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 Deep Brain Stimulation (DBS) has shown promise as an alternative therapy for 

medication refractory neurological disorders (such as Parkinson’s disease, essential 

tremor, and dystonia). DBS requires millimeter accuracy in the targeting of specific deep 

brain structures. Unfortunately, standard imaging methods (CT, T1 and T2-weighted 

MRI) have not previously shown significant anatomic contrast of structures that are 

targeted in DBS. In order to enhance surgical targeting in DBS, we have developed 

several tools to aid in both indirect and direct targeting of subcortical brain regions. The 

tools that we have created include the application of a deformable brain atlas, a novel 

MRI scan (the Fast Gray Matter Acquisition T1 Inversion Recovery, FGATIR) for 

differentiation of subcortical structures, application of diffusion tractography for 

localization of functional subregions of the brain, and a complete clinical platform to 

provide image guidance integrating all the tools mentioned previously. 

The methods developed in this work were evaluated to determine their potential 

clinical utility. The FGATIR scan was found to have enhanced contrast of three of the 

most common structures targeted for DBS versus standard scans. To determine 

potential targeting advantages of the FGATIR scan, a study was conducted that 
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compared different targeting methods on the STN. This study revealed that targeting 

using the FGATIR was not significantly better than more basic methods of targeting for 

the specific target studied, the STN. A potential reason that more advanced imaging 

methods are not significantly more useful is that the STN is a target that may be 

consistently targeted based off known distances from landmarks alone. A study was 

conducted to compare probabilistic diffusion tractography (PDT) delineated regions for 

sensory and motor within the thalamus. These PDT delineated regions showed 

correlation with sensory and motor atlas and microelectrode data. A software and 

hardware system was developed that integrated all of these methods (as well as 

standard imaging methods) into a single multi-modal platform. This system allows for 

clinical targeting based off of all these methods combined together. The end result of 

this work is a clinically feasible methodology for multi-modal targeting of DBS integrating 

multiple novel techniques. 
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CHAPTER 1 
INTRODUCTION 

In deep brain stimulation (DBS), the placement of the stimulating electrode, 

requiring accuracy on the order of a millimeter, has a significant impact on the efficacy 

of treatment. From the literature, there is no well established position that an electrode 

can be implanted relative to anatomic landmarks. Previous groups have developed new 

anatomic imaging methods to be able to better delineate the structures of interest for 

DBS. Unfortunately, some of these methods have not been shown to be clinically 

feasible, lack spatial resolution for accuracy, or have shown inconsistent results. In 

addition from neuroanatomy and intraoperatively obtained microelectrode recording 

(MER) maps, it is known that the structures of interest have multiple circuits that 

comprise them. In the case of one of the most targeted structures, the subthalamic 

nucleus (STN), only one-third of the structure is part of the sensorimotor circuit targeted 

for DBS implantation. The region to be targeted is not necessarily anatomically distinct 

from its surrounding structures, so methods that can apply functional or physiological 

contrast from the neighboring structures may be able to better delineate the region for 

efficacious DBS stimulation. New interest in applying diffusion tensor imaging (DTI) 

tractography to neurosurgical applications has created some opportunities to use tract 

data for targeting and avoidance in neurosurgical procedures adding guidance 

information that has never before been acquired. Software and algorithms to analyze 

and integrate high resolution diffusion tractography acquired for DBS do not currently 

exist and must be developed for clinical application and evaluation of accuracy. Using 

new image guidance methods developed in this work (FGATIR, diffusion tractography 
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and targeting software), a clinically feasible method was created and evaluated for 

usage in targeting of regions of interest for DBS.  
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CHAPTER 2 
BACKGROUND 

Deep Brain Stimulation (DBS) 

Deep brain stimulation (DBS) has become an attractive alternative for the 

treatment of several neurologic disorders. Indications for DBS (including clinical and 

research applications) now may include Parkinson disease (PD), essential tremor, 

dystonia, Tourette’s syndrome, cluster headache, epilepsy, depression, and obsessive 

compulsive disorder. Potential indications continue to expand. DBS has emerged as an 

attractive replacement for ablative therapies, primarily due to reversibility and device 

“programmability.” Although medication is typically the primary treatment for most basal 

ganglia disorders, a lack of efficacy, refractoriness to certain classes of medication, and 

delayed side effects have now opened the door to stereotaxic surgery as an alternative 

for select patients. Perhaps the most striking example of the phenomenon of failed 

medical therapy has been in the case of PD, where, although medications can be 

effective for the treatment of bradykinesia, rigidity, and tremor, many patients develop 

disabling dyskinesias following 5 or more years of medication therapy. 

The work of Benabid et al. (Benabid et al., 1989) has led to significant 

developments in chronic therapeutic brain stimulation and has propelled DBS to 

become a highly efficacious and powerful treatment for PD and essential tremor. 

Historically, the thalamus and pallidum were the most common targets for lesion 

therapy and DBS (Okun and Vitek, 2004). However, recent developments have led to 

the emergence of the subthalamic nucleus (STN) as an alternative target in movement 

disorders, and more recently, other targets such as the paramedian pontine nucleus, 

the hypothalamus, the nucleus accumbens, and the anterior limb of the internal capsule 

16 



 

(ALIC) have also emerged (Franzini et al., 2003; Limousin et al., 1998; Nuttin et al., 

2003; Okun et al., 2004a). Although great strides have been made in DBS research, the 

exact mechanism for its therapeutic effect remains unknown (McIntyre et al., 2004a). 

The mechanism may be partially due to a functional ablation of the target (an 

informational lesion) or alternatively, an inhibition of local cells with excitation of fibers of 

passage. Although the exact physiologic mechanism has not been entirely elucidated, it 

is likely that a combination of effects accounts for the therapeutic benefit, and there is a 

dependence on the anatomic location of neighboring structures for predicating positive 

and negative effects. The clinical benefit derived from DBS may be further enhanced by 

careful placement (within millimeters of accuracy) of the stimulating electrode and a 

significant investment in time and expertise in the adjustment of stimulation settings 

(Kumar, 2002; McClelland et al., 2005; Okun et al., 2005; Starr et al., 2002; Volkmann 

et al., 2002). Misplacement of leads can directly influence associative, limbic, motor, 

and/or surrounding regions and can lead to the improvement or, in some cases, 

worsening, of symptoms. 

There are several theories regarding the exact mechanism of high-frequency 

stimulation (HFS). Although these theories are useful for explaining the effects seen in 

clinical and research studies, no single model has yet to explain the full spectrum of 

therapeutic effects. Whereas stimulation appears to offer similar benefits when 

compared with lesion therapies, the underlying mechanisms are believed to be different. 

Lesions modulate neural circuitry through the direct ablation of subnuclei, whereas 

stimulation likely inhibits neurons closest to the electrode while activating efferent fiber 

pathways. Current proposed mechanisms include the following (Filali et al., 2004; Grill 
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et al., 2004; McIntyre et al., 2004c): 1) synaptic inhibition through activation of inhibitory 

afferents (Dostrovsky et al., 2000); 2) synaptic depression through high-frequency 

interference of efferents (Hashimoto et al., 2003); 3) depolarization blockade through 

the inactivation of voltage-gated channels (Beurrier et al., 2001); 4) depletion of 

neurotransmitters leading to synaptic failure; and 5) changes in downstream network 

activity as a result of stimulation. 

Further research into the neuroanatomy and neurophysiology of the basal ganglia 

will help to elucidate the circuits and pathways involved in related diseases. In 

particular, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced parkinsonism 

has allowed for the development of animal models that have aided in the understanding 

of motor and non-motor loops of basal ganglia (Okun and Vitek, 2004). Changes in 

firing rates and patterns in the direct and indirect basal ganglia pathways are thought to 

result in many of the symptoms of PD. These abnormal brain signals can be 

neuromodulated by both lesioning and the application of electrical current through a 

DBS lead. The movement toward neuromodulation has led to recent and exciting 

therapeutic strategies for treatment of basal ganglia diseases. 

In current “box” models, there are two basic motor circuits of the basal ganglia, the 

indirect and direct pathways. Under normal circumstances and as the result of basal 

ganglia disease, disease firing rates and pattern are proposed to change. Target 

structures, represented by boxes, can by neuromodulated by lesions or DBS, which 

change output and have resultant upstream effects (Albin et al., 1989; Alexander et al., 

1986). PD animal models have provided insight into the pathways involved in the 

“normal” and PD basal ganglia represented by these models. 

18 



 

Alternatively, Mink (Mink, 1996) has previously described the basal ganglia as a 

system of two primary input structures, two primary output structures, and two intrinsic 

nuclei. Under his model, the striatum and STN are considered to be input structures 

receiving excitatory input from the cerebral cortex and from the motor areas of the 

frontal lobe. The intrinsic nuclei include the GPe and the substantia nigra pars compacta 

(SNc). The GPe receives excitatory and inhibitory input from the STN and striatum and 

provides inhibitory output to the STN, GPi, and SNr. The SNc, however, provides only 

an input and output loop with striatum and serves as a center for dopamine-containing 

neurons. The output structures, GPi and SNr, both receive excitatory input from STN 

and inhibitory input from striatum. They also provide output to motor regions of the 

brainstem as well as the ventral anterior (VA) and ventral lateral (VL) nuclei of the 

thalamus. The inhibitory nature of GPi and SNr facilitates desired movements through 

surround inhibition of competing motor patterns in thalamocortical and brainstem circuits 

(Mink, 2003). Thus, under this model, diseases of the basal ganglia are ultimately the 

result of an inability to facilitate desired movements and/or inhibit competing motor 

patterns. 

This review addresses recent and important research in the areas of 

neuroanatomy/neurophysiology as well as DBS clinical outcomes, with a particular 

emphasis on the importance of the sensorimotor, limbic, and associative circuits of the 

basal ganglia. Current models (Alexander et al., 1986) have proposed the existence of a 

family of segregated circuits and have proposed that within specific target structures 

there exist sensorimotor, limbic, and associative regions. Previous work has shown that 

non-motor regions are in close proximity to motor areas. This proximity is important 
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because activation of these neighboring regions may be responsible for non-motor side 

effects. These side effects highlight the importance of proper localization of the 

stimulating lead in order to maximize benefits and minimize adverse effects. 

Neuroanatomy of Targets and Targeting 

Traditional neuroanatomical atlases have previously been created by using myelin 

staining to reveal gray and white matter. Unfortunately, myelin staining will typically not 

be sufficient to distinguish certain neural elements, particularly when the primary 

difference is physiologic rather than anatomic. Due to the difficulty involved with human 

in vivo studies of the functional anatomy of the basal ganglia, much of the current data 

are derived from primate or rat studies. Recent studies (Karachi et al., 2002; Karachi et 

al., 2005) have focused on axonal tracing and immunoreactivity in primates. Calbindin 

immunoreactivity has been specifically shown to correspond with functional territories 

(Francois et al., 1994). Poor, intermediate, and strong immunoreactivity of calbindin can 

be correlated to sensorimotor, associative, and limbic regions, respectively. Additionally, 

imaging studies are becoming increasingly used to visualize the sensorimotor regions of 

basal ganglia (Lehericy et al., 2006).  

Neuroanatomy and DBS 

The most prominent nuclei of the basal ganglia include the striatum, globus 

pallidus, STN, and substantia nigra. The structures can be further subdivided into a 

ventral striatal region which may include caudate, putamen, and nucleus accumbens. 

The globus pallidus is divided into the internal (GPi) and external segments (GPe). The 

substantia nigra is divided into two main divisions, the pars compacta (SNc) and the 

pars reticulata (SNr). The three typical targets of interest in DBS for PD include the 

ventralis intermedius nucleus of the thalamus (Vim), the GPi, and the STN. Generally in 
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DBS we attempt to place the lead within the sensorimotor regions of these structures 

and avoid the limbic and associative regions (Figure 2-1). 

The Vim is a small structure, approximately 210 to 234 mm3 (Butson and McIntyre, 

2006), which is located in the ventral lateral tier of the thalamus (Figure 2-1). In the 

thalamus there are territorial areas within each subnuclei. The limbic circuit of basal 

ganglia originates from ventral pallidum and connects to the medial dorsal (MD) nucleus 

of the thalamus and ultimately to the medial prefrontal cortex (Alexander et al., 1990). 

The associative circuit has similar connections to the MD nucleus (Parent and Hazrati, 

1995). The motor circuit, however, is derived from pallidum and substantia nigra 

projections into the ventralis oralis anterior (Voa) and ventralis oralis posterior (Vop), as 

well as the centromedian nucleus (CM) of the thalamus (Alexander et al., 1990; Barbas 

et al., 1991; DeVito and Anderson, 1982; Francois et al., 1988; Parent and De 

Bellefeuille, 1982; Parent and Hazrati, 1995), with final connections to the frontal cortex. 

The specific divisions of the lateral thalamic nuclei are of interest in DBS. The Vim 

nucleus serves as a cerebellar receiving area, and the Voa and Vop serve as pallidal 

receiving regions. In addition, the ventral posterior medial (VPM) and ventral posterior 

lateral (VPL) nuclei of the thalamus comprise mainly somatosensory regions (Hirai and 

Jones, 1989). Due to the location of the somatosensory territory in the thalamus relative 

to associative and limbic territories, current from stimulation in these sensorimotor areas 

may not spread enough to create adverse cognitive, mood, and emotional effects, 

especially in patients implanted with Vim DBS for tremor (Pahwa et al., 2001; 

Schuurman et al., 2000). However, the current usually causes internal capsule “pulling,” 

speech problems, and ataxia resulting from spread into surrounding structures and 
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regions. More data is needed on newer targets such as the CM nucleus, which is now 

being employed for Tourette’s syndrome (Visser-Vandewalle et al., 2003). 

The GPi is a relatively large, elliptically shaped structure that is 364 to 478 mm3 

(Karachi et al., 2002; Yelnik, 2002) and is located posterior and ventral to the GPe and 

anterior to the posterior limb of the internal capsule (PLIC). Although the exact internal 

territory definitions of the GPi have not been as clearly demarcated anatomically as that 

of the thalamus, current evidence suggests that the sensorimotor territory dominates 

this structure, with the existence of a smaller associative region and an even smaller 

limbic territory (Karachi et al., 2002; Kelly and Strick, 2004; Middleton and Strick, 2000). 

