 0)  (dx, 0, 0)  Home (0, 0, 0), i = 1,…, N 

Nleft (i)   = Home (0, 0, 0)  (-dx, 0, 0)  Home (0, 0, 0), i = 1,…, N 

Nup (i)   = Home (0, 0, 0)  (0,dy, 0)  Home (0, 0, 0) , i = 1,…, N   

Ndown(i)  = Home (0, 0, 0)  (0,-dy, 0)  Home (0, 0, 0) , i = 1,…, N   

Here, (dx) = [0, 12.7, 25.4, 38.1, 50.8] mm and (dy) = [0, 12.7, 25.4, 38.1] mm  

The following preliminary parameters were assessed for translation motion, 1) the 

absolute position errors of the encoders relative to the optical tracking, and 2) the motion 

plots for translations. 

4.4.2 Rotation around the X-axis (θ𝒙) and Y-axis (θ𝒚)  

A total of eight rotations around the X-axis and eight rotations around the Y-axis 

were measured. The experiment protocols are shown in Figure 4-15. 
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Figure 4-15: (Left) Experiment protocol for rotation around X- axis and (right) protocol for rotation around 
Y- axis; where N represents the order of rotation in each axis. 

  
Rotations around X-and Y-axes were carried out as shown below: 

Ncw = Home (0, 0, 0)  (Ɵx, 0, 0)  Home (0, 0, 0)   

Nccw = Home (0, 0, 0)  (-Ɵx, 0, 0)  Home (0, 0, 0)   

Ncw = Home (0, 0, 0)  (0,Ɵy, 0) and  Home (0, 0, 0)   

Nccw = Home (0, 0, 0)  (0,-Ɵy, 0) and  Home (0, 0, 0)   

Here, (Ɵx) = [0  5] degrees, with increments of 1 degree 

Here, (Ɵy) = [0  10] degrees, increment of 1 degree 

The following preliminary parameters were assessed for rotation motion, 1) the absolute 

angle errors of the encoders relative to the optical tracking, and 2) the motion plots for 

rotations. 

4.5 Results 

The MR-IOAPS has been designed, built and motion analysis experiments have 

been performed. The MR-IOAPS was translated (back and forth) and rotated (clockwise 

and counterclockwise) to different positions along one axis at a time. All motions (32/32) 
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were carried out.  The ranges of translations are ±55 mm and ±40 mm about the X-axis 

and Y-axis respectively.  The ranges of rotations are ±5 ° (deg) and ±10 ° (deg) about the 

X-axis and Y-axis respectively. 

4.5.1 Translation along the X-axis (𝒅𝒙) and Y-axis (𝒅𝒚) 

The MR-IOAPS was translated to different positions along one axis at a time, 

Figure 4-16. The positional errors were measured by comparison of the encoder and true 

positions as indicated by the optical tracker reading, Figure 4-17. 

 
Figure 4-16: 3D Plots of translation along X-axis and Y-axis 
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Figure 4-17: Absolute errors plot for X-axis and Y-axis translations by comparison of the encoder and true 
positions as indicated by the optical tracker reading. 

 
The average errors of the translations along the X- and Y-axes are shown in Table 4-2. 

Table 4-2: The average error of the translation along X- and Y- axes  

Absolute Error (mm) Mean ± SD (mm) Min – Max (mm) 

Translation along X-axis  1.5±1.3 mm 0.1–5.0 mm 

Translation along Y-Axis  2.3±1.9 mm 0.1–4.9 mm 

  

The difference of the positions along X- axis indicate by the optical tracker and 

the encoder is not great enough to exclude the possibility that difference is due to random 

noise with the average error ≈ 1.5 mm. There is not a statistically significant difference 

between the results from optical tracking and encoder reading (p = 0.945). Similarly, the 

positions along Y-axis show no statistically significant difference between the two groups 
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(p = 0.862) with the average error ≈2.3 mm. The results show that the encoders are 

consistent enough to be used as a guideline for the operator while changing the position 

of the system.  

The statistical difference refers to the functionality of the encoder relative to the 

optical tracking. The results show no difference of indicating the translation motion 

between the optical tracking (ground truth) and encoder reading. 

4.5.2 Rotation around the X-axis (Ɵ𝒙) and Y-axis (Ɵ𝒚) 

The MR-IOAPS was rotated to various angles around one axis at a time, Figure 

4-18. The angle errors were measured by comparison of the encoder and true positions 

from optical tracker (ground truth), Figure 4-19. The average errors of rotation about X- 

and Y-axes are shown in Table 4-3. 

Table 4-3: The average angle error of the rotation about X-and Y-axes  

Absolute Angle Error (deg) Mean ± SD (deg) Min – Max (deg) 

Rotation about X-axis 0.6±0.6 deg 0.0–1.5 deg 

Rotation about Y-axis 0.0±0.0 deg 0.0–0.0 deg 

 

There is not a statistically significant difference between the angles measured by 

optical tracking and encoder reading both X- and Y-axes (p = 0.825 and p = 0.933). The 

results show no difference of indicating the rotation motion between the optical tracking 

and encoder reading. 
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Figure 4-18: Rotational plot results about X- and Y-axes 

Absolute error plot of rotation around X-axis (deg)
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Figure 4-19: Absolute error plot of (left) rotation about X-axis and (right) rotation about Y-axis by 
comparison of expected angles and the actual angle as indicated by the optical tracking and encoder 
reading. 

4.6 Discussion and Conclusions 

Translations in the left and right directions, as seen when facing the + Z direction, 

are defined as (−) and (+) directions respectively along X-axis; we may use these terms 

interchangeably as the former description is natural from the point of view of the 

operator, while the latter originates from our model. Figure 4-20 (left) shows the errors in 

x-, y- and z-axes while translate along the X-axis. 
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Figure 4-20: (Left) errors plot for translation along X-axis, (right) errors plot for translation along Y-axis 
represent in x-, y-, and z-components. 

 
From Figure 4-20 (left), we notice small errors on y- and z-axes (error was 

expected to be zero or negligible), but considerably smaller than x-axis errors. The 

differences in median values among the axes (x- vs. y-axes, and x- vs. z-axes) are greater 

than would be expected. There is a statistically significant difference in the median values 

among axes (p = 0.022). Because of this finding, we are able to predict the possible errors 

of its translation.   