Karachi et al. (Karachi et al., 2002) examined the volumes of human GPi sensorimotor, 

associative, and limbic territories through calbindin immunoreactivity, revealing relative 

proportions of 53%, 29%, and 18%, respectively. The location of the sensorimotor 

region of the nucleus is in the postero-ventral aspect of GPi, with associative and limbic 

regions comprising the antero-medial part of the nucleus. The motor portion of GPi is 

proportionally larger than the analogous region of the STN. This may explain why GPi 

DBS may exert less effect on specific mood and neuropsychological changes as a 

result from current spread into non-motor areas. Additionally, there are fewer adjacent 

non-motor fiber bundles than in the STN region. Serotonergic, dopaminergic, and 

cholinergic fibers form rich plexuses medial to GPi (approximately the central level in 

the rostrocaudal plane and only a few millimeters from the sensorimotor area), which 

travel underneath to the ansa lenticularis en route to the internal and external medullary 

lamina. The fibers then run to the striatum and ultimately to the cerebral cortex. There is 

also a contingent of these fibers that pass directly through the GPi to reach the striatum. 
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Cells in the medial pole of GPi are related to limbic functions and project to the lateral 

habenula. Thus, stimulation through a medially placed lead within the GPi may change 

the activity of these cells and lead to emotional and neuropsychological changes. A 

more centrally placed GPi DBS electrode would be significantly less likely to affect the 

function of these areas. GPi DBS may also change activity in the 

nigro-striato-pallido-habenulo-nigro loop (by activation of the GPi/habenula projection) 

and lead to mood and cognitive changes. The lateral habenular nucleus receives 

afferent innervation from limbic structures including the diagonal band, the lateral 

preoptico-hypothalamic area, the substantia innominata, and the GPi. Additional limbic 

system inputs that may be affected by stimulation are derived from the ventral 

tegmental area, the raphe nucleus, and the ventral periaqueductal grey. 

The STN is a biconvex structure, determined from our atlas data (Sudhyadhom, 

2005) to be approximately 158 to 167 mm3 (Yelnik, 2002), located ventral to the zona 

incerta (ZI) and dorsal to the SNr (Figure 2-1). The sensorimotor region of the nucleus is 

located posterior and dorsolaterally. The associative region is localized dorsomedial in 

the nucleus, with the limbic region located at the medial tip (Carpenter et al., 1981; 

Nakano et al., 1990; Nauta and Cole, 1978). Therefore, ventral stimulation will most 

likely affect cognitive circuits and medial stimulation, mood-related circuits. Medial STN, 

the lateral hypothalamus, the medial forebrain bundle (MFB), and ZI all have 

connections with limbic and associative circuits, and current spread to these structures 

from DBS electrodes may produce changes in mood and cognition. Stimulation in 

medial portions of the STN may spread current into the lateral hypothalamic zone. Most 

of the territory in this zone is occupied by a diffuse neuronal matrix that is known as the 
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lateral hypothalamic area, as well as the bed nucleus of the MFB. The fibers of the MFB 

lie adjacent to the STN and may be activated by stimulation in more medial portions of 

the nucleus. The MFB are composed of loosely arranged thin fibers connecting the 

septal area to the tegmentum of the midbrain. They pass through the medial parts of the 

mesencephalic and rhombencephalic tegmental areas and pass next to the raphe 

nuclei, whose fibers ascend to the hypothalamus and other limbic areas. The lateral 

fibers of the MFB sweep laterally and caudally to the dorsal substantia nigra pars 

compacta, and then dorsomedially to central tegmentum and lateral tegmentum. They 

contain descending fibers from the amygdala and the bed nucleus of the stria terminalis, 

as well as connections to several hypothalamic areas. The descending fibers of the 

MFB project to several nuclei including the SNc, parabrachial nuclei, locus ceruleaus, 

nucleus subcoeruleus, noradrenergic areas A1, A2, A5, the superficial ventro-lateral 

reticular area, and the dorsal vagal complex. The MFB also forms an ascending link 

between the forebrain and brainstem. Due to its diffuse connections within the limbic 

system, activation of the MFB may underlie and be causally related to the changes in 

mood and the development of cognitive deficits associated with DBS in this region of 

the STN. In addition to medial STN, lateral hypothalamus, and the MFB, the dorsal zone 

of ZI, lying just above the STN, is also the target of limbic projections. The most caudal 

part of ZI is the peripeduncular nucleus, which has connections to the ventro-medial 

hypothalamus, amygdala, medial preoptic areas, and lateral hypothalamus. Stimulation 

in the region of ZI may, therefore, also result in changes in the limbic system.  

DBS in the region of the STN may additionally activate fibers from brainstem 

ascending systems to prefrontal cortex and the thalamus. Fibers from the dorsal raphe 
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nucleus, the SNc, the ventral tegmental area (VTA), locus coeruleus, and paramedian 

pontine nuclei (PPN) can also be affected because they follow the same general 

trajectory near the STN. These fiber systems arrive at the level of STN to form a rich 

plexus medial to STN and then ascend along its dorsal surface (between STN and ZI) to 

reach the striatum and cortex. 

Localization of Target 

Although it is known that there are associative and limbic territories within DBS 

target structures, it remains a challenge to accurately place the stimulating electrode in 

a position that maximizes benefit while avoiding cognitive and behavioral side effects. 

Additionally, side effects may occur from spread of current beyond the borders of the 

deep nuclei, particularly when surrounding structures and fiber bundles are affected 

(MFB, hypothalamus, zona incerta, internal capsule, and so forth). As a consequence, 

the exact localization of electrodes or contacts has become an extremely important 

factor in the overall outcome of the procedure. Several studies have examined these 

lead locations as potentially important predictors of outcome in PD and essential tremor 

patients (STN, GPi, and Vim targets). 

STN stimulation studies (Hamel et al., 2003; Hutchison et al., 1998; Lanotte et al., 

2002; Nowinski et al., 2005; Saint-Cyr et al., 2002; Starr et al., 1999) have shown 

varying locations for the clinically optimal lead location or contact, with areas ranging 

approximately 10 mm to 12 mm lateral, 2 mm to 6 mm inferior, and 1 mm to 4 mm 

posterior with reference to the mid-commissural point (MCP). Results of optimal lead 

localization from Saint-Cyr et al. (Saint-Cyr et al., 2002) showed that the lateral 

anterodorsal portion of STN had the best efficacy in PD. Localization of stimulating 

electrodes within the framework of a “scalable” atlas have also revealed a correlation of 
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location with the optimal contact (Yelnik et al., 2003). The results of several groups 

indicate that optimal contact location may involve stimulation of surrounding structures 

(such as Fields of Forel and zona incerta), such as in the case of STN DBS (McIntyre et 

al., 2004b).  

Similar localization studies on pallidal stimulation do not seem to show as 

significant of a relationship with electrode or optimal contact location and overall 

outcome. Starr et al (Starr et al., 2004) presented results that revealed leads that 

produced greater than 50% improvement in Burke-Fahn-Marsden Dystonia Rating 

Scale (BFMDRS) in patients with dystonia were located at approximately 19.3 mm 

lateral, 6.1 mm anterior, and 0.5 mm inferior to the MCP, but these locations were not 

statistically significant from lead locations that were suboptimal (this may have been a 

disease specific or dystonia subtype phenomenon). There are studies of lesion location 

for pallidotomy that may be useful in this regard. Although the typical region of 

stimulation (as well as Leksell pallidotomy) is the posterolateral portion of GPi, there 

have been previous studies that have shown motor benefit from stimulation of the 

anteromedial portion of GPi (Durif et al., 1999). Schrader et al. (Schrader et al., 2002) 

cites GPi stimulation standard coordinates of 21 to 22 mm lateral, 3 to 4 mm anterior, 

and 1 to 2 mm inferior to the MCP. For GPi, the effective volume that provides benefit 

for stimulation may be larger than that of other targets due to the proportionally larger 

motor region. This may account for the wider latitude in stimulation locations that 

provide benefit. The role of lead location and outcome in the pallidum needs more 

careful study, particularly in light of the pallidotomy work by Gross et al. (Gross et al., 

1999) showing that specific regions of the pallidum may affect symptoms in a differential 
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way and may, therefore, be highly dependent on lead location. The optimal GPi 

stimulation site has not been well determined, and unfortunately there are not enough 

studies in enough disorders addressed by DBS at this time to draw firm conclusions. 

Papavassiliou et al. (Papavassiliou et al., 2004) previously published that tremor 

score in Vim DBS for essential tremor patients was correlated with lead location. Thirty 

seven patients’ data were analyzed in both DBS on and off states and lead locations 

were measured. The optimal electrode location was determined to be 6.3 mm anterior 

to the posterior commissure and 10.0 mm lateral to the wall of the third ventricle. Other 

groups (Benabid et al., 1991; Koller et al., 1997; Ondo et al., 1998) have found 

analogous correlations between electrode location and benefit. 

Targeting Methods for Deep Brain Stimulation 

Due to the inherent difficulty in determining the optimal clinical location of interest, 

the clinical procedure followed for DBS typically involves a multiple step process in 

which each step helps provide more information to localize the most efficacious location 

for stimulation. While each institution uses differing methods to localize the anatomy of 

interest, the procedure is typically done using image guidance methods and often using 

preoperative imaging to provide an initial estimate. The DBS procedure followed at the 

University of Florida and Shands Teaching Hospital (STH) is an imaging based 

microelectrode guided procedure. In order to localize where to stimulate, multiple 

localization techniques must be utilized to determine the location of the target, which 

requires accuracy on the order of a millimeter. The targeting process involved can be 

divided into two major steps: 1) Imaging based targeting and 2) Microelectrode based 

targeting. 
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The imaging based targeting can involve a number of imaging modalities. While 

typically tomographic imaging modalities such as computed tomography (CT) and 

magnetic resonance imaging (MRI) have been use to directly localize targets, imaging 

methods such as ventriculography, where a contrast medium is injected into the 

ventricles, can be used to visualize structures around the target region. The procedure 

currently used at STH involves a two-step process for direct targeting imaging. In the 

first step, a pre-operative non-stereotactic MRI is acquired while in the second step a 

CT is acquired with a stereotactic headring on the patient. Fusion or image registration 

technology is then used to match the two image sets together such that the MRI is 

localized to the space of the CT image set. The primary purpose of the multiple imaging 

methods is to allow for stereotactic targeting from the MRI scan whose contrast 

characteristics are typically better suited for soft tissue. MRI scans tend to offer higher 

soft tissue contrast and with certain types of scans such as T1-weighted images they 

can offer higher grey versus white matter contrast than CT images. The secondary 

purpose is to potentially account for spatial inhomogeneities that may arise in the MRI 

acquisition process due to non-ideal magnetic field homogeneity. 

Since current imaging methods may not offer all the necessary contrast to be able 

to accurately localize the clinically appropriate region of stimulation, additional targeting 

techniques are typically used that supplement the relatively poor image contrast and 

resolution. Another often used technique is to define a coordinate system based off 

anatomic points such as the anterior commissure (AC), the posterior commissure (PC), 

and a mid-line point that can be used to determine anatomic location relative to known 

coordinates in an anatomic atlas. The structures of interest are anatomically located 
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relative to this new coordinate system. Previously, the radiosurgery and biology lab 

(RSB) have applied more extensive forms of atlas methods to help overcome some of 

the inherent limitations of this methodology with varying degrees of success. At STH, 

these coordinates are chosen and used to provide an initial estimate of target location 

based off the modified Schaltenbrand-Bailey atlas (Sudhyadhom, 2005). Target location 

is further refined by linear deformation of an atlas to fit with patient anatomy. While 

these refinements may help to define the anatomic location of interest, as shown by the 

previous review of targeting literature the anatomic location of interest may be difficult to 

identify and alone may not be sufficient to optimally define the target. As a result, an 

additional map from microelectrode data is typically acquired intraoperatively to help 

better define the anatomic and functional region for stimulation. 

Microelectrode recording (MER) maps are linear tracks of data that define 

anatomic and functional regions. These data are acquired by the implantation of a 

microelectrode in the region around the target. Typically an expert in interpreting and 

understanding the complex electrical signals is present during the operation to 

determine the location and type of cells that observed. This process provides the 

clinicians with an ability to create a map that is not limited by the anatomic and chemical 

differences present in the tissue but rather by the electrophysiology and the functionality 

of the cells in that region. Clinicians often use passive movement of limbs to provide 

additional information on the functional relationship the cells have. Using this process, 

cells of a particular structure may be classified as belonging to a sensorimotor circuit 

which is key in localizing the active area for DBS. At STH, these linear MER maps are 

acquired at multiple positions to create a three-dimensional (3D) map that provides 
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adequate information of the anatomy and physiology of the cells in region that was 

targeted. The combination of these maps with an anatomic atlas helps to provide a 

clearer picture of where in the patient’s anatomy the targeted region is compared to a 

standard atlas anatomy. While MER is considered the standard in mapping for DBS 

implantation, it has the potential to increase the complication rate and can significantly 

increase the length of the procedure. Depending on the level of experience and 

mapping method employed, the quality of MER maps created may vary as the process 

of cell identification is somewhat subjective. Once the mapping process has been 

completed, a location to best treat the patient’s symptoms is determined and a 

stimulating electrode is implanted. 

Imaging for Deep Brain Stimulation 

The process of deep brain stimulation requires a significant emphasis on the 

quality of anatomic imaging and manipulation to be able to initially localize and 

accurately target the region of interest. As with any other stereotactic procedure, the 

imaging methods of the DBS procedure require high spatial resolution and high contrast 

of the anatomy to be targeted. While high spatial resolution (sub-millimeter) is often 

attainable using clinically feasible scan methods, the contrast necessary to localize the 

region of interest for DBS has been elusive. With current CT technology, a whole brain 

scan is able to acquire a sub-millimeter in plane scan with 1 mm or less thick slices in 

less than a minute. Unfortunately, CT scans often have poor contrast between soft 

tissue structures. MRI scans often have the ability to increase the contrast of particular 

soft tissue structures that are beyond the contrast obtainable with CT scans, but at the 

expense of increased scanner time. 
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The characteristics of the target structures in DBS often pose some difficulty in 

imaging. Three of the most common targets in DBS are the Vim nucleus of the 

thalamus, STN, and GPi which are all small in size (within 5 mm in some dimensions) 

as mentioned previously. In addition to their small sizes, these structure’s boundaries 

have not been well defined through currently viable imaging methods. Deoni et al 

(Deoni et al., 2005b) has shown that thalamic nuclei can be resolved using T1-weighted 

imaging, but at clinically unfeasible scanner times of several hours. Similarly, other 

groups have shown the ability to resolve thalamic nuclei using diffusion tensor imaging 

but at resolution on the order of several millimeters which may be too large to resolve 

thalamic nuclei of interest to DBS (Behrens et al., 2003a; Wiegell et al., 2003). Other 

groups (Slavin et al., 2006) have proposed to delineate the STN using T2-weighted 

images, but it is not clear if the entire STN is visible using these methods in particular 

the lateral posterior portion that is of interest in DBS stimulation. Similar optimizations 

for GPi have also been proposed using T1-weighted inversion recovery sequences for 

enhanced contrast (Pinsker et al., 2008). While all these previous methods have been 

proposed as techniques to enhance the contrast of the target structures, some of them 

employ clinically unacceptable scanner times for the DBS patient population, lower 

resolution methods, or questionable contrast of the entire structure. In addition, none of 

these methods may solve the larger problem posed which is to identify the physiological 

or functional location corresponding to the clinical problem. 
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A  

B  

Figure 2-1. T1-weighted MRI of the basal ganglia with atlas contours overlaid in A) 
sagittal and B) coronal views. The motor region of GPi and STN are illustrated 
by shaded regions as given by somatotopic findings. Structures of the basal 
ganglia are marked by their respective names. 
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CHAPTER 3 
ENHANCING ANATOMIC CONTRAST OF SUBCORTICAL STRUCTURES 

Aims 

Our aims were to determine if the developed high contrast T1-weighted FGATIR 

anatomic images had enhanced contrast characteristics versus standard T1-weighted 

MP-RAGE and T2-weighted FLAIR scans for the ventral lateral thalamus, subthalamic 

nucleus, and globus pallidus (specifically GPi) and to determine potential clinical utility 

of implementing the FGATIR sequence for targeting of STN. 

Background 

Deep brain stimulation (DBS) has become an accepted treatment for 

medication-refractory movement disorders (DBSPDSG, 2001; Hung et al., 2007; Wider 

et al., 2008; Zorzi et al., 2005) and has also been employed for neuropsychiatric 

indications in several recent trials (Cosyns et al., 2003; Greenberg et al., 2006; Lozano 

et al., 2008; Temel and Visser-Vandewalle, 2004). The procedure consists of placing a 

stimulating electrode into a specific brain structure with the intent of locally modulating a 

basal ganglia circuit, and consequently improving clinical symptoms. The target chosen 

depends on the disorder being addressed and on the patient’s symptoms. Common 

targets have included the subthalamic nucleus (STN) (Wider et al., 2008), globus 

pallidus interna (GPi) (Hung et al., 2007), nucleus accumbens (NAc) and anterior limb of 

the internal capsule (ALIC) (Nuttin BJ et al., 2003; Okun et al., 2007), cingulate cortex 

(area 25) (Lozano et al., 2008), and multiple thalamic subregions (Kumar et al., 2003; 

Pahwa et al., 2006).  

The stimulating electrode must be accurately placed within the target region for 

maximal efficacy (Chen et al., 2006); (Amirnovin et al., 2006). Unfortunately, it may be 
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difficult to image DBS targets precisely enough to allow placement on the basis of 

stereotactic imaging alone. A number of ancillary methodologies have therefore been 

employed to improve the accuracy of electrode placement, including intraoperative 

microelectrode recording (MER), atlas-based mapping, and computer modeling 

(Chakravarty et al., 2008). These techniques are limited by their dependence on 

operator experience and by the variation in brain anatomy between patients (Bootin, 

2006; Chen et al., 2006; Duffner et al., 2002; Lee et al., 2005; Rampini et al., 2003). 

Both T1 and T2 weighted MRI have commonly been employed as adjuncts to 

stereotactic targeting. Previous groups have typically employed 2D fast spin echo (FSE) 

sequences to create these T2-weighted images. This method has significantly limited 

the ability of the operator to acquire small slice thickness images due to gradient 

hardware requirements. As a compromise many DBS groups acquire thick slice images 

from multiple orientations (Dormont et al., 2004; Kitajima et al., 2008; Reich et al., 2000; 

Slavin et al., 2006). T1-weighted imaging in the form of inversion recovery based 2D 

FSE sequences have also been used to delineate GPi (Pinsker et al., 2008; Reich et al., 

2000) and thalamus (Deoni et al., 2005a; Mercado et al., 2006), but these methods 

have been hampered by the need for very thick slices or for longer scan times as well. 

Several groups (Kovacs et al., 2009; Lee et al., 2006; Pollo et al., 2007) have also used 

standard contrast high resolution (≤ 1 mm3) T1-weighted MP-RAGE sequences for 

localization of where to implant the DBS electrode. These groups often use the T1w 

MP-RAGE sequence to localize landmarks (such as the AC and PC) rather than direct 

localization. In special cases other landmarks are used for indirect localization, Lee et al 

(Lee et al., 2006) localized the STN on MP-RAGE scans through landmark 

34 



 

measurements from the supramamillary commissure. A multi-landmark localization 

method using multiple imaging methods at 3T has also been previously used to locate 

the STN versus standard technique 1.5T imaging (Toda et al., 2009). In this case, the 

3T technique using multiple localization techniques was found to enhance targeting 

versus the standard 1.5T imaging and targeting technique. Currently widely used clinical 

protocols have not previously produced both sufficient image contrast and resolution for 

DBS targeting based on MRI alone. 

We recently employed a 3T MRI scan protocol that improves upon standard high 

resolution 3T T1 and T2 protocols. This new approach, which will be referred to in this 

work as the Fast Grey Matter Acquisition T1 Inversion Recovery (FGATIR), seems in 

this pilot study to provide improved, high-resolution single-millimeter slice visualization 

of target structures with heightened grey/white matter contrast in regions of interest. In 

this chapter, we examine the contrast characteristics of the FGATIR scan and compare 

it to previously used methods and then examine the effect of adding the FGATIR scan 

into the targeting process used at STH. 

Materials and Methods – Contrast Study 

Subjects 

For this pilot study we examined the preoperative scans of three patients with 

advanced and medication refractory Parkinson’s disease (n = 2) or essential tremor (n = 

1) who were to undergo DBS. These patients underwent formal evaluations by a 

fellowship-trained Movement Disorders Neurologist, a Neurosurgeon, a Psychiatrist, 

and a Neuropsychologist in order to ensure accuracy of diagnosis by clinical criteria 

(Okun et al., 2004b) as well as absence of significant cognitive or psychiatric 

comorbidity. Prior to implantation, patients with PD were also required to demonstrate at 
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least a 30% improvement in the motor subsection of the Unified Parkinson’s Disease 

Rating Scale (UPDRS III) between the on and off medication states (Okun et al., 

2004b). 

Preoperative Imaging 

Each included patient received four scans on the day prior to surgery: a three 

plane localizing scout, a T1-weighted 3D Magnetization Prepared-Rapid Acquisition 

Gradient Echo (MP-RAGE), a 3D T2-weighted Fluid Attenuated Inversion Recovery 

(FLAIR), and a T1-weighted 3D FGATIR protocol (the last three scans were each single 

volume whole brain scans). All scans were acquired on a clinical Siemens Allegra 3T 

MRI using a quadrature birdcage headcoil. The total scanning time for all four scans 

was 30 minutes. Specific parameters and scan times for each scan utilized are listed in 

Table 3-1. 

The FGATIR protocol was developed from a standard clinical T1w MP-RAGE 

sequence by modifying the inversion pre-pulse timing. The inversion time (TI) was set to 

~400 ms in order to nullify the white matter signal. The use of a short inversion time led 

to the contrast inversion of some regions relative to standard T1; for example, normally 

dark cerebrospinal fluid (CSF) signal was bright. The echo time (TE) and other 

parameters were set such that the TI was the dominant weighting factor in the contrast. 

Surgical Procedure 

On the morning of the operation, a Cosman–Roberts–Wells (CRW) head ring was 

applied under local anesthesia and a high-resolution stereotactic head computed 

tomography (CT) scan was performed. The CT and MRI images were fused using 

in-house computer software, a software package that is analogous to the Varian™ (Palo 

Alto, CA) system but with several added features, that facilitated targeting in ‘‘atlas 
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space’’ by coregistering anatomical landmarks. A Cartesian coordinate system 

confirmed the patient’s mid-commissural point and this point was used as a reference to 

confirm the target (Okun et al., 2007). 

The software utilized allowed the display and registration of a deformable 3D atlas 

(Sudhyadhom, 2005), based on the Schaltenbrand and Bailey stereotactic atlas 

(Schaltenbrand and Bailey, 1959) which was then overlaid onto the MRI scans. The 

atlas and scans were used together to target the structure of interest. We employed a 

two step targeting process. An initial estimate based on anatomic (AC/PC/midline point) 

coordinates was then followed by direct targeting adjustments using a deformed atlas 

overlay over image slices as well as direct visualization of target structures. Target 

selection depended on the underlying disease. Patients with ET had the anterior 

boundary of the ventralis caudalis nucleus (Vc) of the thalamus targeted. This boundary 

was estimated based on indirect targeting and confirmed by the use of microelectrode 

recording (MER, detailed below). The final electrode location was 2 mm anterior to this 

point along the anterior boundary of the ventral intermediate nucleus of the thalamus 

(Vim) and the ventralis oralis posterior (Vop) nucleus. Those patients with PD had their 

initial target points within the motor (dorsolateral) STN or the motor (posterolateral) GPi. 

The indirect atlas coordinate for the STN target (tip of lead) for an initial MER pass was 

approximately AP -3 mm, LT 11 mm, and AX -7 mm. The indirect atlas coordinate used 

for the GPi target for an initial MER pass was approximately AP 1 mm, LT 21 mm, and 

AX -6 mm. Coordinates were modified from this indirect targeting by using atlas 

deformation and direct visualization of target structures. 
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Microelectrode Recording and Registration 

The target coordinates were verified to be within the region of interest via multiple 

MER passes. Our technique used a 3-D mapping procedure to guide electrode 

placement. For each pass, cellular activity was recorded at millimeter intervals 

beginning at 30 mm above the selected target, and at submillimeter intervals as the 

microelectrode approached the target region. At each interval the encountered region 

was determined by the recording neurologist based on the sound and appearance of 

the recording and the depth at which it was observed. Each such determination was 

represented in real-time as a color-coded point overlaid on an individual patient’s MRI at 

the corresponding stereotactic coordinates. In addition to single cell recordings, cellular 

firing in response to passive motion and sensory stimulation was used to delineate the 

somatotopic organization of the target structure.  

The use of registration software allowed the translation of MER passes into a 

linear map of structure and somatotopy that was then overlaid on a patient’s MRI (as in 

Figures 3-2D, 3-3D, and 3-4D). A final decision, based on this aggregate map, was 

made as to the optimal location to place the permanent DBS electrode. The procedure 

decision-making process took into account both electrode tip location within the target 

region and the electrode’s proximity to regions near the target that might result in side 

effects when stimulated. 

The precise mapping process used varied by target. For the three targets (STN, 

GPi, and Vim) we employed a ‘true mapping’ strategy: we performed a single MER pass 

and used its results to determine the location of our next MER track. We typically 

performed three to five passes to confirm a target’s boundaries.  
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For STN and GPi, we first mapped the anterior-posterior plane intratarget 

somatotopic extremity and face responses. We next located the boundary between the 

target structure and the internal capsule. This boundary was marked by a transition from 

the typical firing pattern of the target structure to the relative silence of the internal 

capsule. We then confirmed the lateral border of each structure (again by noting the 

MER transition from cellularity to relative silence). The inferior boundary is recorded 

near the termination of each MER track – by the transition to the tonic firing of SNr for 

the STN or, in the case of the GPi, the transition to the light-sensitive activation of the 

fibers of the optic tract. For the STN we implanted 3 to 3.5 mm posterior to the anterior 

border and 2.5 to 3 mm medial to the internal capsule boundary with the deepest 

electrode contact placed at the STN/SNr boundary. For GPi we typically implanted 2.5 

to 3 mm anterior to the posterior border (internal capsule) and 2 to 3 mm from the lateral 

border (GPe) with the deepest electrode contact placed immediately superior to the 

optic tract.  

In the case of Vim implantation the electrode is inserted at a slightly shallower 

angle than that of the plane of the typical Vc/Vim boundary. This allows us to locate the 

anterior border of Vc as we pass through the Vim side of the Vc/Vim border superiorly 

and the Vc side of that border inferiorly. The transition from Vim to Vc can be 

appreciated as a change from motor-responsive to sensory-responsive cells. We 

typically implant the stimulating electrode 2 mm anterior to the hand region of Vc. 

Atlas Creation and Deformation 

The atlas used in this work is an in-house created atlas (Sudhyadhom, 2005) that 

is based on the sagittal series contours of the Schaltenbrand-Bailey atlas 

(Schaltenbrand and Bailey, 1959) of subcortical structures. Contours for each of these 
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subcortical structures were created by approximating connections between sagittal 

Schaltenbrand-Bailey atlas contours using Delaunay triangulation. By applying this 

algorithm across all sagittal contours, a linear surface with rough edges was produced 

which fitted points from one contour to corresponding points along neighboring 

contours. In order to provide a more continuous surface each of these structures was 

voxelized to a grid of 0.25 x 0.25 x 0.25 mm3. These structures were then smoothed 

using a Gaussian filter of full-width half maximum of 0.5 mm. This process reduced the 

discontinuities and abnormalities seen with the Schaltenbrand-Bailey atlas but still held 

relatively true to the original atlas contours. The final result was a smooth surface that 

approximately matched the size, shape, and location of the original 

Schaltenbrand-Bailey atlas contours. This digital atlas itself was manually validated 

against the original Schaltenbrand-Bailey atlas contours by overlaying the former’s 

contours over the corresponding Schaltenbrand-Bailey atlas planes. 

The resulting digital atlas can be displayed and deformed to match the anatomy of 

each particular patient using nine linear degrees of freedom: scaling, translation, and 

rotation in the medial-lateral, anterior-posterior, and superior-inferior axes. The general 

procedure for atlas alignment was 1) designation of an anterior/posterior commissure 

coordinate system (the coordinate system by which the atlas was created in), 2) linear 

affine transformation of the atlas to a visually determined “best fit” to the patient’s 

anatomy, and 3) further fine adjustments of the atlas to best fit the patient’s anatomy to 

the target region using nearby structures as reference points. 

In the case of the thalamus the boundaries are generally visible and can be used 

to make fine adjustments. For the STN, both the thalamus and substantia nigra 
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boundaries (superior and inferior) can be used to make final adjustments. For the GPi, 

the medial boundary of striatum and the anterior boundary of the anterior limb of the 

internal capsule are used for validation. Each of these methods may be utilized with any 

of the three types of images examined in this paper. Direct visualization of additional 

structures can be used to aid in the deformation in the cases of FLAIR and FGATIR 

imaging. 