Preliminary data currently suggest considerable translations errors due to elastic 

deformation from vibration during the motion. However, those appear fixable and thus 

not expected substantially affect the system performance.  

Translations in the up and down directions are defined as (+) and (−) directions 

respectively along the Y-axis. The errors for Y-axis translations are plotted for x-, y-, and 
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z-axes, Figure 4-20 (right). There is not a statistically significant difference in the median 

values among axes (p = 0.357).  

By separating the overall error into multiple components, Figure 4-20 (right), it 

becomes possible to quantify the contribution of different sources of error. There are two 

potential sources of error along the Y-axis. One source of error is related to elastic 

deformation from vibration during the motion. The other is the heavy weight of the image 

overlay device (current monitor + mirror system), by moving it around will generate 

visible elastic deformation. 

Rotation about the X-axis in the clockwise (cw) and counterclockwise (ccw) 

directions, as viewed when facing the + X direction, are defined as (+) and (-) directions 

respectively, and we may use these terms interchangeably for reasons stated previously. 

A protractor is used to measure the rotation angle and a laser line projection is used to 

confirm the center of rotation. Analysis shows that rotations are limited to a range of ±5 

degrees for acceptable accuracy, for the big angle the distance between target and the line 

at the intersection of the laser plane with virtual plane is bigger than the area we can 

display. The center of rotation shifts when the rotation is over 5 degrees in either cw or 

ccw directions, with an absolute distance of approximately 25.8 mm from the origin, 

Figure 4-21.  
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Figure 4-21: Laser plane projection plot of rotations about X-axis both cw and ccw. 

 
Figure 4-22: Top view of plane intersection about Y-axis 
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We consider the overlay system as a non-uniform shape rotating about the X-axis. 

The monitor is heavier than the mirror, and the overlay system (monitor + mirror) is not 

symmetric when rotating around the X-axis, the center of gravity (CG) of the image 

overlay device resides off-axis, on the monitor. The position of the CG affects the 

stability of the system; the higher it is the more likely the overlay device is to tip over if 

rotated past a certain angle. Shifting of the center of rotation about X-axis, or the tilt angle 

of the MR-IOAPS, is the effect of the off-axis CG.  

Rotation about the Y-axis in two directions, cw and ccw when viewed facing the 

+Y direction, are defined as the (+) and (-) directions respectively. The range of rotation 

is limited to 10 degrees in either direction. Around the Y-axis, the MR-IOAPS shape is 

symmetric. The error values show no effect from any shifting of the center of rotation, 

Figure 4-22. The rotations around the X-axis and Y-axis are stable until their respective 

limits of ±5 degrees and ±10 degrees. 

Our preliminary results support further evaluation of the MR-IOAPS system with 

optical tracking, which affords assessments through real-time tracking and real-time 

registration.  
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Chapter 5 

The Perk Station 

Preamble: The material presented in this chapter has been published in [89], [90], [20]. 

A part of this work has also been published in [91], [83]in which I am a co-author. As a 

co-author, I contributed experimental setup, planning, manuscript preparation.  

This chapter describes the design and prototyping of a laboratory needle-based 

surgical guidance systems training/teaching suit for percutaneous interventions called 

“The Perk Station”.   

5.1 Introduction 

Freehand needle placement, even when used with assistive techniques such as 

image overlay was found to be limited by requiring hand stability [59] and [61]. Contrary 

to casual observation, needle-based surgery can be a complex intervention. Translational 

and rotational motions, as well as bending and insertion forces can be combined for 

delicate needle control in needle-based surgery. The physicians have been required to 

develop more skill in less time. Changes in technology and skills requirements will 

require novel educational techniques. Restricted work hours and increasing costs mean 

that efficiency must be a priority. A novice physician typically performs needle 

interventions under the supervision of a senior physician. This is a slow and inherently 

subjective training process that lacks objective, quantitative assessment of the surgical 

skill and performance. Current evaluations of needle-based surgery are also rather 
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simplistic: usually only needle tip accuracy and procedure time are recorded, the latter 

being used as an indicator of economic feasibility. Many important nuances that pertain 

to collateral morbidity, side-effects, pain and patient discomfort are not captured in 

current performance evaluation methods. Inherent to the argument of objective 

assessment, is the question: what constitutes a fair and standard basis or test, on which 

trainees can be assessed upon? In a clinical setup, trainees and physicians usually practice 

on patients or, at best, on animal models. Comparative studies and evaluations across 

trainees cannot draw statistically significant and meaningful conclusions in such a 

situation as each trainee is working with a different subject. Also, it becomes impossible 

to measure the relative performance of the same person with different guidance 

modalities. Even hypothetically, if in a clinical setup, relative performance using different 

guidance techniques was to be measured for the same surgeon, it would lead to 

unsustainably large and winding clinical trials with unsupportable costs. The use of a 

standard phantom with ground truth data, the invariable subject, is a key element to carry 

out unbiased comparative studies. The convenience and throughput of teaching and 

practicing the basics using a phantom in a lab cannot be overlooked either. 

A need is seen to develop a training system on which physicians can improve 

their skills in variety of clinical situations. Surgical training and simulator systems have 

been reported in the recent past for simulating abdominal surgery, gynecologic or 

arthroscopic procedures [92] and [93]. Various simulators for different endoscopic 

procedures like laparoscopy [94], hysteroscopy [95], liver surgery [96]and [97] and most 
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recently for eye surgery [98] have been proposed. There is little literature pertaining to 

training systems for performing needle placement interventions.  

The proposed training station will fill the needs mentioned above and thus its 

anticipated impact is considerable. Better understanding of the ergonomic and cognitive 

aspects of surgical navigation will enable targeted development of systems for specific 

clinical applications. Our work will promote rapid design and prototyping of novel 

needle-based surgical guidance systems and will, consequently, lead to accelerated 

translation to clinical practice. Improved and more effective surgical evaluation and 

training is of paramount importance in the rapidly growing healthcare segment of 

minimally invasive needle-based surgeries. 