We used two methods to evaluate the deformation accuracy. First, a movement 

disorders trained neurosurgeon verified that atlas structures neighboring the target 

region were aligned with imaging data. This neurosurgeon (who has performed 

approximately 500 DBS cases) completed the atlas deformation in all cases to match 

the patient anatomy with the MR imaging. All images (MPRAGE/FLAIR/FGATIR) were 

fused together to provide a complete set of data by which to complete the deformation. 

An AC/PC coordinate system was chosen for each patient which the atlas was then 

registered to, so that adjustments were made only after the atlas and patient anatomy 

were framed within the same coordinate system for all three (mutually fused) image 

sets. 

Second, MER maps were used to physiologically validate correlation between 

atlas and actual structures lying along the MER path. Intraoperative MER data for the 

patients in this study showed good correspondence to atlas ROI locations (as seen in 

Figures 3-2D, 3-3D, and 3-4D), suggesting that the atlas is a reasonable fit around the 

targets of interest. 
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Using both an expert’s evaluation and MER data confirmation allowed us to 

increase our confidence that the atlas deformation chosen provided a robust fit to the 

structures around the targets. 

Analysis 

The T1-weighted, T2-weighted FLAIR, and FGATIR sequences were fused to 

ensure anatomical and stereotactic co-localization using in-house created software. 

Additional software was then utilized for the linear affine transformation of the 3D atlas 

to fit the patient’s anatomy (as was described previously). The atlas was then used to 

delineate structures of interest for qualitative and quantitative analysis. We qualitatively 

compared our ability to delineate boundaries for the regions of interest among the scan 

types employed, and quantitatively evaluated the contrast to noise ratio and contrast 

ratio between areas believed to be within regions of interest and the surrounding area. 

MER data was used to electrophysiologically verify the boundaries of structures of 

interest. 

For this quantitative analysis, the ROI for ventral lateral (VL) thalamus, STN, and 

GPi were created by using the results of the registration of the deformable atlas. In the 

case of the VL thalamus, contrast ratios were calculated between the VL thalamus and 

the non-VL thalamus, as well as between the VL thalamus and the posterior limb of the 

internal capsule (PLIC). For the STN, contrast ratios were calculated between the STN 

and the substantia nigra reticulata (SNr) as well as between the STN and the thalamus 

and finally between STN and ZI. For the GPi, contrast ratios were calculated between 

the GPi and the PLIC. These ratios are summarized in Figure 3-5. The formulas used 

for contrast to noise ratio and contrast ratio are defined as the following: 
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Contrast to Noise Ratio (CNR): |(SA - SB)|/(Standard deviation of background 

noise) 

Contrast Ratio (CR): |(SA - SB)|/(SB A) 

SA and SB are average intensity values for regions A and B, respectively, as 

determined from ROI created from atlas delineated regions. A set of the voxels outside 

the patient’s head were taken to sample the background noise and this region was used 

to determine the standard deviation of background noise used in the CNR calculation. 

This technique is a commonly used technique for estimation of the background noise in 

a MR image. The quantitative measure of contrast to noise ratio provides an estimate of 

the contrast expected between two regions versus the background noise (which would 

be expected to inhibit contrast difference detection). The contrast ratio (CR) is a more 

direct measure of contrast but does not take into account noise present within the scan. 

Since noise characteristics can be improved by changes in hardware or by performing 

multiple signal averages, both metrics allow us to not only compare the scans as they 

are but also how noise reduction may improve detecting contrast differences. 

Results – Contrast Study 

Qualitative Analysis 

The T1-w MP-RAGE subcortical image revealed relatively poor contrast among 

the targets for DBS, however the sequence did allow reasonable localization of striatum 

and thalamus. T2-w FLAIR scans demonstrated better contrast and were better able to 

localize the STN, SNr, red nucleus (RN), and pallidum (GPe/GPi). The FGATIR scans 

allowed for localization of the thalamus, striatum, GPe/GPi, RN, and SNr and displayed 

sharper delineation of these structures (Figure 3-1). The FGATIR revealed features not 
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visible on other scan types: the internal lamina of the GPi (Figure 3-4C, arrow), fiber 

bundles from the internal capsule piercing the striatum, and the boundaries of the STN. 

The T2-w FLAIR sequences poorly imaged the lateral border of STN. Both the 

FGATIR and T2-w FLAIR (Figure 3-2C) displayed the STN as a hypointense structure. 

However, SNr was hyperintense in the FGATIR which created a degree of STN/SNr 

contrast not seen in the T2-w FLAIR. SNr was better visualized by FGATIR than by 

T2-w FLAIR, and was shown as a hyperintense region inferior to the STN (Figure 

3-2C,D). On FGATIR imaging, the lateral and posterior boundaries of STN were also 

more distinctly hypointense as compared to their appearance on T2-w FLAIR (Figure 

3-2C,D) which appeared to underpredict the boundaries of STN (according to atlas 

boundaries). While the lateral boundary is more consistently hypointense on the 

FGATIR, the definition between the STN and the PLIC was more difficult to visualize 

than in the T2-w FLAIR. Intraoperative MER mapping confirmed the region of 

hypointensity that corresponded electrophysiologically to STN.  

The FGATIR also produced higher contrast along the lateral boundary of the 

thalamus than was seen on T2-w FLAIR or standard T1-w scans. It may also be 

significant that the VL thalamus can be partially distinguished from other thalamic nuclei 

on FGATIR scans (Figure 3-3C). MER data was consistent with the thalamic boundaries 

seen with FGATIR both spatially and with respect to sensorimotor somatotopy. 

The pallidum was hyperintense relative to the posterior limb of the internal capsule 

(PLIC) on FGATIR imaging. Though both the GPi and striatum were hyperintense they 

were readily distinguishable (Figure 3-4C) due to their differing average intensities. The 

boundaries of the GPi and GPe fit with predicted atlas boundaries and MER data. 
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Standard T1 images (Figure 3-4A) showed little contrast between the GPi, GPe, or the 

PLIC, but there was visible differentiation of pallidum and striatum with this sequence. 

T2-w FLAIR performed better than standard T1 (Figure 3-4B), showing hypointensity 

around pallidum relative to striatum and the PLIC, but had less correspondence with 

atlas data than was seen with FGATIR. T2-w FLAIR failed to distinguish GPi and GPe 

and seem to overpredict the extent of pallidum medially and laterally (versus atlas 

predicted boundaries). 

Quantitative Analysis 

Figure 3-5 summarizes the CRs and CNRs calculated for these three pilot MRI 

scans with respect to the DBS targets. In all cases the CNR and CR were higher when 

using the FGATIR scan than with either T1-w or T2-w FLAIR imaging, with the FGATIR 

showing the highest level of contrast across the regions analyzed. 

Discussion and Conclusions – Contrast Study 

The DBS surgical procedure is focused primarily on obtaining accurate electrode 

placement. Imaging has played a central role in making this a reality. Progress in 

imaging—the stereotome, CT scans, and MRI—have all advanced DBS by making 

target localization more precise. Both T1 and T2 weighted scans have been employed 

in this regard. T1 weighted imaging has been a widely used scanning procedure for 

stereotactic surgery and radiosurgery due to its ability to produce thin slice, high 

resolution acquisitions within relatively short time periods. In our experience, T2 

weighted MRI has been the primary high-contrast imaging modality employed in DBS 

targeting for other groups due to its ability to visualize subcortical structures with high 

iron concentration. However the resolution and slice thickness have proven suboptimal. 

The FGATIR sequence in this pilot study offers significant advantages over both 
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standard T1-w and T2-w FLAIR imaging for the three main targets utilized for DBS in 

movement disorders. 

Previous efforts by others to image the basal ganglia by T2 weighted imaging have 

yielded mixed results. Good in-plane visualization of the STN with T2-w scan 

sequences has been reported by multiple groups (Dormont et al., 2004; Kitajima et al., 

2008; Slavin et al., 2006). Slavin and colleagues were able to identify the hypointense 

STN at 3T on relatively thin (1.5 mm) slice T2-w images. This required multiple-planes 

of acquisitions for high resolution localization with a scanning time of approximately 30 

minutes, as compared to just over eleven minutes with the FGATIR. Other studies have 

tackled the problem of T2 localization of the STN, and concluded that the hypointensity 

usually taken to represent STN sometimes represents solely the medial portion of the 

STN (Dormont et al., 2004). T2 visualization of the STN is also made problematic by 

interpatient variation in iron deposition in the basal ganglia that causes the T2 contrast 

to be visible to the human eye (Dormont et al., 2004). For these reasons, T2-weighted 

imaging alone does not provide sufficient or consistent contrast of certain key structures 

of the basal ganglia. This lack has been compounded through the thick slice acquisition 

methods used in 2D FSE, with slices of 2 mm or more being typical. 

T1 weighted imaging has also proved awkward at visualizing structures at the 

brain’s center. Standard T1-weighted imaging has been used to acquire thin slice 

images of 1 mm to 2 mm (using MP-RAGE or turbo field echo sequences) although with 

seemingly less contrast than with thicker-slice T2-weighted images. Recent results 

indicate that T1-weighting itself should provide significant contrast compared to 

T2-weighted imaging for the thalamus, thalamic subnuclei (Deoni et al., 2005a; Mercado 
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et al., 2006), and the STN (Deoni et al., 2005a). Deoni and colleagues acquired an 

ultra-high resolution T1 map that was able to delineate thalamic regions but at 

acquisition times that were far too long (several hours) for easy clinical application 

(Deoni et al., 2005a). In a paper by Reich et al. (Reich et al., 2000), the authors 

described a 2D fast spin echo inversion recovery (FSE-IR) sequence. While they were 

able to identify the GPi, the resolution was low and the slice thickness was relatively 

thick (2 mm) due to the use of a 2D FSE based inversion recovery sequence. This 

sequence required 27.5 minutes of scanning time in order to allow for multiple planes of 

acquisition and sufficient averaging as opposed to the typical whole brain acquisition of 

an MP-RAGE sequence which is typically in the range of 5 to 15 minutes. The work of 

these groups shows the potential for T1 as a vehicle for imaging the basal ganglia, but a 

high resolution, high contrast, thin slice scan in clinically feasible scan time has yet to be 

demonstrated. 

Our work focused on optimization of the T1 contrast mechanism. The FGATIR was 

based on a standard T1-w MP-RAGE sequence but incorporated the idea of nullification 

found in FLAIR and short tau inversion recover (STIR): nullification of CSF signal (as in 

FLAIR) and nullifying the signal from fat (as in STIR). This allowed white-matter signal 

nullification and an image that, in brain parenchyma, resulted from a gray matter only 

signal. Though the concept of nullification is not completely novel, the FGATIR’s 

optimization of the full inversion pre-pulse prior  (to nullify the white matter signal) to a 

fast 3D acquisition sequence may produce fast high-resolution and thin slice scans as 

compared to either standard 2D FSE or 2D FSE-IR based sequences. 
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The FGATIR’s preferential nullification of white matter signal allows for excellent 

delineation of grey matter structures that are surrounded by highly myelinated areas, 

such as structures in the basal ganglia. For example, the thalamus is bounded laterally 

by the internal capsule, superiorly by the corona radiata, and inferiorly by the zona 

incerta and afferent brainstem and cerebellar tracts. The GPi is a grey matter structure 

bordered on its posterior and medial extent by the internal capsule and anteriorly by the 

heavily myelinated lamina between GPi and GPe. As can be seen from Figures 3-1 to 

3-5, the contrast ratio for the FGATIR sequence is in general higher than that seen by 

the other two acquired sequences. 

Though the STN is well visualized on the FGATIR, the reasons for its visualization 

are less clear. The STN is a gray matter structure and appears hypointense on our scan 

sequence. This may represent a high degree of myelination relative to neighboring grey 

matter structures. Similar contrast has been reported with STIR images (Kitajima et al., 

2008). It is interesting to note that the VL thalamus is similarly darker than its 

surroundings on FGATIR. This may similarly suggest that the VL thalamus has more 

white matter connections than the non-VL thalamus. 

The quantitative results from this pilot work are in line with our qualitative results 

(Figure 3-5). The most dramatic CNR was found between STN and the thalamus on the 

FGATIR sequence (17.02. versus 7.85 on T2 FLAIR). While T2 images are currently 

considered to be the best clinical scan for the localization of STN by most other groups, 

the CNR between the STN and SNr was 1.76 for the T2-weighted FLAIR scan versus 

6.06 on the FGATIR scan. The distinct boundary between STN and SNr has been the 

most useful boundary in localization of STN on the FGATIR.  
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It should be noted that since FLAIR and FGATIR contrast between STN and SNr 

is different, the STN may at first appear thinner on the FGATIR than on the FLAIR. The 

size difference may be more apparent than actual. Both the STN and SNr are 

hypointense on FLAIR images, creating an area of low contrast between STN and SNr 

(as seen in contrast measurements in Figure 3-5), which can make it difficult to see the 

STN’s inferior border. Referring to the sagittal slice (Figure 3-2D) helps rectify this, 

revealing a hypointense region superior to SNr and inferior to ZI that corresponds well 

to the atlas predicted site and size of STN. The atlas also suggests better FGATIR 

correspondence to the STN outline than seen on T2 FLAIR. On FLAIR images, the STN 

(hypointense region within the red contour seen in Figure 3-2B on the left hemisphere) 

is smaller than the atlas predicted region and only fills a small portion of the atlas 

contour for STN. On FGATIR images, STN (hypointense) seem to be of at least the 

same size as compared to T2 imaging and also appears to better match the size of the 

atlas predicted region in the lateral extent. Figure 3-2B and 3-2C show a red line (of 

equivalent length in both panels) on the right hemisphere (left side of image) that 

represents the superior to inferior extents of the STN for both FLAIR and FGATIR 

imaging. The hypointense region in both the FGATIR and FLAIR appear to be roughly 

the same size in the superior to inferior boundary.  

While the boundary between ZI and STN is an important one to identify clearly, as 

it marks the STN’s superior boundary, there can be seen heterogeneous intensities in 

the superior STN and inferior ZI region. The origin of these is unclear. From Figure 

3-2C, it can be seen that there is a thicker region of hypointensity just inferior to 

thalamus and superior to the STN which, on the atlas, maps onto ZI. This hypointensity 
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fits well with the description of ZI as an axon-rich structure. Based on empirical data 

from T1 images and our MER mapping data, the hypointense region directly superior to 

SNr appears to map to STN. The origin of the hyperintense region found immediately 

superior to STN is unclear. Our atlas deformation technique consistently maps it to 

superior STN/inferior ZI, but the appropriate interpretation of the heterogeneity of the 

MR signal in this area is currently indeterminate. Evaluation of the hyperintensity 

between ZI and STN in the FGATIR may be possible via an imaging/histological study 

of a fresh cadaver brain. 

DBS imaging has generally fallen into two seemingly mutually exclusive 

categories: high resolution thin slice MRI and high contrast thick slice MRI. Many groups 

have focused on obtaining excellent contrast in plane at the expense of localization 

along the slice axis (Dormont et al., 2004; Kitajima et al., 2008; Reich et al., 2000; 

Slavin et al., 2006). Figure 3-6 shows a reformatting of the FGATIR scan at various 

axial slice distances: 1 mm (Figure 3-6A,B), 2 mm (Figure 3-6C), and 3 mm (Figure 

3-6D). The reconstructed views (coronal in Figure 3-6) show worsening resolution as 

the simulated slice distance is increased. It is worth noting that despite the high contrast 

seen with 3 mm slices, they are too thick to be useful for direct targeting of STN or GPi 

as the boundaries in the reconstructed image can no longer be easily delineated (Figure 

3-6D). The ability of the FGATIR sequence to acquire thin slice high resolution (less 

than or equal to 1 mm in all dimensions) images is crucial to its utility as a tool for 

imaging the basal ganglia.  

The ability of the FGATIR sequence to acquire both thin and high contrast slices is 

a significant improvement over the current sequences of choice: the 2D FSE-IR or 2D 
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FSE T2-w. Using these 2D sequences can limit slice thickness to a minimum of 2 mm 

due to hardware gradient specifications. With the FGATIR sequence the slice thickness 

is no longer hardware gradient limited. The scan is fully 3D and slice thickness is limited 

only by acquisition time and signal considerations. Another advantage of the FGATIR is 

that at 1 mm slice thickness it offers nearly isotropic voxels. This allows for multi-planar 

reconstruction (MPR) and true 3D manipulation. The anisotropic voxels from 2 mm (or 

thicker) slice thickness 2D scans offer poor resolution when subjected to these 

reconstructions (Figure 3-6) and transformations. 

Our pilot work demonstrates that the contrast between target and surrounding 

tissue on the FGATIR is superior to standard T1-w and T2-w FLAIR imaging. This 

combination of short scan time, high resolution, thin slices, and high contrast has not 

previously been reported. Future work will involve the analysis of the FGATIR across a 

larger number of patients to determine the level of detectability across our patient 

populations. Due to the flexibility of this scan technique, we may be able to take 

advantage of newer hardware such as multichannel phased array head coils in order to 

increase the SNR as well as implement higher resolution and even faster acquisitions 

(through parallel imaging). Our initial results on a Philips 3T Achieva MRI with SENSE 

indicate that sub-millimeter (0.75 mm) slice thicknesses may be acquired within 10 

minutes using an 8-channel headcoil. It is also possible to implement this sequence on 

standard 1.5T machines, but it should be noted that (as with any other sequence) the 

parameters would have to be changed accordingly to produce similar contrast 

characteristics—the parameters listed in Table 3-1 have been optimized for 3T 

implementation. 
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The consequences of the FGATIR sequence for DBS may prove substantial. 

Since only a few patient scans have thus far been evaluated we were unable to 

quantitatively determine whether the use of this imaging protocol reduces the number of 

MER passes. It is our impression that our operating room team was better able to 

recognize structures during preoperative targeting, increasing the ease of atlas 

deformation and ease of selection of the coordinates of the initial MER pass. We expect 

that the end result of this improved imaging method will be a reduction in operating 

room time via a reduction of MER passes, intraoperative testing, and potentially DBS 

lead relocation due to suboptimal initial implantation. Length of time spent in surgery is 

a well known correlate to surgical complication rates and reducing the time the patient 

spends on the OR table would be expected to significantly decrease morbidity.  

We do expect that better direct imaging will decrease the amount of MER required 

to arrive at target, and will examine this question more closely. We also expect 

improved imaging of the basal ganglia to allow us to better define the degree of 

interpatient variability in basal ganglia extent and structure. Most atlases are based on 

the careful dissection of a small number of brains. The FGATIR may allow us to 

substantially expand this data set, improving our ability to understand and adapt to the 

anatomical variations underlying individual patients’ disease. 

Methods – Targeting Study 

Subjects 

For this study, we used the preoperative scans of twenty patients who were to 

undergo STN DBS. These patients underwent formal evaluations by a fellowship-trained 

Movement Disorders Neurologist, a Neurosurgeon, a Psychiatrist, and a 

Neuropsychologist in order to ensure accuracy of diagnosis by clinical criteria (Okun et 
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al., 2004b) as well as absence of significant cognitive or psychiatric comorbidity. Prior to 

implantation, these PD patients were also required to demonstrate at least a 30% 

improvement in the motor subsection of the Unified Parkinson’s Disease Rating Scale 

(UPDRS III) between the on and off medication states (Okun et al., 2004b). 

Preoperative Imaging 

Each included patient received three scans on the day prior to surgery: a three 

plane localizing scout, a T1-weighted 3D Magnetization Prepared-Rapid Acquisition 

Gradient Echo (MP-RAGE), and a T1-weighted 3D FGATIR (the last three scans were 

each single volume whole brain scans). All scans were acquired on a clinical Siemens 

Allegra 3T MRI using a quadrature birdcage headcoil. The total scanning time for all 

three scans was less than 20 minutes. Specific parameters utilized are listed in Table 

3-1.  

Surgical Procedure 

On the morning of the operation, a Cosman–Roberts–Wells (CRW) head ring was 

applied under local anesthesia and a high-resolution stereotactic head computed 

tomography (CT) scan was performed. The CT and MRI images were fused using 

in-house computer software, a software package that is analogous to the Varian™ (Palo 

Alto, CA) system but with several added features, that facilitated targeting in ‘‘atlas 

space’’ by coregistering anatomical landmarks. A Cartesian coordinate system 

confirmed the patient’s mid-commissural point and this point was used as a reference to 

confirm the target (Okun et al., 2007). 

The software utilized allowed the display and registration of a deformable 3D atlas, 

based on the Schaltenbrand and Bailey stereotactic atlas (Schaltenbrand and Bailey, 

1959) which was then overlaid onto the MRI scans. The atlas and scans were used 
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together to target the structure of interest. We employed a two step targeting process. 

An initial estimate based on anatomic (AC/PC/midline point) coordinates was then 

followed by direct targeting adjustments using a deformed atlas overlay over image 

slices as well as direct visualization of target structures. Target selection for all the 

patients in this study was the STN. These patients had their initial target points within 

the motor (dorsolateral) STN. The indirect atlas coordinate for the STN target (tip of 

lead) for an initial MER pass was approximately AP -3 mm, LT 11 mm, and AX -7 mm. 

Coordinates were modified from this indirect targeting by using atlas deformation and 

direct visualization of target structures. The final target was determined through the use 

of electrophysiological data (MER maps) with reference to the initial target estimate. We 

implanted 3 to 3.5 mm posterior to the anterior border and 2.5 to 3 mm medial to the 

internal capsule boundary with the deepest electrode contact placed at the STN/SNr 

boundary. 

Targeting Study Procedure 

In order to simulate the procedure of targeting using various techniques without 

implanting patients using these various techniques, the scans of twenty DBS STN 

patients were used for the sole purpose of targeting under various methods. Two 

advanced neurosurgery residents (one with a year of DBS fellowship training and one 

without specific DBS training) were asked to target these twenty patients without 

knowledge of where the electrode was clinically implanted in these patients. They 

targeted using four different methods (in order): 1) CT only, 2) CT + MP-RAGE, 3) CT + 

MP-RAGE + atlas, and 4) CT + MP-RAGE + atlas + FGATIR. The neurosurgery 

resident who had no previous DBS training was asked to target a second time using the 

CT only method to assess the effect of learning on the process. 
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This stepwise targeting procedure was chosen to emulate the chronological 

advancements in targeting for DBS as practiced at STH. For all methods, the 

neurosurgery residents were told to target the position of final implantation which was 

(as discussed previously) chosen to be 3 to 3.5 mm posterior to the anterior border and 

2.5 to 3 mm medial to the internal capsule boundary with the deepest electrode contact 

placed at the STN/SNr boundary. Targeting was accomplished by first setting up an 

anatomic coordinate system based off the AC, PC and a midline point. These points 

were chosen off the CT scan in the case of the first methods and the T1w MP-RAGE in 

all the subsequent methods. Subsequently, a target point was picked that placed the tip 

of the electrode at the position previously mentioned and at a reasonable angle that did 

not pass through the ventricles, sulci, or blood vessels for safety reasons. The optimal 

angle was chosen considering these safety issues while still placing the third contact of 

the electrode just inferior to the boundary between STN and ZI. In methods 3 and 4, the 

in-house created 3D atlas (previously discussed) was deformed (by the neurosurgery 

resident) to fit the patient’s anatomy as well as possible for the imaging methods 

available (T1w MP-RAGE and/or FGATIR). In all cases, the residents were instructed to 

start with an initial target based off the anatomic coordinate system and to refine that 

target as best as possible using available imaging (or atlas) methods. If the residents 

were able to directly or indirectly visualize the boundaries of STN, they could refine 

placement of the target position to achieve placement at 3 to 3.5 mm posterior to the 

anterior border and 2.5 to 3 mm medial to the internal capsule boundary with the 

deepest electrode contact placed at the STN/SNr boundary. If there was insufficient 

imaging contrast to adjust for patient anatomy, the placement would be primarily based 
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off the anatomic coordinate system. All twenty subjects were targeted first using method 

1 then followed by 2 and so on and so forth with time (days or weeks) between each 

step to reduce the effect of learning and memorization on targeting. 

Analysis of Target Points 

After all the targets had been chosen by the residents, targeting data from each 

method was tabulated. These data were compared with the clinical final target 

placement data for each of these particular patients. The clinical final target was 

determined through a combination of initial targeting with imaging data augmented with 

knowledge of the electrophysiology of the patient. The electrophysiology (MER data) 

map of each patient was used to directly confirm boundaries of the STN. Differences 

between the clinical final target location and targets picked by each of the neurosurgery 

residents (for each method) were calculated. These differences were calculated as 

absolute errors and signed errors for the anterior to posterior, medial to lateral, and 

superior to inferior directions. The signed errors were used to determine if any 

bias/systematic error existed in the dataset. 

Results – Targeting Study 

Targeting data from the twenty STN DBS patients were tabulated and the clinical 

final target was used as the basis for comparison against the experimentally chosen 

targets of the two neurosurgery residents. The four methods (discussed previously) 

were each independently compared against the clinical final target for each patient. 

Figure 3-7 shows the magnitude difference (error) between the target point picked by 

the resident and the clinical target point along the three axes (AP, LT, and AX). The 

mean errors for the DBS trained resident ranged from about half a millimeter to about 

one millimeter (Figure 3-7A). The mean errors for the resident without any prior training 
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tended to be higher ranging between about a half millimeter and 1.5 mm with one 

exception (Figure 3-7B). The AP mean error associated with targeting by the fourth 

method (CT+MP-RAGE+Atlas+FGATIR) had an error of 2.63 mm (Figure 3-7B). 

Examination of the bias in targeting of that particular method revealed a large 

systematic bias and this was further looked at in Figure 3-8. The standard deviation of 

the errors is shown in both panels as the error bars.  

The potential for systematic targeting error in the data was examined by 

subtracting out the average (signed) error. If bias was present in the data, this method 

should reduce it. In general, the magnitude errors decreased following removal of 

systematic bias (Figure 3-8). In both cases (with and without removal of systematic 

error), the DBS trained resident tended to have improved targeting with the fourth 

method (CT+MP-RAGE+Atlas+FGATIR) versus the first method (CT only) but this 

improvement was not statistically significant in either case (Figure 3-8A). The unusually 

large error in the AP direction using the fourth method of targeting by the second 

resident (seen in Figure 3-7B) was reduced to within 1.5 mm once systematic bias was 

accounted for (Figure 3-8B). Comparisons of targeting using method 1 versus any other 

method does not appear to be significantly better especially considering the large 

standard deviations in the errors (error bars seen in Figure 3-7 and 3-8). There does not 

appear to be any statistically significant improvement on targeting through the addition 

of imaging or atlas methods. 

Discussion and Conclusions – Targeting Study 

The purpose of the targeting study was to evaluate utility of various targeting 

methods as they would be used clinically at UF and Shands. In order to accomplish this 

goal, the examined methods were chosen as analogs to previous targeting techniques 
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used at Shands. The final target method (CT+MP-RAGE+Atlas+FGATIR) examined 

was chosen as a method to validate the clinical utility of the FGATIR sequence for the 

STN. The previous sections (regarding the contrast study) of this chapter examined 

specifically contrast differences across different targets for DBS (including the STN). 

This targeting study was an attempt to evaluate the overall effect of imaging methods on 

targeting. 

From Figures 3-7 and 3-8, there does not appear to be any significant advantage 

to using any of the more advanced techniques over CT for targeting of the STN. This 

outcome is in disparity to the results previously discussed in the contrast study where 

the FGATIR sequence provided significantly higher contrast of the STN compared with 

other imaging methods. The reason for this result may lie in a combination of several 

reasons. One possibility is that the STN does not vary significantly in size, shape, or 

location relative to the two anatomic landmarks used in this study (AC and PC). As 

discussed in chapter two, the STN is a small subcortical structure that is relatively close 

to midline and lies between the two landmarks in the AP direction used to establish the 

anatomic coordinate system. It has not been well established how much anatomic 

variation there is in the size, shape, and location of this structure especially relative to 

diseased patients where disease progression may affect these parameters. In the case 

of the CT only method, the neurosurgery residents often picked the target based solely 

off AC and PC coordinates as there was little to no contrast in the imaging to use for 

direct visualization/targeting. Since more direct (image based) targeting did not perform 

significantly better or worse than less direct (coordinate based) targeting methods, the 

deviation of the STN from “ideal” coordinates may not be significant. This issue of 
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localization accuracy of indirect targeting through landmarks versus direct localization of 

the STN has been previously examined by Cuny et al (Cuny et al., 2002). In their paper, 

localization of the STN was accomplished through direct (T2 weighted imaging) and 

indirect (AC/PC coordinate based) methods. The most accurate targeting method was 

found to be indirect localization using AC/PC coordinates although the resolution of the 

different methods used were not comparable, the direct method resolution (≥ 2 mm slice 

thickness) was poor compared to the indirect localization method (high resolution 

ventriculography or high resolution thin slice T1 weighted imaging). In our work, the 

deviations of the resident picked targets versus clinically picked final targets are similar 

to the errors seen between clinically planned final targets and the actual post-operative 

measured electrode positions within the patient’s brain (AP: 1.12 ± 1.03 mm, LT: 1.42 ± 

1.02 mm, AX: 0.85 ± 0.65 mm). Since these mean errors were generally around 1 mm 

in each direction, these errors are roughly within the error associated with being able to 

physically place an electrode within a patient’s brain for this target. 