5.2 Requirements  

This training system will be used as a laboratory training/teaching tool with non-

bio-hazardous specimens. The standard phantom is created to address as patient while the 

image overlay is represent an imaging device. This system will also provide a means to 

study the trajectory and gestures throughout the insertion procedure in addition to the 

endpoint accuracy. The study of hand gestures for each of these methods will provide 

useful information that can be used to help minimize the number of re-insertion attempts 

needed, as each re-insertion causes significant discomfort to the patient. This system 

promises a less exhaustive resource and more accurate means by which to validate needle 

insertion procedures. As for the use of teaching tool, the system will be used for the 

demonstration. Hence, it’s required to be transportable and lightweight. 
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The features of the needle-based training system that provide benefit over the 

traditional training are:  

1. Combine different needle guidance techniques on a single suit and can be used 

as laboratory training or as clinical tools.  

2. Multiple physical arrangements and phantoms are available to support a full 

range of spinal and musculoskeletal training interventions without accessing 

to the OR, while maintain the traditional procedural workflow.  

3. The motions of the surgeon and the trajectory of the surgical tool could be 

recorded and validated real-time.  

4. Shortening the learning curve of trainees. Trainees are able to perform needle 

insertions independently, requiring minimal communication. 

5. This training system is a replicable and adaptable tool for teaching computer-

assisted surgery at all levels, from high-school science classes to clinical 

residency. 

5.3 Design 

The Perk Station Platform (PSP) version of MR-IOS is developed for 

standardized laboratory training and operator performance measurement under different 

assistance techniques for needle-based surgical procedures. PSP comprises image 

overlay, laser overlay [27], and standard tracked freehand navigation in a single suite.  

5.3.1 The Perk Station Platform  
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The main structure of the PSP is made of the extruded aluminum 6105-T5, 

80/20® Inc. The system was designed using 3D CAD program (SolidWorks) prior to 

fabrication. The strength and stability of the assembly were tested during the design 

process to evaluate the functional requirements, performance and safety of the system.  

 
Figure 5-1: A maximum load of 100 N is applied on the main structure of the Perk Station. This load 
represents the weight of the monitor and mirror for image overlay (~10 kg).   

The strength of a material depends on its ability to sustain a load without undue 

deformation or failure. Twice the size of the weight of the image overlay device is 

applied on the main structure as shown in Figure 5-1. The real weight (M) of the image 

overlay device is ~5 kg. Fixed geometry is applied at the base of the main structure.  
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Figure 5-2:  (Left) Bending moment diagram of the PSP main structure, (center) deflection diagram from 
load P, and (right) estimate deformation analysis of the PSP main structure from load P, is computed on 
SolidWork. Blue color represents minimum value and red color represents maximum value. 

 
The L-beam deflection fixed at one end (Chapter 4, section 4.2) was used to 

predict the maximum deflection that may occur on the PSP main structure. The result 

shows that the vertical beams show small deflections up to 0.2 mm and could be 

neglected for the buckling calculation. The deflection and factor of safety for this beam 

are determined as follow: 

Equation 5-1:   𝐷𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 (𝛿𝑣) = 𝑃𝑎2𝑏
𝐸𝐼

+ 𝑃𝑎3

3𝐸𝐼
 

Equation 5-2:   𝐹𝑎𝑐𝑡𝑜𝑟 𝑜𝑓 𝑆𝑎𝑓𝑒𝑡𝑦 (𝐹𝑂𝑆) = 𝑌𝑖𝑒𝑙𝑑 𝑆𝑡𝑟𝑒𝑠𝑠 (𝜎𝑦)
𝐷𝑒𝑠𝑖𝑔𝑛 𝑆𝑡𝑟𝑒𝑠𝑠 (𝜎)

 

While,  L = Length of the beam (mm) 

            E = Modulus of Elasticity (EAl =  70,326.5 Mpa) 

           I = Moment of Inertia of the entire cross-sectional area computed about the 

neutral axis. Since the beam is symmetric as shown in Figure 5-3, then I = Ix = Iy = 

1.772605 cm4 
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P = Load (N) = 2 x Mg (M = 5.1 kg, g = 9.81 m/s2) 

 Yield Stress (σy) for Al 6105 = 241.3 Mpa (N/mm2) 

 
Figure 5-3: (Left) Load analysis result for the deflection affected to PSP. The maximum deflection is about 
1.3 mm. (Right) Stress analysis result shows the max stress is ~31 Mpa.  

The analysis results show that the worst case deflection affected on the loading 

bar is 1.3 mm, which is considered very small and therefore neglected. The yield stress of 

the Aluminum 6105-T5 is 241.3 Mpa, while the max stress occurs on the PSP is 31 Mpa, 

which is about 8 times FOS. The results show that the extruded aluminum frame is 

sufficiently strong to hold the weight of all devices (with a maximum of 10 kg), yet it is 

still sufficiently lightweight to be portable. The weight of the whole system including the 

main structure is 16.5 kg. The overall dimensions of the folded system are 57x55x29 cm, 

which could be fit in a 30 inch suitcase, Figure 5-6. The unfolded system is 54 x 55x 67 

cm, Figure 5-5. 
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The laboratory system components for this study consist of; the PSP, a phantom, 

used as a substitute of a patient, an electromagnetic (EM) tracking system, NDI Aurora, 

(Northern Digital Inc., Waterloo, ON, Canada), used as a validation system, an external 

monitor for freehand insertion, a keyboard for software calibration, laptop running the 3D 

Slicer software, and a calibration device for physical calibration as shown in Figure 5-4. 

The PSP consists of three percutaneous simulation systems. First, image overlay 

guidance, is designed with a semi-reflective glass that allows the trainee to view the CT 

slice as if it were floating in 3D space inside the phantom. After calibration, when the 

physician looks at the patient through the mirror, the CT/MR image appears to be floating 

inside the body with the correct size and position as if the physician had 2D ‘X-ray 

vision’. Prior to needle insertion the image is transferred directly in DICOM format to the 

planning and control software running on a stand-alone laptop where we mark the target 

and entry points, draw a visual guide along the trajectory of insertion, mark the depth of 

insertion and push this image onto the overlay display. Second, the laser guidance system 

that is mounted on the Perk Station indicates the trajectory of the needle using two 

perpendicular laser planes; one transverse plane and one oblique sagittal plane.  The 

intersection of these two laser planes marks the needle insertion path. For convenience, a 

second oblique sagittal laser can be added to support bilateral interventions.  Lastly, the 

tracked freehand method, the location of the CT slice in 3D space is indicated using a 

marked line on the skin surface. The electromagnetic tracker is positioned relative to the 

PSP to minimize the effect of metal parts on the tracking accuracy. Ferromagnetic 
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materials were not built into the system mounting. Adaptations are made to a real surgical 

needle to allow tracking and enable use with the laser overlay system. A stand-alone 

laptop computer is used for image transfer, surgical plan and appropriate rendering.  