While more advanced methods for targeting were not found to conclusively 

provide any tangible benefit in the targeting of STN, this result may be partially the 

result of the target chosen. The STN target was the most often targeted structure at 

Shands. Future studies of other targets may stand to benefit from using atlas methods 

and/or FGATIR imaging. From the previously discussed contrast study, there was 

significantly higher contrast of subcortical structures in general within the FGATIR 

images compared with other imaging methods. Additional targeting studies of GPi, 

thalamus, or even other areas of the brain may reveal the utility of these more advanced 

targeting methods (atlas, FGATIR, etc) versus indirect targeting. 
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Table 3-1. Parameters used for the scans in this study. 
 T1-w 3D MP-RAGE T2-w 3D FLAIR T1-w 3D FGATIR 
Repetition time (TR) 1600 ms 6000 ms 3000 ms 
Echo time (TE) 4.38 ms 353 ms 4.39 ms 
Inversion time (TI) 800 ms 2200 ms 409 ms 
Inversion pulse angle  90° 180° 180° 
Matrix 384x288 256x240 320x256 
Field of View (mm) 256x192 256x240 256x192 
Slices 160x1 mm 160x1 mm 160x1 mm 
Orientation Axial Sagittal Axial 
Bandwidth 130 Hz/Px 1302 Hz/Px 130 Hz/Px 
Acquisition time 6:45 minutes 12:08 minutes 11:14 minutes 
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Figure 3-1. Sagittal images of subcortical structures in the A) T1-w 3D MP-RAGE, B) 

T2-w 3D FLAIR, C) T1-w FGATIR, and D) T1-w FGATIR with deformable 
atlas contours overlaid. The contour colors for the deformable atlas are (from 
most anterior to most posterior): striatum (blue), GPe (green), anterior 
commissure (black), GPi (red), optic tract (yellow), thalamus (green), various 
VL thalamic nuclei (green), STN (red), and SNr (black). 
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Figure 3-2. Subcortical images from a STN DBS patient (pre-surgery) showing coronal 

slices with deformable atlas contour overlay on the A) T1-w 3D MP-RAGE, B) 
T2-w 3D FLAIR, C) T1-w FGATIR, and a sagittal slice through the D) T1-w 
FGATIR with MER maps overlaid (represented by colored dots). The white 
arrows represent the location of STN in the coronal and sagittal slices. The 
red lines in panels B and C (both are the same length) represent the distance 
(superior to inferior) of the STN in both FLAIR and FGATIR images. Although 
STN may appear thinner in the FGATIR, as can be seen from the line it is 
roughly the same size in FLAIR and FGATIR images. In panel D, the dot 
colors represent cells found for STN (red), thalamus (green), ZI (black and 
labeled as ZI), and SNr (black and unlabeled). Squares represent regions at 
which cellular response was seen during either passive movement or sensory 
stimulation of the patient. 
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Figure 3-3. Subcortical images from a thalamic Vim DBS patient (pre-surgery) showing 

axial slices (with deformable atlas overlay) on the A) T1-w 3D MP-RAGE, B) 
T2-w 3D FLAIR, C) T1-w FGATIR, and a sagittal slice through the D) T1-w 
FGATIR with MER maps overlaid (represented by the colored dots). The 
green contours within the thalamus represent the: (from anterior to poster) 
ventralis oralis anterior (Voa), ventralis oralis posterior (Vop), ventralis 
intermedius (Vim), and ventralis caudalis (Vc) nuclei of the thalamus. In panel 
d, the dot colors represent cells found for thalamus (green). Squares 
represent regions at which cellular response was seen during either passive 
movement or sensory stimulation of the patient. 
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Figure 3-4. Subcortical images from a GPi DBS patient (pre-surgery) showing axial 

slices (with deformable atlas overlay) on the A) T1-w 3D MP-RAGE, B) T2-w 
3D FLAIR, C) T1-w FGATIR, and a sagittal slice through the D) T1-w FGATIR 
with MER maps overlaid (represented by the colored dots). The white arrows 
represent the location of the lamina between GPi/GPe and the lamina within 
GPi. In panel D, the dot colors represent cells found in GPi (red), GPe 
(green), striatum (blue), and optic tract (yellow). 
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Figure 3-5. Contrast ratios (CR) for GPi/PLIC, STN/Thalamus, STN/SNr, VL 

Thalamus/non-VL Thalamus, and VL Thalamus/PLIC. The contrast ratio of 
the FGATIR sequence is higher than seen with either the T1-w or the T2-w 
FLAIR scans. Numerical values for both CR and CNR are listed. 
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Figure 3-6. Simulated FGATIR images at A,B) 1 mm, C) 2 mm, and D) 3 mm slice 

spacing. The superior and inferior boundaries of STN are visible in A) and B) 
as shown by the white arrows in panel A, but are difficult to identify in C) and 
D). 

66 



 

A

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

2.00
Er

ro
r (

m
m

) CT Only
CT+MP-RAGE
CT+MP-RAGE+Atlas
CT+MP-RAGE+Atlas+FGATIR

CT Only 1.05 1.13 1.07

CT+MP-RAGE 1.09 1.03 0.63

CT+MP-RAGE+Atlas 1.10 1.01 0.79

CT+MP-RAGE+Atlas+FGATIR 0.94 0.94 0.53

AP LT AX

 

B

0.00

0.50

1.00

1.50

2.00

2.50

3.00

Er
ro

r (
m

m
) CT Only (First)

CT+MP-RAGE
CT+MP-RAGE+Atlas
CT+MP-RAGE+Atlas+FGATIR
CT Only (Second)

CT Only (First) 1.24 1.01 1.40

CT+MP-RAGE 1.02 1.09 0.57

CT+MP-RAGE+Atlas 1.06 0.99 0.66

CT+MP-RAGE+Atlas+FGATIR 2.63 0.86 1.03

CT Only (Second) 1.12 1.09 1.57

AP LT AX

 

Figure 3-7. Absolute errors in target planning using various targeting methods for A) the 
DBS trained neurosurgery resident and B) the neurosurgery resident without 
previous training. Errors are one standard deviation. 
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Figure 3-8. Corrected (for bias) absolute errors in target planning using various targeting 
methods for A) the DBS trained neurosurgery resident and B) the 
neurosurgery resident without previous training. Errors are one standard 
deviation. 
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CHAPTER 4 
LOCALIZATION OF FUNCTIONAL TERRITORIES OF SUBCORTICAL STRUCTURES 

Aims 

Our aim was to compare probabilistic diffusion tractography (PDT) derived subregions 

within the thalamus with microelectrode data and atlas regions. 

Background 

Many of the structures targeted in DBS have multiple distinct segregated circuits 

that comprise it (Alexander et al., 1990; Alexander et al., 1986). Diffusion weighted 

imaging is a type of scan that can be used to potentially image and follow these 

tracts/circuits in a non-invasive manner. Diffusion weighted imaging as a whole has 

been a significant development to the field of medicine. Some of the earliest clinically 

relevant work in diffusion imaging used diffusion weighted imaging to detect ischemic 

tissue (Moseley et al., 1990b). Diffusion weighted imaging has also been used to 

quantify the isotropic/anisotropic nature of water diffusion in vivo in a cat spinal cord 

(Moseley et al., 1990a) and in cerebral white matter (Chenevert et al., 1990; Doran et 

al., 1990). Characterization of water diffusion anisotropy has since been modeled using 

various methods. The most commonly used model was developed by Basser (Basser et 

al., 1994) in which a tensor was used to model Gaussian diffusion of anisotropy. In this 

particular model, the primary eigenvector is typically taken as the dominant fiber 

orientation and used as a basis for streamline tractography algorithms. In order to fit a 

rank-2 tensor to each voxel, a measurement of six distinct diffusion directions is 

necessary. Diffusion measurement along a much higher number of directions has since 

been proposed as a way to increase the model complexity of diffusion. Other models 

can be assumed using high angular resolution diffusion imaging (HARDI) (Tuch et al., 
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2002) acquisition methods. Diffusion models such as Q-ball (Tuch, 2004) and 

probabilistic diffusion (Behrens et al., 2003b) as well as numerous others have since 

been used as alternative models to the standard diffusion tensor model in the attempt to 

more fully model the diffusion anisotropy at each voxel. 

Using diffusion models such as diffusion tensor imaging (DTI) and associated 

tractography, visualization and localization of these tracts has been used examined by 

multiple previous groups as a way to localize targets in DBS (Aravamuthan et al., 2008; 

Gutman et al., 2009; Owen et al., 2007; Sedrak et al., 2008). Since the thalamus has 

rich connections to the cortex, it has specifically been looked at by several groups using 

diffusion imaging and tractography to try and separate out individual thalamic nuclei 

(Behrens et al., 2003a; Wiegell et al., 2003; Yamada et al., 2009). These groups have 

parcellated regions of the thalamus through either DTI primary eigenvector (Wiegell et 

al., 2003) or tractography of connections to the cortex (Behrens et al., 2003a; Yamada 

et al., 2009) and found that they generally relate to large thalamic nuclei. In this work, 

the particular small thalamic nuclei of interest for DBS in essential tremor (Vc and Vim 

nucleus) were localized using previously developed probabilistic diffusion tractography 

(PDT) methods (Behrens et al., 2003b). We compared this method against clinical data 

(deformed atlas structures and microelectrode data) in five essential tremor patients. 

Materials and Methods 

Subjects 

For this study we scanned five patients with essential tremor who were to undergo 

DBS. These patients underwent formal evaluations by a fellowship-trained Movement 

Disorders Neurologist, a Neurosurgeon, a Psychiatrist, and a Neuropsychologist in 

order to ensure accuracy of diagnosis by clinical criteria (Okun et al., 2004b) as well as 
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absence of significant cognitive or psychiatric comorbidity. All patients were implanted 

with DBS electrodes on their left side (all patients were right handed). 

Preoperative Imaging 

Each included patient received four scans on the day prior to surgery: a three 

plane localizing scout, a T1-weighted 3D Magnetization Prepared-Rapid Acquisition 

Gradient Echo (MP-RAGE), a T1-weighted 3D Fast Gray Matter Acquisition T1 

Inversion Recovery  (FGATIR) (these two scans were each single volume whole brain 

scans), and a 12-direction diffusion tensor imaging (DTI) protocol. All scans were 

acquired on a clinical Siemens Allegra 3T MRI using a quadrature birdcage headcoil. 

The total scanning time for all four scans was approximately 35 minutes. 

Diffusion weighted data were acquired using a spin-echo echo planar imaging 

sequence (SE-EPI) (70 × 1.6 mm thick axial slices, matrix size 128 × 128, field of view 

205 × 205 mm2, giving an isotropic voxel size of 1.6 × 1.6 × 1.6 mm3). The diffusion 

weighting was acquired isotropically along 12 separate directions with a b-value of 1000 

s mm-2. Twelve diffusion directions were acquired as this was the highest number of 

diffusion directions acquirable on this version of the clinical Siemens 3T Allegra scanner 

software used for all these scans. For both the diffusion weighted and zero weighted 

data, the repetition time (TR) was 8600 ms with an echo time (TE) of 76 ms. Five sets 

(one zero diffusion weighted image and twelve diffusion weighted images in each set) 

were acquired with two averages for each set in order to attain adequate signal-to-noise 

ratio (SNR). 

Surgical Procedure 

On the morning of the operation, a Cosman–Roberts–Wells (CRW) head ring was 

applied under local anesthesia and a high-resolution stereotactic head computed 
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tomography (CT) scan was performed. The CT and MRI images were fused using 

in-house computer software, a software package that is analogous to the Varian™ 

FastPlan (Palo Alto, CA) system but with several added features, that facilitated 

targeting in ‘‘atlas space’’ by coregistering anatomical landmarks. A Cartesian 

coordinate system confirmed the patient’s mid-commissural point and this point was 

used as a reference to confirm the target (Okun et al., 2007). 

The software utilized allowed the display and registration of a deformable 3D atlas, 

based on the Schaltenbrand and Bailey stereotactic atlas (Schaltenbrand and Bailey, 

1959) which was then overlaid onto the MRI scans. The atlas and scans were used 

together to target the structure of interest. We employed a two step targeting process. 

An initial estimate based on anatomic (AC/PC/midline point) coordinates was then 

followed by direct targeting adjustments using a deformed atlas overlay over image 

slices as well as direct visualization of target structures. The patients in this study had 

the anterior boundary of the ventralis caudalis nucleus (Vc) of the thalamus targeted. 

This boundary was estimated based on indirect targeting and confirmed by the use of 

microelectrode recording (MER, detailed below). The final electrode location was 2 mm 

anterior to this point along the anterior boundary of the ventral intermediate nucleus of 

the thalamus (Vim) and the ventralis oralis posterior (Vop) nucleus. Coordinates were 

modified from this indirect targeting by using atlas deformation and direct visualization 

of target structures. 

Microelectrode Recording and Registration 

The target coordinates were verified to be within the region of interest via one or 

more MER passes. Our technique used a 3-D mapping procedure to guide electrode 

placement. For each pass, cellular activity was recorded at millimeter intervals 
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beginning at 30 mm above the selected target, and at submillimeter intervals as the 

microelectrode approached the target region. At each interval the encountered region 

was determined by the recording neurologist based on the sound and appearance of 

the recording and the depth at which it was observed. Each such determination was 

represented in real-time as a color-coded point overlaid on an individual patient’s MRI at 

the corresponding stereotactic coordinates. In addition to single cell recordings, cellular 

firing in response to passive motion and sensory stimulation was used to delineate the 

somatotopic organization of the target structure.  

The use of registration software allowed the translation of MER passes into a 

linear map of structure and somatotopy that was then overlaid on a patient’s MRI. A 

final decision, based on this aggregate map, was made as to the optimal location to 

place the permanent DBS electrode. The procedure decision-making process took into 

account both electrode tip location within the target region and the electrode’s proximity 

to regions near the target that might result in side effects when stimulated. 

The electrode is inserted at a slightly shallower angle than that of the plane of the 

typical Vc/Vim boundary. This allows us to locate the anterior border of Vc as we pass 

through the Vim side of the Vc/Vim border superiorly and the Vc side of that border 

inferiorly. The transition from Vim to Vc can be appreciated as a change from 

motor-responsive to sensory-responsive cells. We typically implant the stimulating 

electrode 2 mm anterior to the hand region of Vc. 

Diffusion Data Processing 

In total, 65 volumes of diffusion data were acquired for each patient (5 

non-diffusion weighted and 5x12 diffusion weighted). All of the diffusion data were 

motion corrected relative to the first non-diffusion weighted image. The predicted motion 
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parameters were used to correct the diffusion gradient directions relative to their original 

imaging plane. No patient had an angular motion greater than 2 degrees from the first 

non-diffusion weighted image. These data were then used in the FMRIB Software 

Library (FSL) software package to determine the parameters for a two-fiber field model 

at each voxel (Behrens et al., 2003b). This particular model was employed in our work 

for tractography as we acquired greater than six distinct diffusion directions which 

allowed for a model more complex than a standard rank-2 tensor. In addition, Behrens 

et al has previously used the probabilistic diffusion model for tractography to parcellate 

the thalamus according to its cortical connections (Behrens et al., 2003a). Although 

increasingly higher order models can be used to model the crossing/branching of fibers 

during tractography, the parcellation of the thalamus into thalamic nuclei does not 

appear to benefit greatly from a multi-fiber model versus a single fiber model (Behrens 

et al., 2007). 

This model was then used with FSL software to perform probabilistic tractography. 

In the ideal case where the local fiber orientation has no uncertainty, this probabilistic 

tractography methodology amounts to a simple streamline algorithm. For actual 

diffusion data, samples are taken at each voxel from the posterior distribution on 

principal diffusion directions and the streamline progresses in that direction. As such, 

two samples arriving at the same voxel are likely to leave along slightly different 

directions. This scheme allows for a representation of the relative probability of a 

streamline passing through a voxel. 

Several regions were manually segmented for usage as masks in the tractography 

procedure. All diffusion related processing was completed in the original diffusion space 
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for each of the patients. The cortical masks were created by manually contouring the 

somatosensory cortex (S1) and primary motor cortex (M1) on the non-diffusion 

weighted image. The anatomic landmark used to delineate S1 was the posterior bank of 

the central sulcus plus the post central gyrus, from the dorsal surface of the brain to the 

lateral fissure. The anatomic landmark used to define M1 was the anterior bank of the 

central sulcus and posterior half of the precentral gyrus. These anatomic definitions 

have been used by previous groups (Behrens et al., 2003a) for the purpose of 

examination of thalamic connections to cortical areas. An example of these regions of 

interest can be seen in a near midline sagittal plane in Figure 4-1. A thalamus mask was 

created by using the atlas defined region described previously. 

Probabilistic diffusion tractography was completed by seeding each voxels in the 

thalamus mask with 5000 samples with a separate analysis for each of the cortical 

masks (S1 and M1) as a waypoint. For each of these tracts, we looked at the correlation 

of the DTI derived CDR versus intraoperatively acquired MER data, deformed atlas 

regions, and clinical stimulation data on an individual basis. Two methods of defining a 

CDR were examined relative to each other, either by pure thresholding (allowing for 

interdigitation) or by max fiber association (considering regions without interdigitation). 

The former models areas within the seed region (thalamus) as potentially having 

innervations from multiple cortical regions whereas the latter is a simpler model where 

voxels are considered to strictly receive innervations from single cortical regions. 

Results 

Hard versus Soft Delineation of Connectivity Defined Regions (CDR) 

Previous work (Behrens et al., 2003a) has typically defined CDRs by the 

origination of the fibers with the greatest intensity. For example in a particular thalamic 
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voxel, probabilistic tractography results at a particular voxel may show connections from 

both S1 and M1 cortex but that particular voxel would be classified as belonging to a 

particular CDR by the particular cortical region which had the most significant 

“innervation” (either S1 or M1 but not both) through tractography. In this work, we 

consider the case of both the standard classification of a rigidly defined CDR and an 

alternative definition for a CDR in which these boundaries are not considered to be rigid. 

In this alternative definition, a particular voxel may correspond to multiple CDRs 

simultaneously depending on the extent of tractography innervation from corresponding 

cortical regions. We examined the difference in location of rigid (hard) versus non-rigid 

(soft) delineations of CDRs. 

Microelectrode Data versus Diffusion Tractography 

Microelectrode data that was acquired intraoperatively was localized to 

stereotactic coordinates within each subject allowing us to determine the location of 

cells relative to the subject’s imaging data. In general, four types of cells were found: 

non-thalamic cells, thalamic cells with no detectable sensorimotor response, thalamic 

cells with a passive (proprioceptive) motor response, and thalamic cells with a sensory 

response. If the cell had either a sensory or a motor response, the body part location 

associated with the sensorimotor responsive cell was recorded. 

For the S1 and M1 tracts through the thalamus created from diffusion data, we 

examined the “fiber intensity” at the point for each of the sensorimotor responsive cells. 

The “fiber intensity” at a particular voxel is defined as the total number of tracts that 

pass through that voxel that start from the seed region and go through the particular 

cortical area of interest (either S1 or M1). Four analyses were completed across all 5 

subjects and are shown in Figure 4-2 as cumulative histograms depicting: S1 fiber 
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intensity at sensory responsive cell positions (Figure 4-2A), S1 fiber intensity at passive 

motor responsive cell positions (Figure 4-2A), M1 fiber intensity at sensory responsive 

cell positions (Figure 4-2B), and M1 fiber intensity at passive motor responsive cell 

positions (Figure 4-2B). While the optimal situation would be to have sensory and 

passive motor responsive cells only residing within S1 and M1 tracts, respectively, the 

sensory and passive motor responsive cells we found from microelectrode data were 

not necessarily well spatially separated from each other with sensory and motor cells 

often being detected at the same position. The overall trend of sensory versus passive 

motor responsive cells suggests that sensory cells are situated more posteriorly 

compared to the passive motor responsive cells. From Figure 4-2A, we find that a 

threshold fiber intensity value of around 800 to 1000 provides good coverage of sensory 

responsive cells (type I error) with minimal coverage of passive motor responsive cells 

(type II error). At an S1 fiber intensity threshold of 800, 88.14% of all sensory cells are 

within the threshold (out of 59 cells) while including only 33.7% of all passive motor cells 

(out of 92). At an S1 fiber intensity threshold of 1000, 83.05% of all sensory cells are 

within the threshold while including 30.43% of all passive motor cells. More conservative 

thresholds can be considered to reduce the number of motor cells that are within the M1 

CDR, but at the expense of sensory cell inclusion. In Figure 4-2B, we do not see an 

analogous threshold of the M1 tract possibly suggesting that M1 fiber CDRs have strong 

connections into regions with significant numbers of sensory responsive cells. 

Significant interdigitation of sensory and passive motor responsive cells was noted at 

several sites tested intraoperatively with MER which resulted in regions that had both 
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sensory and motor responsive cells within the measuring distance of the 

microelectrode. 

An exemplar case of tracts from the thalamus to S1 and M1 cortex (with MER 

overlays) is shown in Figure 4-3A and 4-3B, respectively. The images shown are of a 

para-sagittal FGATIR plane from a single patient with one MER pass with thalamic cells 

noted by the green dots. The contours represent atlas structures such as green for the 

thalamus and thalamic nuclei. The most posterior green contour within the thalamus is 

the Vc nucleus and just anterior to that contour is the Vim nucleus (sensory and motor 

responsive regions, respectively). At a conservative threshold of 800 (in this particular 

case), the S1 tract provides significant coverage of sensory responsive cells as noted 

with “t” or “T” for light touch or tactile cells (Figure 4-3A). At the same threshold, the M1 

tract provided complete coverage of motor responsive cells but also completely covered 

regions inhabited with sensory responsive cells. It should be noted that at the same 

location of sensory responsive cells, passive motor responsive cells were also present 

in many locations. This occurrence was typical across the group of patients. In this 

particular case, the sensory and passive motor responsive cells were not completed 

contained within the Vc and Vim nuclei, respectively.  

Rigidly defining the CDR produces significantly different results in the location and 

extent of the regions defined for S1 and M1. Since there is no analogous “fiber intensity” 

threshold, the voxel is categorized as belonging to a particular CDR by whichever 

associated fiber is the highest at a particular voxel. The fiber intensity for M1 tracts was 

greater than S1 tracts at all MER cell locations (sensory and proprioceptive motor) 

except for one sensory cell (out of 59 total sensory cells). This rigid definition for 
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classification correlates poorly with the electrophysiological MER data found from these 

patients. 

Atlas Data versus Diffusion Tractography 

Atlas regions for thalamic nuclei were used as a basis of comparison versus CDRs 

created from S1 and M1 tracts. Particular atlas ROIs were extracted for the following 

thalamic nuclei: Vc and Vim. The centroid of these ROIs was compared to the location 

of the non-rigid (thresholded) CDRs for S1 and M1. In this case, the difference between 

a CDR and the tract itself is that the CDR only includes the parts of the tract that is 

within the seed region (thalamus in this case). The location of the centroid of various 

regions were compared against other various ROIs. The following differences in 

centroid location were examined with fiber intensity thresholds noted in parentheses: S1 

(at 800) vs. Vc, S1 (at 1000) vs. Vc, M1 (at 800) vs. Vim, M1 (at 1000) vs. Vim, Vc vs. 

Vim, S1 (at 800) vs. M1 (at 800), and (Vc vs. Vim) vs. (S1 (at 800) vs M1 (at 800)). The 

final difference was used to examine the spatial relationship between atlas sensory and 

motor areas versus the analogous relationship between tract based CDRs for sensory 

and motor. 

Differences between locations of the centroid of various regions are tabulated in 

Table 4-1. The centroids from both the S1 and M1 CDRs do not appear to change 

significantly in location when thresholded from 800 to 1000. The mean difference in 

centroid location for both S1 and M1 CDRs only changed by 0.02 mm (in any given 

direction) as the threshold changed. Since both 800 and 1000 provided similar coverage 

of MER cells, the amount of coverage of the CDR in this threshold range does not 

appear to change significantly. The difference in the location of the centroid of the tract 

based CDR to its analogous atlas structure (S1 to Vc and M1 to Vim) ranged from about 
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1.5 mm to 3 mm along any particular axis. The final difference examined (Vc vs. Vim 

versus S1 vs. M1) had differences of less than 1mm for both the AP and LT axes but a 

difference of -2.8 mm for the AX component. The atlas regions show some 

correspondence with tract based CDRs, but the centroids of the CDRs are not highly 

aligned with atlas structures. The relative location of the centroids of sensory and motor 

CDRs appear to have a spatial relationship that is similar to that of the Vc and Vim atlas 

structures. 

Discussion and Conclusions 

Diffusion tractography of cortical areas to the thalamus has previously been 

observed to correlate with various thalamic nuclei (Behrens et al., 2003a). Since the 

thalamus has connections to numerous cortical areas, tractography between the 

thalamus to various cortical areas of presumably known function to may be useful to 

classify thalamic areas of function. In this chapter, voxels in the thalamus were used as 

seeds for tracts that went into S1 somatosensory cortex and M1 primary motor cortex. 

Behrens et al (Behrens et al., 2003a) has previously classified voxels as belonging to a 

particular tractography connected cortical area solely by which cortical region had the 

highest “fiber intensity” associated with it (rigid definition). This definition may be limiting 

since voxels may have fibers from multiple tracts that inhabit it especially if the voxels 

are of larger size. An alternative definition that has been previously proposed is to 

consider that each voxel may have contributions from various fibers and thereby not 

assigning designations solely based off maximum fiber intensity (non-rigid definition). 

MER data that was acquired from each patient allowed for direct comparison with 

tractography results to validate both of the definitions discussed previously. In the rigid 

definition, the location of both sensory and motor responsive MER cells was found to lie 
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within the M1 CDR (with the exception of one sensory responsive cell). Rigidly defined 

CDRs grossly overestimated the extent of the M1 CDR and underestimate the extent of 

the S1 CDR. The non-rigid definition for S1 and M1 CDRs allows for mixing for S1 and 

M1 tracts within a voxel. If a threshold “fiber intensity” is considered in the range of 800 

to 1000 (relative to a starting seed count of 5000 per voxel), the S1 CDR can be used to 

define a region that includes a majority of sensory responsive cells while limiting the 

number of motor responsive cells within it. It should be noted that no equivalent 

threshold was found for the M1 CDR. This discrepancy may be due to the distribution of 

fibers for both S1 and M1 tracts. The more anterior components of the tract tend to have 

a lower fiber intensity than the more posterior parts. This effect can be seen in Figure 

4-3B where the more anterior portion of the M1 tract shows a less intense fiber intensity 

(dull shade of red) versus the more intense fiber intensity of the posterior portion (bright 

orange color). A possible explanation for this phenomenon may be related to anterior 

components of the tract in the thalamus being linked with more lateral components of 

the cortex (Figure 4-4). More lateral fibers are difficult to accurately model due to the 

necessity of modeling multiple fibers for the branching of medial tracts to lateral cortical 

areas (Behrens et al., 2007). The diffusion weighted acquisition used in this study 

acquired only 12 distinct directions which may be able to model multiple fibers with 

sufficient signal to noise ratio, but more directions may help reduce this effect. This 

model limitation may also contribute to poor correlation of rigidly defined CDRs since 

the boundary of interest is between the anterior portions the S1 tract and the posterior 

portions of the M1 tract. 
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CDRs for sensory and motor areas of the thalamus show some correspondence 

with analogous atlas regions. In general, the mean difference in centroid location of a 

CDR to its analogous atlas structure was between about 1.5 to 3 mm corresponding to 

roughly one to two voxel dimensions for the diffusion weighted scans. While this 

correspondence is not highly accurate, the relative relationship between sensory and 

motor CDRs compared with the analogous regions in the atlas shows a better 

correspondence in the AP and LT components. Since the CDRs are created from tracts, 

the superior to inferior direction may not correspond as well since the tracts in that 

region of the brain run generally from superior to inferior. In the atlas there are dorsal 

atlas structures that are superior to both Vc and Vim but since the CDRs are created 

from tracts that may be running through those dorsal nuclei of the thalamus, the AX 

component of the centroid of the CDRs may not be accurate. 