 
Figure 5-4: The components of the Perk Station Platform (PSP)   
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Figure 5-5: Current prototype of the Perk Station  

 
Figure 5-6: The Perk Station is folded and ready to pack in a suitcase 
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5.3.2 Phantom  

The associated needle insertion phantom is designed to be used as a substitute of a 

patient in the training. Hence, it is required to be able to represent multiple subjects, 

reflect the real feeling as working on the real patients, and allow the calibration, 

registration and visualized validation without accessing to the CT/MR scanner.  

To address the above mentioned, the phantom is made transparent and is designed 

to house various types of subjects. For example, in the embodiment made for practicing 

spinal pain management, the phantom comprises a human vertebra is embedded in 

different layers of gel representing muscle and fat, under a neoprene skin as shown in 

Figure 5-7.  

 

 
Figure 5-7: Spine phantom with a vertebra (upper) and a geometric phantom with Stereotactic fiducials 
(lower) 
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For the system accuracy measurement, the geometric phantom is created. The 

phantom consisted of six polycarbonate rigid rods with a diameter of 3 mm. These rods 

are designed to be used as targets of different heights in a single plane. All six target rods 

are place in a cast acrylic box of 238 x 38 x 200 mm. The box is filled with transparent 

gels,  polyvinyl chloride-based plastisol (M-F Manufacturing Company Inc., Fort Worth 

TX, USA), layered to mimic human fat and muscle. These layers are transparent and 

allowed the observer to validate the results by eyes. Operators are not allowed to see the 

targets during the experiment. The phantom box specifically on the operator side is 

covered with a cloth. The gels were additionally covered with a 1-3 mm-thick neoprene 

sheet to mimic human skin. The top layer gel was reheated and the cover neoprene was 

changed after each user to avoid needle tracks. Fiducial markers are placed on the top of 

the phantom as reference points for software calibration. 

A “Z” shape pattern and 28 divot points are laser cut into the container to 

facilitate registration between the CT/MR and navigation space. The phantom is 

registered to navigation space with a calibrated electromagnetic (EM) tracked pointer. 

The NDI Aurora EM tracking system is used to localize an instrumented needle with 

respect to the phantom. An EM tracking coil or a 6 degree-of-freedom (DOF) reference 

tool is attached rigidly to the phantom and a calibrated pointer tool is used for rigid-body 

registration of the phantom to the tracker. The needle hub and tip are also instrumented 

with EM tracking coil, so that we can analyze the user’s motions and validate the 

accuracy of needle placement relative to the phantom. 
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5.3.3 Software 

The graphical surgical planning and control interface will be integrated into the 

3D Slicer (www.slicer.org), open source medical image computing and visualization 

software. The interface software combines functions and elements of image overlay, laser 

overlay and tracked navigation, as well as motion analysis and statistical performance 

metric tools. The software is capable of calculating the laser angles according to the 

planned trajectory, as well as insertion depth for each plan. The software provides 

insertion and target point error, both in and out of the image plane. Needle axis 

orientation error is also computed as shown in Figure 5-8.  

 
Figure 5-8:  PSP software workflow; (a) Image display and calibration (all techniques) and needle 
registration (for tracked freehand), (b) Planning, (c) Load plans and calibrations, (d) Insertion for image 
overlay and laser guidance, (e) Insertion for tracked freehand technique and (f) and (g) Off-line evaluation 
of recorded surgical gestures running in 3D Slicer. 
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5.4 Calibration 

The display software used in the laboratory is a modified version of the Perk Station 

software (see Chapter 3).  

Perk Station calibration consist of two steps:   

1. Physical calibration: the 3-DOF that need to be eliminated are (Rx) the angle 

between semi-transparent mirror to the  monitor, (Ry) the monitor level with the x-

axis, and the alignment between laser and virtual image (Tz). All parameters are 

set by the use of the unique set-up dependent calibration device. First, the 

calibration device is placed between the front of the monitor screen and the semi-

transparent mirror; the monitor screen is then rotated downward until the 

calibration device becomes level with the aluminum profile holding support. 

Sliding the laser plane device to cross with the parallel line marked on the device 

completes calibration as shown in Figure 5-9. This is a preoperative calibration 

for all three techniques and is repeated when changing the image plane and/or 

insertion technique;  

2. Software calibration: software addresses the three DOFs inherent in the image 

placement. The procedures are shown in Figure 5-8. The software calibration will 

be needed only in the overlay insertion technique.  
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Figure 5-9: a) Place the calibration device between the front of the monitor and the mirror; b) rotate the 
holding frame downward until the laser measurement bar becomes level with the aluminum profile (blue 
lines); c) the laser measurement bar appears on the back of the monitor; d) align the transverse laser plane 
on the measurement line.   

5.5 Electromagnetic (EM) tracking and coordinate systems registration 

All insertions performed with freehand were tracked and recorded by using an 

electromagnetic (EM) tracking system (NDI Aurora, Northern Digital Inc., Waterloo, 

ON, Canada). A satisfactory resolution with acceptable jitter workspace of this EM 

trackers was about 20-25 cm from the surface of the phantom. A set of related 

coordinates were defined to enable needle tip tracking relative to the CT image of the 

phantom as shown Figure 5-11. The needle tip was calibrated using the pivot calibration 

procedure implemented in the IGSTK software toolkit (http://www.igstk.org/) and 

registered to the 6-DOF coil sensor (6DOFTtip) which is recognized by the EM tracker 

(EMT6DOF). The pivot points on the phantom housing were used to compute the optimal 

registration of the tracker to the Slicer reference frame (SlicerTEM), Figure 5-10 (right). The 

phantom was registered to the AR overlay image slice (ImTPh) by relating the Z-shaped 

fiducials appearing on the image slice to the CAD model and to 3D Slicer (SlicerTIm) 

http://www.igstk.org/


 

100 

 

respectively, Figure 5-11. An rms error of the electromagnetically tracked needle tip 

position of 0.7 mm was measured within the operating range of the needle. 