Overall, the non-rigid classification of CDRs appears to provide a reasonable 

description of sensory and motor portions of the thalamus. These areas do not 

necessarily perfectly align with atlas predicted structures but do show some 

correspondence in their relative spatial arrangement. MER electrophysiology does not 

always align with the prediced Vim/Vc atlas boundaries as well. Cellular MER data from 

patients fit well with the CDR regions for both sensory and motor if a proper threshold 

was chosen. In the case of the particular data that was examined, this threshold could 

reasonably be set to between 800 and 1000 (using a seed of 5000 per voxel) with 

minimal change in the centroid of the CDR within that range. In DBS since the front 

boundary of Vc is used as a landmark for implantation, the ability to preoperatively 

directly determine the location of sensory thalamus may provide additional information 
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that will be useful for thalamic targeting in essential tremor patients. Since a large 

number of patients was not feasible for this study, future work examining this method 

across a large set of patients may help to determine the overall accuracy of diffusion 

tractography towards targeting in DBS. 
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Table 4-1. Mean differences between centroids of various regions in millimeters. 
  AP LT AX 
S1 vs Vc at 800 1.44 ± 1.11 1.92 ± 1.02  2.86 ± 1.08 
S1 vs Vc at 1000 1.42 ± 1.14 1.94 ± 0.99  2.86 ± 1.08 
M1 vs Vim at 800 2.30 ± 0.89 2.62 ± 1.01  0.06 ± 1.45 
M1 vs Vim at 1000 2.28 ± 0.92 2.64 ± 0.98  0.06 ± 1.45 
Vc vs Vim 3.28 ± 0.63 1.60 ± 0.16 -4.28 ± 0.29 
S1 vs M1 at 800 2.42 ± 0.72 0.90 ± 0.19 -1.48 ± 0.34 
(Vc vs Vim) vs (S1 vs M1) at 800 0.86 ± 0.78 0.70 ± 0.14 -2.80 ± 0.58 

Errors are standard deviations.
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Figure 4-1. Diagram of ROIs used in this study. Blue represents S1 somatosensory 
cortex, red represents M1 primary motor cortex, green represents SMA 
supplementary motor area, and yellow represents pre-SMA presupplementary 
motor area. 

 

85 



 

A

0.00%

10.00%

20.00%

30.00%

40.00%

50.00%

60.00%

70.00%

80.00%

90.00%

100.00%

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000

Fiber Intensity

S1 Sensory
S1 Passive Motor

 

B

0.00%

10.00%

20.00%

30.00%

40.00%

50.00%

60.00%

70.00%

80.00%

90.00%

100.00%

0

50
0

10
00

15
00

20
00

25
00

30
00

35
00

40
00

45
00

50
00

55
00

60
00

65
00

70
00

75
00

80
00

85
00

90
00

95
00

10
00

0

10
50

0

11
00

0

11
50

0

12
00

0

12
50

0

13
00

0

13
50

0

14
00

0

14
50

0

15
00

0

15
50

0

16
00

0

M
or

e

Fiber Intensity

M1 Sensory
M1 Passive Motor

 
Figure 4-2. Cumulative histogram of sensory and passive motor responsive cells that 

correspond to particular fiber intensities in A) S1 and B) M1 tracts. 
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A  

B  

Figure 4-3. Exemplar cases of A) S1 and B) M1 tracts from the thalamus at a threshold 
fiber intensity of 800 (4000 max intensity). 
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A  

B  

Figure 4-4. Exemplar case of tracts seeded from the thalamus to different portions of 
the M1 primary motor cortex. Cortical ROIs for tracts are shown in panel A 
with respective tracts (by colors) in the thalamus shown in panel B. The more 
medial portions of M1 have connections to more posterior portions of the 
thalamus while more lateral portions of M1 have more anterior connections. 
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CHAPTER 5 
A SYSTEM FOR MULTI-MODAL IMAGE GUIDANCE 

Aims 

Our aim was to prove (through proof of concept) that the methods developed in this 

work could be implemented on a clinically feasible manner towards the targeting of 

deep brain stimulation (DBS) surgery. 

Methods and Materials 

Software 

All in-house code was created using Matlab. Software was created to integrate 

multiple imaging techniques towards targeting for DBS. This integration was 

accomplished through the creation of software that can read in multiple types of imaging 

data. The simplest type of imaging data that the software can read and display are 

anatomic image sets such as single volume CT, T1w MP-RAGE, T2w FLAIR, and 

FGATIR.  

The software can also be used to import a non-primary (secondary) data such as 

functional MRI or diffusion weighted. In the case of the secondary dataset, it is 

necessary to fuse these data into the space of the primary (anatomic) image set. 

Resampling of any data datasets (primary or secondary) along different planes for either 

the purposes of viewing or fusion occur on-the-fly in a single step process whereby all 

transformation matrices are multiplied together prior to resampling. This resampling 

procedure reduces interpolation errors that would occur if interpolation were used to 

resample the dataset at each step in the process. Fusion specifically occurs in the 

software using manual methods. A “base” secondary image can be loaded that is in the 

same space as the processed data (ie. probabilistic tractography fiber intensity data or 

89 



 

statistical functional maps) but still has enough anatomic features to identify the 

underlying brain anatomy. An example of a “base” secondary image set for diffusion 

data would be the non-diffusion weighted (b=0) image. The base secondary image is 

then contoured at various intensity levels that are user adjusted and overlaid on the 

primary anatomic image (Figure 5-1). Six degrees of freedom (3 translation and 3 

rotation) are used to adjust the contours of the base secondary image to align the 

secondary image to the space of the primary anatomic image space. 

Following fusion, processed (secondary) data can be loaded into the software and 

overlaid on the anatomic image. The software does not distinguish between functional 

statistical maps, probabilistic tractography maps or other data so the user must provide 

reasonable values to the software for the color scaling of the secondary dataset. Color 

scaling can be chosen using two adjustments, threshold intensity and max intensity.  

Colors are scaled between the two values resulting in an overlay on the anatomic image 

that varies in color from dull red to bright orange as the secondary (processed) image 

voxel intensity varies from threshold to max intensity, respectively. In the special case of 

diffusion tensor image data, a colorized fractional anisotropy image that shows the 

directionality of the primary eigenvector as a color can also be loaded and viewed. 

For targeting purposes, additional views can be used reorient the image data (both 

primary and secondary) along probe views. The standard orientation view is in image 

space (typically coordinates assigned from the scanner) or stereotactic space if the 

image data has already been fused to stereotactic space. The images can be aligned to 

an anatomic coordinate system given by the AC/PC points. Finally, a track view can be 

used to view image data along para-sagittal and para-coronal views that show slices 
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oriented along the sagittal and coronal planes angled to fit the probe trajectory. MER 

maps and atlas data can be loaded into the software and displayed as has been 

discussed in previous chapters. 

Image Acquisition and Processing 

Imaging data from one exemplar patient with essential tremor was used. This 

patient was screened and found to be a DBS candidate as previously described. All 

imaging methods previously discussed were acquired on this patient including: 

stereotactic CT, T1w MP-RAGE, T2w FLAIR, T1w FGATIR, and 12-direction diffusion 

weighted images. All scans acquired resulted in a protocol that was less than one hour 

of clinical scanner time. The diffusion data were processed as described in chapter 4. 

Multiple ROIs were extracted for tractography including thalamus, S1 somatosensory 

cortex, and M1 primary motor cortex. Tractography from seeds within the thalamus was 

completed on S1 and M1 to create two tracts representing sensory and motor thalamus, 

respectively. Secondary data (diffusion weighted) were fused to the FGATIR images 

and tracts were displayed as an overlay. 

Results 

Imaging data from the exemplar patient was used to demonstrate integration of all 

previously mentioned imaging techniques into the clinical targeting software. An ET 

patient’s imaging data was acquired and processed as described. These data were 

displayed using the developed software at the clinically chosen target. Figure 5-2A is an 

anatomic view of the FGATIR with atlas overlays from the software. Once a target and 

entry point has been chosen (or target point and entry angles), a track view can be used 

to visualize the imaging data along potential probe planes. Figure 5-2B shows a track 

view of FGATIR data with atlas overlays. Views along the trajectory of a potentially 
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implanted electrode allow for visualization of both the target and non-target structures 

that may be within stimulating distances. Secondary imaging data (diffusion 

tractography) was overlaid and shown in track views in Figure 5-3A and 5-3B for 

sensory and motor tracks, respectively. Figure 5-3A shows a tract (thresholded at 800) 

from the thalamus to S1 along a potential target trajectory. Figure 5-3B shows a tract 

(thresholded at 800) from the thalamus to M1 along the same target trajectory. 

 Discussion and Conclusions 

Previous chapters have shown potential for clinical utility of advanced imaging 

methods towards targeting in DBS but have not directly addressed clinical feasibility. In 

this chapter, all of the previously described imaging methods were acquired on an 

exemplar patient during the course of the patient’s standard clinical pre-DBS MRI scan. 

These imaging methods were integrated into software that was designed in-house to 

provide a clinical platform for these advanced imaging modalities. Full integration of all 

of these methods into software that allows for display and targeting based off any (and 

potentially all) of these modalities has not previously been reported. The clinical 

acquisition and implementation of all of the methods provides a proof of concept for 

clinical feasible multi-modal targeting using methods described in previous chapters. 

Simple clinical implementation of diffusion tractography may be achievable 

through streamlining of the procedure used to create ROIs. In the current methodology, 

someone with significant neuroanatomy knowledge must create ROIs for thalamus 

(semi-manually), S1 (manually), and M1 (manually). The process for semi-manual ROI 

creation of the thalamus requires a user to deform the atlas to fit the anatomy of the 

patient’s brain. S1 and M1 delineation, in the procedure used for this work, required 

completely manual hand drawn outlines of these cortical areas. A potential for 
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automation would be to use segmentation software for thalamus, S1, and M1. For 

example, the FSL software package can potentially automatically segment out the 

thalamus as well as these cortical areas. While care must be used to ensure that 

segmentation is completed successfully, these methods may at the least provide a good 

first start towards automated segmentation. Full automation of segmentation and 

processing techniques would streamline this process and allow these methods to 

become more viable as a standard clinical method for targeting in DBS. 
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Figure 5-1. Diffusion weighted secondary (b = 0) images fused to an FGATIR primary 
image. Green contours represent various isointensity contours of the diffusion 
weighted image onto anatomic (primary) space. 
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B  

Figure 5-2. FGATIR primary images overlaid with atlas contours in A) anatomic views 
and B) track trajectory views. The red dotted line in panel B represents the 
planned track trajectory along the oblique views. 
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Figure 5-3. FGATIR primary images overlaid with atlas contours and A) S1 and B) M1 
tracks thresholded at 800 and 5000, respectively. The dotted line represents 
a possible target trajectory. 
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CHAPTER 6 
OVERALL CONTRIBUTIONS AND FUTURE WORK 

In the previous chapters, several imaging guidance methods were developed, 

evaluated, and integrated into a clinical multi-modal image guidance platform that was 

created for this work. Two imaging methods were specifically evaluated: the FGATIR 

scan and probabilistic diffusion tractography (PDT). A novel protocol, the FGATIR scan, 

was developed in this work by modifying the inversion time of a clinical 3D MP-RAGE 

sequence to nullify the white matter signal. The FGATIR scan was found to have 

enhanced contrast of the STN, VL thalamus, and GPi versus respective surrounding 

structures when compared with standard T1w MP-RAGE and T2w FLAIR. The FGATIR 

scan was further evaluated for clinical utility through a targeting study which compared 

targeting based off multiple methods to determine if targeting using the FGATIR scan 

significantly helped with targeting in DBS. Four methods were specifically examined: CT 

only, CT+T1w MP-RAGE, CT+T1w MP-RAGE+Atlas, and CT+T1w MP-

RAGE+Atlas+FGATIR. This study revealed that targeting using the fourth method 

(which included the FGATIR) was not significantly better than more basic methods of 

targeting for the specific target studied, the STN. A potential reason that this method 

was not significantly more useful is that the target studied, the STN, is a target that may 

be rather consistently targeted based off known distances from commonly used 

anatomic landmarks alone. While targeting of the STN may not benefit from using the 

enhanced methods developed, other targets that are more variable in size and location 

relative to central anatomic landmarks may stand to benefit from these methods. Future 

work to evaluate targeting using the FGATIR scan may help to determine if enhanced 

targeting using the FGATIR scan is useful in various current and new targets of DBS. 
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The enhanced contrast of the FGATIR sequence may also help to establish criteria to 

drive an automated non-rigid deformation of a standard anatomic atlas to an individual 

patient anatomy. 

A study was also conducted to evaluate PDT delineated regions (connectivity 

defined regions or CDRs) for motor and sensory within the thalamus. These CDRs were 

created by using the FSL software package to create probabilistic diffusion maps to 

create the following tracts: thalamus to the S1 primary somatosensory cortex and 

thalamus to the M1 primary motor cortex. Using the PDT results, a threshold for fiber 

intensity of the PDT was determined that showed correlation with sensory and motor 

microelectrode data. These CDRs for sensory and motor thalamus were also found to 

spatially correlate with thalamic nuclei (from atlas structures) within a couple of 

millimeters. 

Finally, an in-house developed software and hardware system was created that 

integrated all of these methods (as well as standard imaging methods) into a single 

multi-modal platform. This system allows for clinical targeting based off of all these 

methods combined together. All of the scans used within this work were included as 

part of the standard clinical pre-DBS MRI protocol and fit within the one hour timeframe 

necessary for scans to be practical at the clinical level. The end result of this work is a 

clinically feasible methodology for multi-modal targeting of DBS integrating multiple 

novel techniques. 

The methods developed in this work were shown to provide enhanced structural 

contrast (using the FGATIR scan) and functional contrast (using PDT to delineate 

CDRs) compared with standard imaging techniques. The methods developed in this 
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work were validated using standard targets of DBS to show potential for clinical utility. 

Although, these methods may not offer significant benefit for current targets, novel 

targets of DBS (where the location may vary significantly across patients) may provide 

contrast to localize these regions where little to none previously existed. Novel targets 

for DBS such as the centromedian nucleus of the thalamus for Tourette’s syndrome, 

anterior limb of the internal capsule for obsessive compulsive disorder, and many others 

may provide the opportunity in the future to clinically test the developed framework in 

providing the necessary contrast to successfully target and potentially help reduce the 

symptoms of these and many other neurological disorders.
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