 

Figure 5-10: (Left) 16-guage needle with 6DOF EM tracker sensor attached to the top, (right) pivot  points 

on the phantom housing were used to compute the optimal registration of the tracker to the Slicer reference 

frame  

Adaptations were made to a surgical needle to allow tracking and enable use with 

the laser overlay system. An electromagnetic tracker sensor was attached to the hub of a 

16-gauge needle (OD ≈ 1.7 mm) as shown in Figure 5-10.   
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Figure 5-11: Perk Station coordinate system transformations.  

5.6 System Integration 

5.6.1 Hardware set-up and operations 

The system set-up is shown in Figure 5-12. The system will be adjusted according 

to the insertion methods that are image overlay (Figure 5-13, left), laser guide (Figure 

5-13, center) and freehand insertions (Figure 5-13, right). An external monitor is also part 

of the set-up, which visualizes the image slice and planned needle trajectory for the laser-

only and freehand insertions. 
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Figure 5-12:  (Left) Diagram of the Perk Station percutaneous simulator setup; (right) Laboratory system 
setup for experiments and training 

 
Figure 5-13:  The actual setup for overlay insertion (left), laser guided insertion with two laser planes make 
a crosshair to (center), freehand insertion (right).  
 

Image overlay 

 Calibration of the overlay is in two stages: physical and software. First, the angle of 

the folding display, semi-transparent mirror, and laser plane are fixed and the phantom is 

aligned under the transverse laser plane. Next, the in-plane transformation that allows the 

fiducials in the overlaid CT/MR image and the phantom coincide. The trainee selects the 

insertion and target points. The depth of the needle are calculated and shown on the 
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monitor, measure the depth of the needle. Finally, the trainee places the needle tip at the 

entry point and aligns the needle along the path as shown in Figure 5-13 (left). 

Laser Guide  

 The laser guidance system that is mounted on the PSP indicates the trajectory of the 

needle using cross-hairs. When the laser overlay is being used the location of the slice in 

3D space is indicated by the laser plane, as it would be in a CT machine. Calibration of 

the laser guide is in one stage: physical calibration. A single slice is again selected as the 

insertion plane and aligned with the transverse laser plane of the system. The trainee 

selects the trajectory by the insertion and target points. The needle depth and off-vertical 

angle are calculated, and the adjustable angle guide is set to the specified angle and 

translated along the rail until the cross-hair generated at the intersection of the two lasers 

is coincident with the percutaneous entry point. The trainee places the needle tip at the 

entry point and aligns the shaft such that a cross-hair generated by the intersection of the 

lasers is also present on the head of the needle. The needle is inserted to the specified 

depth while maintaining alignment under the laser crosshair as shown in Figure 5-13 

(center).  

Freehand  

  During the free hand insertions the location of the slice in 3D space is indicated 

using a marked line on the skin surface. A single slice is selected as the insertion plane 

and aligned with the transverse laser plane of the system. The trainee selects the 

trajectory by the insertion and target points. The needle depth and off-vertical angle are 
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calculated and displayed on the external monitor. The trainee places the needle tip at the 

entry point refers to the skin markers appear on top of the phantom and aligns the needle 

about the angle planned shown on the external monitor. For the freehand method, the 

location of the CT slice in 3D space was indicated using a marked line on the skin 

surface. 

In all cases, the needle is tracked in real-time during the course of the insertion, 

not only the final tip position. The Aurora electromagnetic tracking system provides the 

tip position and axis orientation of the needle. Traditional freehand interventions can be 

evaluated by only using the transverse laser plane, functionally similar to the ones on the 

face of the MR/CT scanner. 

5.7 Evaluation  

A number of studies and trainings have been successfully tested in the laboratory 

setup with a valid ethics approval from the Johns Hopkins University, Homewood 

Institutional Review Board (HIRB). The latter of approval is shown in Appendix A. The 

purpose of the studies was to evaluate the usability and efficiency of the PSP in the dry 

laboratory and feasibility of the training system from various users. The cases used in 

these studies are limited to axial slices. 

5.7.1 Technical efficacy and operator performance study from various users on 

geometrical phantom 
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The purpose of these studies was to evaluate the efficacy of the image overlay 

technique from the perspectives of untrained inexperienced users. We investigated the 

extent of external aid required given the level of skill and experience of the operator. The 

setup of the in-lab studies are shown in Figure 5-12. The experiment protocol is shown in 

Figure 5-14. Forty operators with different skill levels conducted needle placement 

procedures in geometrical phantoms with predefined targets. Operators were separated 

into two groups, (freehand N=20 versus image overlay guided N=20). They were 

provided with a tomographic image of the target and asked to insert the needle with or 

without guidance system based on the group.  Each operator of both groups were asked to 

conduct two freehand insertions as a skill adjustment. Both groups then received a 

training session of six insertions, followed by two evaluation insertions. All insertions 

were tracked and used for analysis to compare the use of overlay versus freehand 

insertions. Operators were not informed of which needle insertions were training sessions 

and which were being assessed.  

We used three geometric phantoms in this experiment. Each phantom consisted of 

six polycarbonate rigid rods with a diameter of 3 mm. These rods are designed to be used 

as targets of different heights in a single plane.  

Each needle plan was initiated when the observer informs the operator that they 

may look at the screen which contains the insertion plan. The operators were required to 

inform the observer when they feel the needle tip was in place. The observer then 

provided feedback to the operators regarding the success of each insertion attempt. 
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Success was defined as physical contact of the intended target and the needle tip, and was 

assessed visually through the transparent phantom. 

 

Figure 5-14: Protocol of the Perk Station study total 10 insertions (2 skill adjustments, 6 training 
insertions, and 2 evaluations) 

 
Technical efficacy 

Technical efficacy was measured by comparing the success rates of needle 

insertions between the two different image guidance techniques by using T-test. 

Statistical analysis was performed with a statistical software package (SigmaPlot version 

11.0, Systat Software, Inc.) 

Operater performance  

Operator performance was assessed by comparing total procedure times, total 

needle path distance, presumed tissue damage, and speed of individual insertions. 

Procedure time (s) was defined as the total time spent on each insertion; starting with 

planning of the needle path and ending when operator indicated the final position of the 

needle tip. The total needle path distance (mm) was defined as the total distance of the 

needle tip travel inside the phantom. Presumed  tissue damage (mm2) was defined as the 
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approximate area of tissue swept by lateral motions of the needle during the course of 

insertion. The lateral motions result from attempts by the operator to perform adjustments 

to the needle path mid-insertion, Figure 5-15. The speed of insertion was defined as the 

ratio of the path to the total time inside the phantom. Needle  position and orientation 

reported by the EM tracking system was incorporated in the operator performance 

metrics. The transverse image plane in the EM tracking coordinate system was 

determined during calibration. The results were analyzed by using a Mann-Whitney Rank 

Sum Test and evaluated offline based on the recorded needle insertions data.  

 
Figure 5-15: Measurement of presumed tissue damage between two consecutive recorded of needle tip 
position, i and i+1. Approximate area (Ai+Bi) is calculated and defined by the two entry points (E) and the 
two tip points (T), is not necessarily in one plane (actual insertion plane). [82] 

 

5.7.2 Results 

Technical efficacy 

Each participant performed 10 needle insertions into geometric phantom 

successfully. Success rate of each insertion was compared and plot in Figure 5-16. The 
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technical efficacy of the MR-IOS was confirmed by average success rates of 80.95 % as 

compared to freehand insertion success rates of 35% with a statistically significant 

difference (p = 0.031). 

 
Figure 5-16: Histogram of the success rate of freehand group to the overlay group by insertion attempt 

Operator performance 

Operator performance results are summarized in Table 5-1. Data of each insertion 

were plot and compared in Figure 5-17 for total procedure time, total needle path inside 

phantom, presumed tissue damage, and speed of insertion, respectively. There was no 

statistically significant different results in the total procedure time (p = 0.584) and in 

presumed tissue damage between two groups (p = 0.347). There was a significant 

different results in total needle path distance (p = 0.074) and in the speed of insertion (p = 

0.003) between two groups.  Insertion depth vs. number of success of insertions was plot 
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and compared in Figure 5-18. Successive of insertion was decreasing in both groups with 

increasing target depth.  

A sample set of trajectory plot of 4th insertion and 10th insertion from each group 

were plot and compared in Figure 5-19 and Figure 5-20, respectively. 

Table 5-1: Parameters of the evaluation of needle insertions in both groups 

Parameter insertion # Freehand MR-IOS 

Sample size 20 20 

Total procedure time (s), (p = 0.584) 40.3±4.4 37.0±3.7 

Total needle path distance (mm), (p = 

0.074) 
152.6±15.0 116.9±8.7 

Presumed tissue damage (mm2), (p = 

0.391) 
7417.2±955.6 6062.2±678.5 

Speed of insertion (mm/s), (p = 0.009) 5.9±0.4 4.3±0.3 

Success rate (%), (p = 0.031) 35 80.95 
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Figure 5-17: Data plots of total time (s), path inside phantom (mm), possible tissue damage (mm2), and 

insertion speed (mm/s) vs. needle insertion # 
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Figure 5-18: Data plots of success of insertions vs. depth of insertion 

 

Figure 5-19: Trajectories plots of 4th insertion of freehand and overlay group 
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Figure 5-20: Trajectory plots of 10th insertion of freehand and overlay group 

5.7.3 Discussion and conclusion 

The study results show that the total procedure time does not differ significantly 

between the freehand and MR-IOS groups. The overlay group shows significant 

improvement with respect to maintaining a steady hand during insertion, indicated by a 

more direct and shorter needle path and less lateral needle motion causing tissue damage. 

There is a difference in insertion speed between the two groups. While the freehand 

group generally achieved a final position with greater speed, there was no guarantee of 

reaching the target. A possible explanation for this phenomenon is that the freehand 

group did not correctly position the needle at the entry point. Then, they tried to 

compensate for this initial error by repositioning or rotating needle inside the tissue, 

leading to longer travel of the needle tip and greater tissue damage. Generally the 

freehand group also tended to be more uncertain with the needle direction, which they 
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compensated by repositioning and rotating the needle, they affect the speed of insertion. 

The overlay group tended to insert the needle more slowly as they were simply followed 

the guidance path. Additionally, the overlay group never missed the skin entry point, so 

the need to reposition was less than in the freehand group. Overall, using overlay 

guidance did not increase needle insertion time.  

The overlay group produced consistently higher success rates, up to 80% in 

operators previously unfamiliar with percutaneous needle placement. The trajectory plots 

show the steadiness of the hand during insertion compared to the freehand group. The 

histogram showing success rate by insertion attempt (Figure 5-16) suggests a positive 

training effect with the image overlay, as further insertions show a higher success rate, 

while this relationship is not evident for the freehand group. Using inexperienced 

operators in the studies provides a first approximation of potential benefit for trainees. In 

addition, the accuracy plot of error versus insertion attempt (Figure 5-17d) also suggests a 

training effect even for an expert user.  

In conclusion, we found that the image overlay was technically efficacious and it 

improved operator performance over the freehand insertion technique and is suitable to 

be used as a training system.  

5.8 Training feasibility 

Disclosure: This section reports the training feasibility of the Perk Station, using images, 

figures and text from publications of which I am a co-author. (Yeo, et al., 2011). I 
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performed the entirety of system setup, and contributed to the manuscript writing and 

editing efforts.  

The evaluation of the efficacy of an augmented reality (AR) system using the 

Perk Station as a training simulator for lumbar facet blocks is studied by [91] and taken at 

Queen’s University with a valid ethics approval from Queen’s University Health 

Sciences and Affiliated Teaching Hospitals Research Ethics Borad, Apeendix A.  

5.8.1 Methods 

 

 

Figure 5-21: Diagram shows sequence of needle insertions with different guidance methods in the Overlay 
group (upper row), and freehand method used in the Control group (lower row). Vertical dashed line 
indicates end of training phase. The final insertion (#8) was used to evaluate difference between the groups 
[91] 

Forty subjects were divided into two groups one of which was trained using the 

AR system and the other without it. Each participant then performed two needle 

insertions without the aid of the AR system. The second insertion of the two was used to 

evaluate the efficacy of the specific training on the subject's performance. The 

experiment protocol is shown in Figure 5-21.  
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1. The Overlay group received a training session that consisted of four insertions 

with image and laser overlay, followed by two insertions with laser overlay 

only. This gradual transition helps the trainee gain confidence in their ability 

to perform the procedure.  

2. The Control group received a training session of six freehand insertions. 

Volunteers were not blinded with regard to which group they were in. 

The success of needle placements into the facet joint was evaluated visually by 

the observer during the needle insertion procedures. It is expressed as a percentage of the 

total number of assessed trials, and statistically compared between the two groups by the 

chi-square test. Procedure time, time inside the phantom, distance covered inside the 

phantom, surface covered inside the phantom, and the amount of displacement were 

analyzed by independent-samples T-test, and are expressed as mean ± standard error of 

the mean (SEM).  

5.8.2 Results 

All data collection experiments were carried out without technical difficulties; 

none of them had to be interrupted or discontinued for any reason. Metrics of the needle 

insertion procedures in each step of the experiment are shown in Figure 5-22.  
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Figure 5-22: Metrics of the needle insertion procedures in each step of the experiment. Data are shown as 
average ±SEM. Introduction of freehand method to the Overlay group is indicated by a vertical dashed line 
in the diagrams. ∗p < 0.05 versus Control group in independent-samples T -test. 

This study compares the learning curve of facet joint needle insertions in students 

trained with AR, against a control group trained with the classical freehand method. The 

benefit of the Perk Station system in simulation training is presented. Literary searches 

revealed no other randomized control trials conducted on the possible benefits of AR-

based percutaneous needle insertion simulation training. The number of successful 
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placements was higher in our Overlay group, compared to the Control group. Results 

show that the Overlay group performed the freehand insertions better, with the potential 

for less tissue trauma than the Control group after training with the Perk station. The 

Overlay system helped not only to avoid the initial period of high errors and lengthy 

procedures, but also improved overall accuracy and efficiency after the training session. 

Therefore, it is likely that this method would decrease the amount of practice required for 

medical students to become eligible for clinical procedures, or to master percutaneous 

needle insertion technique. 

5.9 Outreach and demo 

The Perk Station has been deployed in various demonstrations and outreach 

events and has debuted in undergraduate teaching at Queen’s University.  We present an 

outline of the system and our initial experience with the Perk Station in undergraduate 

teaching and community outreach.  

This initial experience made us confident that a similar impact would be achieved 

in a larger outreach program. We are in the process of replicating several copies of the 

Perk Station. Currently, one system remains in our Undergraduate Surgical Navigation 

Laboratory at Queen’s University, and two systems are assigned to the Laboratory for 

Computational Sensing and Robotics (LCSR) at Johns Hopkins University, USA and the 

Center for Biomedical and Robotics Technology (BART LAB) at Mahidol University, 

Thailand. 

5.9.1 Undergraduate teaching 
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The Perk Station debuted in undergraduate teaching at Queen’s University in 

2008 and 2009. This teaching aid served as complimentary practical workbench to 

theoretical coursework. The hands-on surgical experience provides a new vista to 

experience interventions. It is especially inspiring and stimulating for young minds as 

they actually see and participate in, not just read about, an application of engineering in 

medicine. 

5.9.2 Community outreach 

The Perk Station has been presented in various demonstrations and outreach 

events with overwhelming success. All age groups can connect with the concepts 

presented in the Perk Station, from very young children, through university students, to 

adults. The Perk Station has been booked solidly to appear in outreach events and 

demonstrations throughout several years (2008-2013), Figure 5-23. 

 
Figure 5-23: Community outreach demo to all age groups 
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5.9.3 Conferences demo and training 

Three Perk Stations have been built, located in three different countries; 1) 

Queen’s University, Canada; 2) Johns Hopkins University, USA; and 3) Mahidol 

University, Thailand. They have been used as training and teaching tools since 2008. 

5.10 Summary 

Increasing of public study with limited financial resources and restricted work 

hours presents a difficult challenge. Studies done on simulation training and evaluations 

have shown that training tools are improving and are recommended as part of medical 

training [99]. Simulation improves training efficiency by allowing the trainee to practice 

as much as necessary to achieve an acceptable level of performance [100]. However, one 

of the main challenges facing the implementation of simulation training is the lack of 

standardization. Current methods and equipment vary between training facilities. In order 

to fulfill educational objectives, deliberate and structured practice using performance-

based endpoints is an ideal method for teaching with simulators. As opposed to most 

previous studies on the effect of surgical simulation training [101], we proposed only 

computerized performance metrics to minimize the need of expert surgeon presence at 

the training site. Standardization will allow the use of simulation laboratories to evaluate 

competency and can thus be employed for assessment purposes. By developing the Perk 

Station in the public domain, we have attempted to contribute to this standardization 

process. Most of the work done in the area of simulated surgical training requires the 

development of new software; however, software licensing often places a limitation on 
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the ability of independent groups to reproduce these experiments. Therefore, all of the 

software used in this experiment is open source, and the mechanical design has 

previously been published [89]. This allows the research community to freely reproduce 

or modify it, so that they may compare their methods with ours, or even to develop their 

own ideas using the current Perk Station as a base. 
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Chapter 6 

Conclusions 

This dissertation discusses topics related to the validation and development of an 

augmented reality device for MRI needle interventions and a percutaneous training 

station.  

The validation of an augmented reality device to perform percutaneous needle 

placement with MR imaging is described. The development of an adjustable augmented 

reality device to be used in MRI and a percutaneous training station are described.  An 

overview of this work is presented below with a summary of contributions.  

6.1 Summary of Work 

6.1.1 Validation of the MR image overlay system  

Our investigation showed that the augmented reality image overlay system 

evaluated is sufficiently accurate for successful puncture of even small lumbar targets, 

such as the facet joints.  

As part of the validation of the system, we have: developed and refined a 

workflow for clinical trials, and evaluated the system. We have performed patient mock-

up to confirm the clinical protocol and workflow. We have assessed MRI compatibility of 

the system, performed system accuracy, technical efficacy, and cadaver trials for shoulder 

and hip arthrography, spine and pelvic bone biopsy, and spine injections including 
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epidural injections, selective spinal nerve root injections (perineural blocks), facet joint 

injections, medial branch nerve blocks and discograms.     

The MR image overlay system is moving forward to patient trials. The application 

has been submitted to the FDA and waiting approval.    

6.1.2 MR image overlay adjustable plane system 

In its current version, MRI guidance with the image overlay system is limited to 

only axial plane needle paths. An axial needle trajectory was acceptable to access most of 

the targets; however, none of the significantly more oblique L5-S1 disks was accessible 

[74]. In addition, non-axial needle paths are required for targeting lesions in a challenging 

anatomic location, in which crucial soft tissue structures such as nerves, vessel, and 

parenchymal organs prevent an axial needle path.  

In order to enable access to such targets, a tilting function is added on the image 

overlay system. As part of development of the system, we have: adjusted the overlay 

system design to generate the tilting and rotating motions that is required in clinical 

configurations, analyzed sources of error, implemented registration and calibration 

techniques, developed and refined workflow, and evaluated the system.  

The current image overlay adjustable plane system evaluation is in progress. 

Preliminary results support further evaluation of the MR-IOAPS system with optical 

tracking, which affords assessments through real-time tracking and real-time registration. 

Moreover, the adjustable plane image overlay system may not be used clinically because 

of the limitation of system setup and pre-calibration. The complexity of the calibration 
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could be solved with active trackers such as Micron tracker (Claron Technologies, 

Toronto, Canada). Although, the tracker may be costly, it is an only one-time investment.  

6.1.3 The Perk Station Platform 

The Perk Station has been successfully designed and built. Our investigation 

showed that the overall accuracy and efficiency of medical student performance has 

improved after the training session.  

As part of the development of the system, we have: optimized the Perk Station 

design to suit the teaching and laboratory training purpose, developed and refined the 

training protocol and workflow, defined and analyzed appropriate metrics for clinical 

training, and evaluated the system.  

Currently, three Perk Stations have been built and used as laboratory training 

tools. Study and training by using the Perk Station has been performed with medical 

students and undergraduate students evaluating needle insertion accuracy, learning curve, 

and other factors for different insertion techniques.  

Future improvements on the display and mirror may be considered to reduce the 

weight from 16.5 kg to 10 kg.   

6.2 Dissertation Achievements 

The major achievements of this dissertation are as follows. 
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We have validated and the feasibility of the MR image overlay system toward 

clinical usage. The validation creates insight into the appropriateness of the technologies 

for specific applications.    

We have built an upgrade to the MR image overlay system.  The evaluation and 

selection of sensors, actuators, materials, and display technologies serve as a guide for 

future related work. 

We have fully developed and validated a standard training system and proved the 

need and benefit of its usage. 
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Appendix B 

MR-IOS System Description 

 

Definitions Function Descriptions Photos 

Calibration Phantom 
Confirms the lasers alignment by 
place the calibration phantom under 
the scanner laser and overlay laser  

 

DVI-HDMI cable 
Connects overlay laptop with the 
interconnection box to transmit video 
signal 

 

In-room monitor/MR 
monitor 

The 2nd monitor of the overlay laptop, 
the screen of which is reflected by the 
system, so it appears to be floating 
above the scanner table  

 

In-room monitor 
power cable 

Connects from the in-room patch 
panel to the MR monitor 

 

Interconnection box Connects the MR monitor to a stand-
alone laptop 

 

Interconnection box 
power cable 

Connects the interconnection box to 
the power source available outside the 
MRI room 
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Optical fiber cable 
Connects the interconnection box and 
the in-room monitor through the patch 
panel hole 

 

Overlay frame 

The big frame standing on the floor, 
holds the in-room monitor over the 
scanner Also allows the movement of 
the overlay system 

 

Overlay laptop PC that runs Slicer with Perk Station 
Module  

 

Overlay laser 

Laser fixed to the in-room monitor, 
parallel to the "axial" scanner laser. 
There may be an optional second 
overlay laser, that is perpendicular to 
this 

 

Patch panel Part of the MRI room  

 

Patch panel power 
cable 

Connects the interconnection box with 
the patch panel via DB-9 port  
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Scanner laser The "axial" laser, mounted on the MR 
scanner.  

 

 

System Details:  

• Structure dimensions: 990 x 2032 x 812.8 mm 

• Semi-transparent (Polycarbonate) mirror dimensions: 370 x 290 mm, thickness 3 mm  

• In-room display: MR Image overlay monitor with 19-inch LCD color display from 

Siemens Corp., RF shielded. The monitor is operated with low voltage 18 V, 4A 

• Flexible monitor boom including fiber optics and power cabling (cable set) of the LCD 

monitor 

• MR compatible Laser Diode, RoHS compliant, Edmund Optics, USA 

• The beam diameter, 1/e2 (mm) is 3.8 x 0.9  

• Beam divergence (mrad) is 0.45 x 0.95 

• Output power is 1mW, and wavelength is 635 nm   

• Overlay Laptop: Sony VAIO laptop (Sony Electronics Inc.) 

• Dimensions: 15.3"(W) x 1.22-1.62"(H) x 10.4"(D) 

• Display: 16.4" widescreen, 1920 x 1080 Resolution, NVIDIA® GeForce® GT 

330M 
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• 6.9 lbs (with standard battery)  

• Processor: Intel® Core i7 CPU, Q840@ 1.87GHz 

• Memory (RAM): 6.00 GB 

• Operating system (OS): Windows 7 Professional, 64-bit  

• HDMI™ and VGA output 

 
Cables layout: Cable 1 (red) is the power cable connects to the power source; Cable 2 goes through the 
Patch panel through DB-9 port; Cable 3 is the DVI-HDMI cable connects laptop to the interconnection 
box; Cable 4 goes through Patch panel through the hole; Cable 5 is the Ethernet cable, connects laptop to 
the scanner PC. 
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